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The inflamed tumor microenvironment plays a critical role in
tumorigenesis. However, the mechanisms through which immune
cells, particularly macrophages, promote tumorigenesis have only
been partially elucidated, and the full scope of signaling pathways
supplying macrophages with protumorigenic phenotypes still remain
largely unknown. Here we report that germ-line absence of c-Jun
N-terminal phosphorylation at serines 63 and 73 impedes inflam-
mation-associated hepatocarcinogenesis, yet deleting c-Jun only in
hepatocytes does not inhibit hepatocellular carcinoma (HCC) forma-
tion. Moreover, in human HCC-bearing livers, c-Jun phosphorylation
is found in inflammatory cells, whereas it is mostly absent from
malignant hepatocytes. Interestingly, macrophages in livers of mice
with chronic hepatitis gradually switch their phenotype along the
course of disease. Macrophage phenotype and density are dictated
by c-Jun phosphorylation, in vitro and in vivo. Transition of macro-
phage phenotype, from antitumorigenic to protumorigenic, occurs
before tumorigenesis, resulting in the production of various chemo-
kines, including chemokine (C-C motif) ligand 17 (CCL17) and CCL22.
Such signals, emanating from the liver microenvironment, direct the
recruitment of regulatory T cells, which are known to facilitate HCC
growth. Our findings identify c-Jun phosphorylation as a keymediator
ofmacrophage education andpoint to the recruitment of immunosup-
pressive regulatory T cells as a possible protumorigenic mechanism.
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The network of interactions among cells that comprise tumors
has a major influence on tumor progression. Tumor-associ-

ated macrophages (TAMs) are singled out as possibly the most
significant ones, other than the malignant cells per se. Impor-
tantly, macrophages can assume both antitumorigenic (desig-
nated M1 macrophages) and protumorigenic (designated M2)
phenotypes, yet the mechanisms that modulate this switch are
largely unknown (1, 2). It is generally maintained that this switch
is mediated by signals that emanate from the tumor cells, hence
the term “tumor-educated macrophages.” Chronic inflammation
plays a key pathogenetic role in hepatocellular carcinoma (HCC).
However, chronic inflammation is a complex process, which may
play both protumorigenic and antitumorigenic roles via the action
of many cytokines and various effects of different protumorigenic
and antitumorigenic innate and adaptive immune cells (3).
Experimental proof for a protumorigenic role of microenviron-

ment residents was shown for invasive and metastatic tumors. For
example, Budhu et al. identified a specific immune signature that
drives the metastatic spread of HCC (4), and Qian et al. showed
that chemokine (C-C motif) ligand 2 (CCL2) facilitates breast
cancer metastasis (5). Furthermore, we and others have shown
that inflammatory-cell–induced signaling events in epithelial cells
promote carcinogenesis (6, 7). Epithelial–stroma interactions may

also be important in the very initial phases of tumor generation
(8), and it is possible that immunosurveillance could resist tu-
morigenesis at these early stages (9). We hypothesized that, in
specific pathological states, macrophage education may occur
before tumorigenesis, perhaps even as a prerequisite for it. This
hypothesis could form the foundation for new preventive treat-
ments aimed at the reeducation of immune cells in individuals
susceptible to developing cancer.
Many reports support the existence of immunosurveillance

against nonviral cancers (10). A distinction can now be made
between protumorigenic inflammation, characterized by tumor
infiltration by Th2 cells, Foxp3-positive regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs), and M2
macrophages, and antitumorigenic inflammation, characterized
by infiltration with Th1 cells, CD8+ cytotoxic T lymphocytes, and
M1 macrophages (11). Previous studies have identified several
factors that are secreted by TAMs and promote tumor pro-
gression, including EGF, VEGF, MMP7/9, and CCL18 (12–15),
which are thought to affect tumor cell phenotype and tumor
vasculature.
Patients with active chronic hepatitis are a unique example of

a patient group carrying an extremely high risk for developing
HCC, one of the deadliest human tumors (16, 17). Multiple
signaling pathways are known to regulate diverse aspects of
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immune cell phenotype and function; among these pathways, the
c-Jun NH2 kinase (JNK)/c-Jun signaling pathway is known to be
involved in both inflammatory and cancer processes (18). JNK
kinases are responsible for phosphorylating c-Jun at Ser-63 and
-73, which are essential for stimulation of c-Jun activity. How-
ever, JNK functions in cancer have been difficult to predict be-
cause JNK is involved both in cell proliferation and cell survival
as well as in cell death (19). The role of JNK kinases in HCC is
controversial, with different models showing protumorigenic and
antitumorigenic roles for JNK (20). We therefore set out to study the
role of c-Jun N-terminal phosphorylation (JNP) in inflammation-
associated HCC.

Results
JNP Fosters Inflammation-Associated Hepatocarcinogenesis by
Generating a Protumorigenic Microenvironment. c-Jun is activated
by its N-terminal phosphorylation at serines 63 and 73 through
JNK proteins. To test the role of JNP in inflammation-induced
hepatocarcinogenesis, we crossed Multidrug resistance 2 knock-
out mice (Mdr2−/−), which spontaneously develop hepatitis fol-
lowed by HCC and are a mouse model for inflammation-induced
HCC (6), with a c-JunAA/AA knock-in mice mutant in which
c-Jun cannot be phosphorylated due to replacement of serines 63
and 73 with alanines (21). Inspection of H&E-stained sections
and assessment of liver damage markers demonstrated that the
resulting Mdr2−/−c-JunAA/AA mice developed chronic hepatitis
that was histologically similar to control Mdr2−/−c-JunWT/WT mice

(Fig. S1 A and B). Nevertheless, Mdr2−/−c-JunAA/AA mice dem-
onstrated markedly reduced rates of hepatocarcinogenesis: His-
tological evaluation revealed more than twofold reduction in the
number of microscopic tumors (diameter 1–2 mm; P = 0.02), and
even more significant reductions for larger tumors [2.1–5 and
>5 mm; P = 0.004 and P = 0.04, respectively (Fig. 1A and Fig.
S1C)]. Macroscopic inspection confirmed the microscopic analysis
(Fig. 1 B and C). These results indicate that JNP facilitates in-
flammation-induced hepatocarcinogenesis. c-Jun is involved in a
wide range of pivotal cellular processes, including cell prolifera-
tion and apoptosis; however, we did not find differences in these
parameters (Fig. S2).
In contrast to our findings in Mdr2−/− mice, Eferl et al. have

shown that JNP is dispensable for HCC development in mice
treated with diethylnitrosamine (DEN), a carcinogen-induced
liver cancer model that does not provoke chronic inflammation
(22). Noting this different outcome, we hypothesized that in the
inflammation-driven model, JNP exerts its protumorigenic effect
in inflammatory cells rather than hepatocytes. To this end, we
used cross-breeding to introduce floxed c-Jun and Alphafeto-
protein–Cre driver (22) into Mdr2−/− mice yielding Mdr2−/−

c-JunΔhep mice. Interestingly, Mdr2−/−c-JunΔhep mice display
a similar frequency and size distribution of tumors to control
Mdr2−/−c-Junf/f mice, which harbor c-Jun in their hepatocytes
(Fig. 1 D and E). Because Mdr2−/−c-JunΔhep livers are smaller
than those of Mdr2−/−c-Junf/f mice (Fig. 1E), we adjusted the
macroscopic measurements of tumors to liver weight as reported

Fig. 1. JNP promotes inflammation-dependent hepatocarcinogenesis. (A) Histological quantification of tumor burden in livers from Mdr2−/−c-JunWT/WT and
Mdr2−/−c-JunAA/AA mice (n = 15; mean ± SEM). (B) Macroscopic quantification of tumor burden in livers from Mdr2−/−c-JunWT/WT (n = 16) and Mdr2−/−c-JunAA/AA

mice (n = 28). Bars show mean ± SEM. (C) Representative whole-liver pictures; arrows indicate tumors. (D) Macroscopic quantification of tumor burden in livers
from Mdr2−/−c-Junf/f (n = 11) and Mdr2−/−c-JunΔhep (n = 20) mice (mean ± SEM). (E) Representative whole-liver pictures; arrows indicate tumors and nodules.
Note the smaller liver size of Mdr2−/−c-JunΔhep mice. (F) c-Jun immunostains in tumor tissue. Blue arrows, hepatocytes; red arrows, inflammatory cells. (Scale
bars: 100 μm.)

Hefetz-Sela et al. PNAS | December 9, 2014 | vol. 111 | no. 49 | 17583

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF2


for c-JunΔhep mice (22). Immunohistochemical stains for c-Jun
confirmed that c-Jun was completely absent in both parenchymal
(Fig. S3A) and malignant (Fig. 1F) hepatocytes of Mdr2−/−c-
JunΔhep mice, excluding the possibility that Mdr2−/−c-JunΔhep

tumors developed due to failure to eliminate c-Jun. However,
inflammatory cells in the parenchyma and tumors of Mdr2−/−c-
JunΔhep mice showed c-Jun up-regulation (Fig. 1F and Fig.
S3A). Together, these findings suggest that in inflammation-
induced liver cancer, JNP does not play a role in hepatocytes but,
rather, exerts its protumorigenic phenotype via the inflammatory
microenvironment.
To assess the potential clinical relevance of this finding, we

immunostained 27 human HCCs for phosphorylated c-Jun. We
detected rare positive staining in malignant hepatocytes of a few
HCCs (3 of 27 cases; 11%). However, in adjacent nonneoplastic
parenchyma, 40% of the cases demonstrated positive hepatocytes
for JNP. Most importantly, in accordance with the mouse data,
inflammatory cells positive for JNP were detected in adjacent
inflamed liver in most cases (69%), indicating its potential im-
portance in the inflammatory compartment (Fig. 2 A and B).
c-Jun controls hepatocyte proliferation by a p53/p21-

dependent mechanism (23). Furthermore, counteracting p53 was
found to be the major protumorigenic mechanism of c-Jun in

DEN-induced hepatocarcinogenesis (22). In addition, JNK1 ex-
pression in hepatocytes was shown to contribute to down-regulation
of p21 and up-regulation of c-Myc, as a critical mechanism for
DEN-induced HCC (24). Of note, we did not detect differential
p53, p21, or c-Myc expression in livers of Mdr2−/− mice with or
without hepatocyte c-Jun (Fig. S3 B–D). Collectively, these
findings could explain why c-Jun deletion in hepatocytes does
not affect hepatocarcinogenesis in Mdr2−/− mice and supports
the possibility that, in inflammation-induced HCC, JNP exerts its
protumorigenic effect non–cell-autonomously.

c-Jun Phosphorylation Regulates Macrophages Fate. To analyze
which cell types could be responsible for this non–cell-autonomous
effect, we first assessed the prevalence of different immune cell
types in the livers of the different groups. We revealed a twofold
reduction in the number of F4/80-positive macrophages in the
parenchyma of 11-mo-old Mdr2−/−c-JunAA/AA mice compared with
controls (Fig. 2 C andD; P = 0.02). In contrast, similar macrophage
numbers are found in Mdr2−/−c-Junf/f and Mdr2−/−c-JunΔhep mice,
in accordance with the lack of difference in tumor burden (Fig. 2 C
and D). Comparing resident macrophage (termed Kupffer cells)
density in noninflamed livers of c-JunWT/WT and c-JunAA/AA mice,
harboring the WTMdr2 allele, revealed no difference (Fig. 2E and

Fig. 2. JNP augments macrophage density in livers of Mdr2−/− mice and facilitates in vitro M2 polarization. (A and B) Immunostaining for phosphorylated
c-Jun (p-c-Jun) and its quantification in human HCC specimens including surrounding nonneoplastic tissue (n = 27). (C) F4/80 immunostains of liver paren-
chymas of indicated genotypes. (Scale bars: 125 μm.) (D) Quantification of F4/80 immunostaining (n ≥ 9; mean ± SEM) shown in C. pos, positive. Control
indicates either Mdr2−/−c-JunWT/WT or Mdr2−/−c-Junf/f mice, as appropriate. (E) Quantification of F4/80 immunostaining in liver parenchymas of c-JunWT/WT or
c-JunAA/AA mice (n = 8; mean ± SEM). (F) Primary peritoneal macrophages (PPMs) from c-JunWT/WT and c-JunAA/AA mice (n = 3) were subjected to either M1- or
M2-inducing protocols (M2a and M2b indicate different M2-inducing protocols) or left untreated. Expression of M1 (TNF, IL12p40, and CXCL10) and M2
(CCL17, CCL22, and CCL2) genes is presented as fold increase vs. untreated cells (each data point represents PPMs harvested from a single mouse). Results are
representative of three experiments. n.s., not significant.
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Fig. S4A). Thus, JNP contributes to the accumulation of liver
macrophages in chronically inflamed liver, but not in the basal state.
Macrophages can adopt different phenotypes that have op-

posing effects on tumor growth (2, 25). To study whether JNP
affects macrophage phenotype, we subjected primary perito-
neal macrophages from c-JunWT/WT and c-JunAA/AA mice to in
vitro differentiation protocols (26), inducing either M1 or M2
phenotypes. WT macrophages and JNP-deficient ones did not
differ in their ability to up-regulate the expression of the various
M1 markers (Fig. 2F). Remarkably, c-JunAA/AA macrophages were
markedly impaired in their ability to up-regulate several M2
markers (Table S1) including CCL17, CCL22, and CCL2 (Fig. 2F).
These findings reveal that JNP acts in a cell-autonomous manner
in macrophages to mediate protumorigenic M2 polarization.
Next, we isolated macrophages from livers of 4- and 7-mo-old

Mdr2−/−c-JunAA/AA and control mice. Liver macrophages from
both genotypes exhibited comparable expression levels of M1
markers (Fig. 3A). However, whereas Mdr2−/−c-JunWT/WT liver
macrophages exhibited an increase of CCL17 and CCL22 ex-
pression levels between 4 and 7 mo of age, expression of these
chemokines remained low in Mdr2−/−c-JunAA/AA liver macro-
phages (Fig. 3A). Quantitative PCR (qPCR) analysis of M1 and
M2 markers in total liver lysates of 11-mo-old mice showed
a similar trend (Fig. S4 B and C). Immunostaining for CCL17
highlighted macrophages that were mostly located near the portal
tracts (Fig. 3B). Importantly, the number of macrophages express-
ing CCL17 was reduced nearly twofold in Mdr2−/−c-JunAA/AA mice
(P = 0.004; Fig. 3C). Together, these data show that JNP enhances
the expression of M2-related chemokines, without affecting M1
response, in the chronically inflamed liver.

c-Jun Phosphorylation Regulates Recruitment of Treg Cells. CCL17
and CCL22 chemokines are both chemotactic factors for Treg
cells (27). To test whether Mdr2−/−c-JunAA/AA livers harbor
fewer Treg cells than controls, we performed immunohisto-
chemical analysis for the Treg marker Foxp3. Quantification
using an automated image analysis system revealed a 2.5-fold
reduction in the number of Foxp3+ Treg cells in livers of
Mdr2−/−c-JunAA/AA mice at 11 mo of age (P = 0.02; Fig. 4 A and
B). A similar decrease in total liver Foxp3 mRNA levels was
noted (P = 0.006; Fig. 4C). As expected, Mdr2−/−c-JunΔhep mice
did not display reduced Treg cell accumulation (Fig. S5), in-
dicating that specific c-Jun deletion in hepatocytes does not
affect Treg cell numbers in the liver.
To study whether JNP is important for Treg cell responses in

chronic inflammatory settings in general, we used another model
of chronic inflammation characterized by elevated ratios of Treg
cells, subjecting mice to liposomal LPS treatment (28). Challenging

c-JunWT/WT and c-JunAA/AA mice with liposomal LPS revealed re-
duced spleen weight in LPS-treated c-JunAA/AA mice (Fig. S6A),
without affecting body weight. FACS analysis showed a reduction of
Treg cell numbers in the spleens and peripheral blood lymphocytes
(PBLs) of c-JunAA/AA mice (Fig. 4D and Fig. S6B). Total Foxp3
mRNA levels in splenocytes corroborated the FACS analysis (Fig.
4E). Thus, in two different chronic inflammation models, Treg
accumulation depends on JNP.
It was shown that Foxp3 specifically interacts with the phos-

phorylated form of c-Jun (29), suggesting that JNP may affect
generation of inducible Treg cells. However, we did not reveal
differences in the numbers of inducible Treg cells generated
from naïve CD4+ CD25− T cells of the two genotypes (Fig. S7).
This result led us to test the alternative hypothesis—that reduced
production of Treg-recruiting chemokines by macrophages might
be the predominant cause for the impaired Treg accumulation in
livers of Mdr2−/−c-JunAA/AA mice. To this end, we transferred
carboxyfluorescein succinimidyl ester (CFSE)-labeled Treg
cells, isolated from spleens of Mdr2−/−c-JunWT/WT mice, to
9-mo-old Mdr2−/−c-JunWT/WT or Mdr2−/−c-JunAA/AA mice.
Livers were harvested 48 h after adoptive transfer and dissociated
into single cell suspensions, and the percentage of CFSE-labeled
cells was analyzed by using FACS. We noted a 2.5-fold reduction in
the homing of Treg cells to the livers of Mdr2−/−c-JunAA/AA com-
pared with Mdr2−/−c-JunWT/WT, similar to the magnitude of re-
duction in Treg cells in these livers (P = 0.001; Fig. 4 F and G).
Coimmunostaining for CCL17 and Foxp3 revealed a close spatial
relationship between CCL17-expressing macrophages and Treg
cells (Fig. 4H and Fig. S8), suggesting that in Mdr2−/− livers Treg
cell recruitment is governed by macrophage-derived chemokines.

Discussion
In this work, we used a genetic approach to provide evidence
that the JNK/c-Jun signaling pathway is an important molecular
mechanism linking chronic inflammation to tumorigenesis by
promoting an inflammatory protumorigenic switch. Carcinogen
exposure and chronic inflammation are two important un-
derlying conditions for tumor development, the latter accounting
for ∼20% of human cancer (30).
The role of the JNK/c-Jun signaling pathway in HCC induced

by the carcinogen DEN has been studied by several groups (22,
24, 31, 32). One concept emerging from these studies is that JNK
signaling in hepatocytes promotes survival of hepatocytes via
abrogating p53-induced apoptosis and up-regulation of c-Myc
(22, 24). Interestingly, JNK signaling was shown to play opposing
roles in DEN-induced HCC; whereas deletion of JNK1 and
JNK2 in both hepatocytes and nonparenchymal cells resulted in
reduced tumorigenesis, deletion of these isoforms in hepatocytes
alone increased tumorigenesis (20, 31). The JNK1/2 targets that

Fig. 3. JNP bestows a protumorigenic macrophage
phenotype in vivo. (A) qPCR analyses of M1 (IL12p40
and CXCL10) and M2 (CCL17 and CCL22) effectors in
macrophages isolated from livers of 4- and 7-mo-old
Mdr2−/−c-JunWT/WT or Mdr2−/−c-JunAA/AA mice. Each
data point represents a single mouse (n ≥ 3). (B)
Immunostains for CCL17 in liver parenchymas of 11-
mo-old Mdr2−/−c-JunWT/WT and Mdr2−/−c-JunAA/AA

mice. (Scale bars: 50 μm.) (C) Quantification of CCL17
immunostains shown in B [Mdr2−/−c-JunWT/WT (n = 9)
and Mdr2−/−c-JunAA/AA (n = 13)]. Cross line, geo-
metric mean.

Hefetz-Sela et al. PNAS | December 9, 2014 | vol. 111 | no. 49 | 17585

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409700111/-/DCSupplemental/pnas.201409700SI.pdf?targetid=nameddest=SF8


mediate this effect in the nonparenchymal cells were not identified.
However, because germ-line c-JunAA mutants do not display re-
duced hepatocarcinogenesis in the DEN model (22), it is unlikely
that c-Jun is the culprit JNK1/2 target in DEN-induced HCC. In-
deed, Das et al. implicated the up-regulation of TNF and IL6 by
JNK in nonparenchymal cells in facilitating HCC (31).
It is now well appreciated that mouse models of inflammation-

induced HCC are significantly different from carcinogen models
(20). Tumor-infiltrating inflammatory cells operate in conflicting
ways; both tumor-antagonizing and -promoting leukocytes can be
found in various proportions in most, if not all, neoplastic lesions
(33). Our findings show that JNP shifts the inflammatory mi-
croenvironment toward a protumorigenic phenotype; whereas
elimination of JNP in all cell types reduced tumor incidence,
eliminating c-Jun specifically in hepatocytes had no effect on
hepatocarcinogenesis. Pathological examination of human HCC
samples revealed JNP in inflammatory cells, whereas malignant
hepatocytes were mostly negative, suggesting that also in human
HCC JNP may be important in the inflammatory environment.

We found that eliminating JNP reduced the number of liver-
infiltrating macrophages and changed their phenotype. This
finding is most likely a cell-autonomous effect in macrophages,
because a similar change was noted in primary peritoneal mac-
rophages. In support of this notion, studies from Glass and co-
workers demonstrated that the nuclear receptor corepressor
regulates the dynamic range of cultured macrophages’ transcrip-
tional responses to inflammatory signals, in part via modulation of
c-Jun activity (34). The nature of the signals that activate JNP in
macrophages, to mediate the M1/M2 switch in the chronically
inflamed liver, remains to be determined.
The role of immunosurveillance by the adaptive immune sys-

tem in keeping tumors in check has gained significant support in
recent years (10). Treg cells are thought to play a key role in
hampering effective antitumor immune responses by inhibiting
the activity of cytotoxic T cells (35). The mechanisms that govern
Treg cells’ accumulation in tumors include recruitment by
chemokines as well as an active conversion of resident T cells
into Treg cells (36). Although we could not find evidence that JNP

Fig. 4. JNP facilitates Treg accumulation. (A) Foxp3 immunostains in liver parenchymas of 11-mo-old Mdr2−/−c-JunWT/WT or Mdr2−/−c-JunAA/AA mice. (Scale
bars: 100 μm.) Insets show higher magnification of boxed regions. (B) Immunoquantification of Foxp3+ cells, shown in A, by analyzing multiple sections from
each sample, representing the entire liver (n = 10, mean ± SEM). (C) qPCR analysis of Foxp3 expression in total liver lysates of 11-mo-old mice (n = 9; mean ±
SEM). (D and E) Liposomal LPS-induced chronic inflammation. Results are representative of three experiments. (D) FACS analysis of percentage of CD4+Foxp3+

Treg cells in peripheral blood lymphocytes (PBLs) and spleens (n = 3; mean ± SEM). (E) Foxp3 mRNA levels in splenocytes (n = 3; mean ± SEM). (F and G) Treg
cells were isolated from Mdr2−/−c-JunWT/WT mice, labeled with CFSE, and inoculated into 9-mo-old Mdr2−/− mice of the indicated genotype. (F) FACS plots
indicating CFSE-positive cells. (G) Percent CFSE-positive cells (n = 5). (H) Coimmunostain for CCL17 (brown) and Foxp3 (red) on liver sections of 11-mo-old
Mdr2−/− mice. (Scale bar: 50 μm.) (I) JNP augments tumorigenesis by shaping the inflammatory microenvironment. p-c-Jun, phosphorylated c-Jun.
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contributes to the conversion of Treg cells in a cell-autonomous
way, we found that it plays an important role in the recruitment of
Treg cells to the chronically inflamed liver. Furthermore, JNP was
necessary for macrophages to assume an M2 phenotype in vitro,
including chemokines that are known to be important in Treg
recruitment such as CCL17 and CCL22 (Fig. 4I) (27, 35). To-
gether, these results suggest that chronic inflammation switches
the macrophage phenotype from antitumorigenic to protumori-
genic and that one mechanism affecting protumorigenic activity of
M2 macrophages is the up-regulation of Treg-recruiting chemo-
kines, thus hampering tumor immunosurveillance. However, it is
possible that other mechanisms could mediate effects of JNP on
the premalignant microenvironment.
Dissecting the kinetics of hepatocarcinogenesis and the M1–

M2 switch, we revealed that macrophage populations in inflamed
livers assumed a protumorigenic phenotype already at 7 mo of
age, well before appearance of the earliest tumors. This finding
implies that, at least in this model of chronic inflammation-
associated HCC, transition to tumor-promoting inflammation
precedes the emergence of tumors. Thus, in this case, macro-
phages are not educated by tumors but, rather, by the chronic
inflammatory process that precedes tumorigenesis. Previous
studies suggested that immunosurveillance is operative already
at the premalignant phases of tumorigenesis (9). If this is in-
deed the case, any tumor-promoting mechanism that is directed
against immunosurveillance is likely to be operative already
before tumor initiation, suggesting that immune checkpoint
drugs can be effective for tumor prevention.

Methods
Human Liver Tissue. Human liver biopsy specimens were obtained from
resected patients from University Hospital Basel. Biopsy specimens were
registered in the University Hospital Basel tissue bank and kept anonymous.
The study protocol was approved by the institution ethics committee (no. 310/
13) and was in accordance with the Helsinki declaration guidelines. Ex-
amination of H&E sections was performed by expert liver pathologists (L.T.
and E.P).

Mice. All animal experiments were performed in accordance with the
institutional (HebrewUniversity of Jerusalem) animal care and use committee
(IACUC). All mice were bred (Table S2) and maintained in specific pathogen-
free conditions. c-JunAA/AA, c-Junf/f, and c-JunΔhep were back-crossed with
Mdr2−/−mice (FVB/N background) for at least seven generations. See SI Methods
for more details.

Statistical Analysis. Results are expressed as means ± SEM. Statistical signif-
icance (P < 0.05) was determined by a two-tailed Student t test. Data were
processed by using Microsoft Excel.
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