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Fig. 2. p53 defici p the ent of hepatic p66Shc signal-

ing in nutritional steatohepatitis. (A) Western blot analysis of hepatic p53, p21.
and p66Shc protein levels (upper panels), and quantification of the expression
levels (lower panels) in the indicated groups, which were fed the MCD or control
diet for 8 weeks. *p<0.05 compared with wild type mice fed the control diet,
**p<0.05 compared with wild type mice fed the MCD diet, and ***p <0.05
compared with the other groups. (B) Immunoprecipitation analysis of hepatic
p6BShe phosphorylated at Ser®® in the indicated groups. Relative protein levels
were used to quantify changes relative to results from wild type mice fed the
control diet, and are shown below each blot, KO, p53-deficient mice; WT, wild
type mice.

p53 deficiency suppresses the enhancement of hepatic p66Shc
signaling in nutritional steatohepatitis

We next examined hepatic p53 signaling in mice with nutritional
steatohepatitis. Hepatic protein expression levels of p53 and p21
(a protein downstream of p53) significantly increased in mice
with nutritional steatohepatitis compared with mice fed the con-
trol diet (Fig. 2A). Because p66Shc is associated with aging and
oxidative stress [13] and functions downstream of p53 [14], we
next examined hepatic p66Shc signaling. The levels of total
p66Shc and p66Shc phosphorylated at Ser 36 in the liver were
significantly enhanced in the mouse NASH model (Fig. 2A and
B). After 8 weeks of MCD diet, a lack of p53 reduced the enhanced
expression to the levels observed in wild type mice fed the con-
trol diet or lower (Fig. 2A and B). These results suggest that hepa-
tic p21 and p66Shc signaling in the mouse model of NASH is
mainly regulated by p53 signaling.

Deficiency of p53 reverses TGF-f-induced enhancement of p66Shc
signaling and suppresses TGF-f-induced ROS accumulation in
hepatocytes

Hepatic levels of p53 and p66Shc proteins in the MCD diet-fed
mice significantly increased 3 weeks after treatment, and contin-
ued to rise until 8 weeks after treatment (Supplementary Fig. 1A).

At the same time, hepatic TGF-B levels rose until 8 weeks after
treatment in the MCD diet-fed mice compared with those in mice
fed the control diet (Supplementary Fig. 1B). Lipid peroxidation
was also significantly enhanced in the liver of mice with nutri-
tional steatohepatitis after 8 weeks of MCD diet (Supplementary
Fig. 1B). Besides TGF-B and ROS, TNFa is reportedly involved in
the pathogenesis of NASH [15,16]; however, hepatic TNFo.
expression in mice fed the MCD diet peaked 3 weeks after treat-
ment, and then decreased until 8 weeks after treatment (Supple-
mentary Fig. 1B).

Additionally, TGF-B significantly increased p53 protein levels
in primary cultured hepatocytes (Fig. 3A and B), whereas treat-
ment with H,0, or TNFo did not produce notable effects (Supple-
mentary Fig. 1C and D). These results suggest that TGF-§
contributes to the upregulation of p53 signaling in MCD diet-
induced steatohepatitis. Furthermore, previous reports have
shown that ROS, TGF-B, and the feedback between these signals
play key roles in the pathogenesis of NASH [11,12]. Therefore,
we detailed the relationships among TGF-, ROS, and p53 and
p66Shc signaling in hepatocytes.

TGF-B significantly enhanced the levels of p21, p665hc, and
p66Shc phosphorylated at Ser36 in hepatocytes (Fig. 3A and B).
p53 deficiency or inactivation of p53 with the reversible p53
inhibitor pifithrin (PFT)-o reversed the TGF-B-induced changes
in the levels of these proteins in hepatocytes (Fig. 3A and B).
We also confirmed that PFT-o significantly lowered nuclear levels
of p53, resulting in decreased p53 signaling (Fig. 3B).

Measures of protein carbonyls showed that TGF-B signifi-
cantly increased ROS levels in primary cultured hepatocytes,
whereas p53 deficiency prevented this effect (Fig. 3C). Inactiva-
tion of p53 with PFT-o also significantly suppressed TGF-p-
induced ROS accumulation in hepatocytes (Fig. 3C). Similarly,
quantification of MDA levels in hepatocyte cultures showed that
blocking p53 signaling significantly decreased TGF-B-induced
lipid peroxidation in hepatocytes (Fig. 3D).

p53 deficiency inhibits TGF--induced apoptosis in hepatocytes

Because TGF-B induces hepatocyte apoptosis via ROS generation
{17,18], we performed in vitro TUNEL analysis using an
enzyme-linked immunosorbent assay kit. The present result
shows that TGF-B enhances apoptosis in primary cultured hepa-
tocytes, while p53 deficiency or co-treatment with PFT-o amelio-
rates this effect (Fig. 3E and F). TGF-p treatment also significantly
enhances caspase-3 activity in primary cultured hepatocytes.
Deficiency or inactivation of p53 signaling results in significant
inhibition of TGF-B-induced caspase-3 activity (Fig. 3E and F).

Increased hepatic expression of p53 and p21 in patients with NASH
correlates with increased p66Shc expression

We next examined hepatic p53 and p66Shc signaling in human
NASH. Using mRNA samples and paraffin-embedded tissue sec-
tions prepared from human liver biopsies performed to diagnose
non-alcoholic fatty liver (NAFLD) or human non-tumorous nor-
mal liver samples obtained during surgery for colorectal liver
metastases, we examined hepatic p21 and p66Shc mRNA levels
by real-time PCRs and hepatic p53 and p66Shc protein levels by
immunohistochemistry. The mRNA expression levels of p21 and
p66She (Fig. 4A), and the protein expression levels of p53 and
p66Shc (Fig. 4B and C) were significantly elevated in NAFLD liver
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previously described [12,17,18). Protein levels of p53, p21, p66Shc, and phosphorylated p66Shc at Ser 36 (A) in primary cultured wild type (WT) or p53-deficient (KO)
hepatocytes, exposed to TGF-B or not, and (B) in primary cultured WT hepatocytes, exposed to TGF-f with or without PFT-¢. Relative protein levels (other than p66Shc
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hepatocytes without TGF- or PFT-«. Means + SEM from four individual experiments are shown. *p <0.05 compared with control levels, **p <0.05 compared with levels in WT
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samples, in comparison with those in normal liver samples.
Among NAFLD patients, the NASH group showed significantly
higher hepatic mRNA expression levels of p21 and p66Shc
(Fig. 4D), and significantly higher hepatic p53 and p66Shc protein
levels (Fig. 4E) compared with the simple steatosis group. When
we analyzed the relationship between hepatic expression levels
of p53, p21, and p66Shc and the histological stage of fibrosis in
NAFLD patients, we observed a stepwise increase with the
increasing severity of hepatic fibrosis (p = 0.0014 for p21 mRNA,
p=0.0255 for p66Shc mRNA, p=0.0005 for p53 protein,
P <0.0001 for p66Shc protein by Kruskal-Wallis test) (Fig. 4F).
There were significant differences in hepatic mRNA expression
of p21 between FO and F1, FO and F2, FO and F3 (p=0.0191,
0.0016, and 0.0005, respectively) (Fig. 4F). There were also signif-
icant differences in hepatic mRNA expression of p66Shc between
FO and F1, FO and F2, FO and F3 (p =0.0043, 0.0102, and 0.0077,
respectively) (Fig. 4F). Furthermore, we detected significant dif-
ferences in hepatic p53 protein levels between FO and F3 sam-
ples, and between F1-2 and F3 samples (p = 0.0007 and 0.0010,
respectively). We also detected significant differences in hepatic
protein expression of p66Shc between FO and F1-2, FO and F3,
F1-2 and F3 samples (p =0.0018, 0.0008, and 0.0010, respec-
tively) (Fig. 4F). In addition, we detected significant correlations

between p21 and p66Shc mRNA levels, and between p53 and
p66Shc protein levels (Fig. 4G).

Discussion

The tumor suppressor p53 mediates responses to stress and
induces the expression of proteins involved in cell cycle arrest
or apoptosis. Recent studies have shown that, in addition to con-
trolling cell-fate decisions and suppressing tumor development,
P53 contributes to implantation, metabolism, and aging [5]. Some
reports have examined the roles of p53 in liver diseases. For
instance, inhibition of p53-dependent apoptosis reduced LPS-
induced liver injury [19]. A recent report showed that p53 activa-
tion correlated with susceptibility to ethanol-induced liver dam-
age, a pathologic condition that is thought to mechanistically
resemble NASH [20]. In addition, hepatic p53 expression and
hepatocyte apoptosis jncrease in patients with NASH and a
mouse model of NASH {7,8]. These resuits suggest that p53 plays
a role in the pathophysiology of NASH, although the precise con-
tributions have not been fully elucidated.

In the present study, we examine p53 signaling in a mouse
mode} of NASH induced by an MCD diet. In the nutritional
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steatohepatitis, hepatic p53 signaling is enhanced and inhibition
of p53 expression significantly ameliorates the pathologic
manifestations of NASH. We use p53-deficient mice and
PFT-o. to analyze the roles of p53 in NASH. PFT-o selectively
inhibits p53 transcriptional activity in various mouse cell
lines, and prevents DNA damage-induced apoptosis in these cells
211

ROS and TGF-B signaling in the liver are thought to play key
roles in the pathogenesis of non-alcoholic steatohepatitis {11].
Our previous report also showed that ROS production and TGF-
B expression in the mouse liver were significantly enhanced at
every stage of nutritional steatohepatitis [12]. In addition, our
present results show that TGF-B could play a central role in the
upregulation of p53 signaling pathway in a mouse model of
NASH, while p53 deficiency significantly inhibits ROS accumula-
tion and reduces TGF-B expression in this NASH model. ROS in
the liver activate hepatic non-parenchymal cells, including hepa-
tic stellate cells, Kupffer cells, and endothelial cells [22]. Acti-
vated non-parenchymal cells release TGF-B, a profibrotic factor
that has been implicated in autocrine or paracrine activation of
hepatic stellate cells [23,24]. Hepatic stellate cells contribute to
liver fibrosis; activated by stimuli as ROS and TGF-p, these cells
produce collagen and additional TGF-B, leading to further activa-
tion of hepatic stellate cells via paracrine or autocrine mecha-
nisms [25].

In a mouse model of NASH, hepatic p53 and p66Shc signaling
was enhanced, and p53 deficiency suppressed the increase in
p66Shc signaling in the liver. A previous study reported that
p66Shc contributed to the regulation of cellular ROS levels and
apoptosis as a downstream of p53 {14]. In addition, our in vitro
experiments showed that TGF-p administration enhanced ROS
levels and p66Shc signaling in hepatocytes. We also demon-
strated that interrupting p53 signaling inhibited p66Shc activity
and suppressed TGF-B-induced ROS accumulation in hepatocytes.
Therefore, we hypothesized that ROS accumulation in hepato-
cytes was regulated by p53/p66Shc signaling to play a key role
in NASH pathogenesis.

In the present study, we also showed that p53 deficiency ame-
liorated hepatocyte apoptosis in a mouse model of NASH. in vitro
analysis also demonstrated that p53 deficiency inhibited TGF-g-
induced apoptosis in primary cultured hepatocytes. These results
implicate TGF-B-induced, p53-dependent apoptosis in the pathol-
ogy of nutritional steatohepatitis.

In recent years, the signaling adapter protein p66Shc has
received significant attention as a major determinant of cell resis-
tance to oxidative stress and oxidant-induced cell damage and
death [13,26]. p66Shc was also shown to play a pivotal role in
impaired liver regeneration in older mice by inducing oxidative
stress and apoptosis immediately after hepatectomy [13]. Our
study showed that TGF-B enhanced p66Shc activity in hepato-
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cytes via activation of p53 signaling. Taken together, these results
suggest that TGF-p-induced hepatocyte injury in NASH may
result from a cycle of p53 activation, enhanced p66Shc activities,
and ROS accumulation, leading to apoptosis. In addition, our anal-
ysis of human samples demonstrated that enhanced p53/p66Shc
signaling plays an important role in the progression of human

NAFLD.

A previous study reported that 1L-6/STAT3 pathway was posi-
tively correlated with hepatic expression of p21 [27]. In addition,
TGF-B induced p21 promoter activation in human hepatoma cells
[28]. These reports suggest the possibility that the significant
correlation between hepatic expression levels of p21 and p66Shc
in our human samples might be in part due to increased expression
of IL-6 and TGF-p during hepatic inflammation. Further studies
using human samples are needed to fully elucidate the mechanisms.

In summary, we demonstrated that disrupted p53 signaling in
hepatocytes ameliorated the progression of nutritional steato-
hepatitis. p53 signaling plays a pivotal role in the pathology-reg-
ulating mechanism, which is initiated by ROS that accumulate
due to exaggeration of p66Shc activity in hepatocytes. Because
p53 may regulate the susceptibility to NASH, future genetic and
proteomic analyses may provide important insights.

There are no established therapeutic strategies for NASH, and
effective treatments are urgently needed. Suppression of the p53/
p66Shc signaling in the liver provides a promising target for the
treatment of NASH.
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BACKGROUND & AIMS: Some studies have indicated
thar dietaty cholesterol has a role in the progression of
liver fibrosis. We investigated the mechanisms by which
dietary cholesterol might contribute to hepatic fibrogen-
esis. METHODS: CS7BL/6 mice were fed a high-choles-
terol diet or a control diet for 4 weeks; liver fibrosis then
was induced by bile-duct ligation or carbon tetrachloride
administration. Hepatic stellate cells (HSCs) were isolated
from mice fed high-cholesterol diets or from Niemann-
Pick type Cl-deficient mice, which accumulate intracellu-
lar free cholesterol. RESULTS: After bile-duct ligation or
carbon tetrachloride administration, mice fed high-cho-
lesterol diets had significant increases in liver fibrosis and
activation of HSCs compared with mice fed control diets.
There were no significant differences in the degree of
hepatocellular injury or liver inflammation, including he-
patocyte apoptosis or Kupffer cell activation, berween
mice fed high-cholesterol or control diets. Levels of free
cholesterol were much higher in HSCs from mice fed
high-cholesterol diets than those fed control diets. In
cultured HSCs, accumulation of free cholesterol in HSCs
increased levels of Toll-like receptor 4 (TLR4), leading to
down-regulation of bone morphogeneric protein and ac-
tivin membrane-bound inhibitor (a pseudoreceptor for
transforming growth factor [TGF]B); the HSCs became
sensitized to TGFB-induced activation. Liver fibrosis was
not aggravated by the high-cholesterol diet in C3H/HeJ
mice, which express a mutant form of TLR4; HSCs that
express mutant TLR4 were not activated by accumulation
of free cholesterol. CONCLUSIONS: Dietary choles-
terol aggravates liver fibrosis because free cholesterol
accumulates in HSCs, leading to increased TLR4 sig-
naling, down-regulation of bone morphogenetic pro-
tein and activin membrane-bound inhibitor, and sen-
sitization of HSC to TGFB. This pathway might be
targeted by antifibrotic therapies.

Keywords: Liver Disease; Mouse Model; Dyslipidemia;
Lipopolysaccharide.

Liver fibrosis, a condition that indicates the progres-
sion of liver diseases, may progress to cirrhosis or
hepatocellular carcinoma.! For this reason, it is important
to thoroughly determine the pathologic mechanisms as-
sociated with this disorder.

Dietary factors are likely to be important determinants of
liver fibrosis development. Dara derived from 9221 partici-
pants in the first National Health and Nutrition Examina-
tion Sutvey in the United States showed that higher dietary
consumption of cholesterol was associated with a higher risk
of citrhosis o liver cancer in both unadjusted and adjusted
analyses.

Several studies also have reported that statins and
ezetimibe (cholesterol-lowering agents) improve liver fi-
brosis in patients with hypercholesterolemia.?4 In recent
laboratory studies, rodents or rabbits developed liver fi-
brosis after long-term consumption of a high-cholesterol
(HC) diet containing cholic acid (atherogenic diet) or a
high-fat HC diet.5¢ However, experiments using such di-
ets are not suitable for explaining the exact role of choles-
terol in the development of liver fibrosis because cholic acid
and free fatty acids induce hepatic fibrosis genes,” hepatocyte
apoptosis, and liver inflammation.® Although these studies
are part of a growing accumulation of evidence showing the
key role of cholesterol in the development and progression
of liver fibrosis, the exact role of cholesterol in the mecha-
nisms underlying liver fibrosis remains to be explored.

To clarify the precise impact of cholesterol in the
pathophysiology of liver fibrosis, we therefore used exper-
imental models involving administration of HC diets not
containing cholic acid or an excessive amount of fatty

Abbreviations used in this paper: AcLDL, acety! low-density lipopro-
tein; ALT, alanine aminotransferase; Bambi, BMP and activin mem-
brane-bound inhibitor; BDL, bile duct ligation; CCls, carbon tetrachio-
ride; CE, cholesterol ester; compound 58035, acyl-CoA:cholesterol
acyltransferase inhibitor 58035; FC, free cholesterol; HC, high choles-
terol; HSCs, hepatic stellate cells; KO, knock-out; LPS, lipopol h
ride; mRNA, messenger RNA; NPC1, Niemann-Pick type C1; aSMA,
a-smooth muscle actin; TC, total cholesterol; TG, triglyceride; TGFg,
transforming growth factor f; TLR4, Toll-like receptor 4; TNFa, tumor
necrosis factor-a; WT, wild-type.
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acids to mice in which liver fibrosis was induced by bile
duct ligation (BDL) or carbon tetrachloride (CCl,) intox-
ication. Hepatic stellate cells (HSCs), the main producers
of extracellular matrix in the fibrotic liver, play a key role
in liver fibrosis, although liver fibrosis is strongly associ-
ated with some elements of liver injury, including hepa-
tocyte death and Kupffer cell activation.! Our results
show that consumption of an HC diet caused accumula-
tion of free cholesterol in HSCs, which in turn signifi-
cantly suppressed the expression of the transforming
growth factor-B (TGFB) pseudoreceptor bone morphoge-
netic protein and activin membrane-bound inhibitor
(Bambi) through enhancement of Toll-like receptor 4
(TLR4) signaling, leading to aggravation of liver fibrosis.

Materials and Methods

Please refer to the Supplementary Materials and Meth-
ods section for more detailed descriptions.

Animal Model

Male 8-week-old wild-type (WT) CS7BL/6, C3H/HeN, or
C3H/He] mice were fed an HC (1% wt/wt) diet (TD 92181) or a
corresponding control diet (Teklad no. 7001; Harlan Teklad,
Madison, WI) for 4 weeks, and then either underwent BDL for 3
weeks, or were given CCly at a dose of § uL (10% CCly in corn
oil)/g body weight, by intraperitoneal injection twice a week for
4 weeks.

Statistical Analysis

All dara are expressed as the means % standard errors of
the means. Staristical analyses were performed using the un-
paired Student ¢ test or 1-way analysis of variance (P < .0S was
considered significant).

Results

HC Diet Significantly Accelerated BDL- and
CClyInduced Liver Fibrosis

CS7BL/6 mice were administered either an HC or
control diet for 4 weeks and then divided into 2 groups: one
group underwent BDL for 3 weeks and the other group
received sham treatment. In a similar bur separate experi-
ment, mice were fed an HC or control diet for 4 weeks and
then divided into 2 groups: one for 4-week treatment with
CCl, and the other for treatment with corn oil.

The HC diet did not increase mean body or liver
weight vs control (Supplementary Table 1). Although
the HC diet significantly increased the serum concen-
tration of total cholesterol (TC), no change was noted
in serum triglyceride (TG) and glucose levels (Supple-
mentary Table 1). In addition, the HC diet alone was
not sufficient to cause hepatic steatosis or liver fbrosis
(Figures 1 and 2). However, as shown by Masson
trichrome staining and immunohistochemical staining
of a-smooth muscle actin («SMA) in liver tissue, as well
as by liver hydroxyproline quantitative measurement
results, BDL significantly exacerbated liver fibrosis in
the HC diet group as compared with the control (Fig-
ures 1A and B). The messenger RNA (mRNA) expres-

ROLE OF FREE CHOLESTEROL IN LIVER FIBROSIS 153

sions of collagen lal, collagen 12, and aSMA were
significantly enhanced with the development of BDL-
induced liver fibrosis, which was more evident in the
HC diet group than in the control group (Figure 1C).
TGFB mRNA levels showed no significant differences
between the diet groups (Figure 1C). In a similar man-
ner to the BDL model, the murine CCl, model of liver
fibrosis showed a significant progression of liver fibro-
sis in the HC diet group vs control (Figures 1D and E).
The mRNA expression of collagen 1al, collagen 1a2,
and aSMA was significantly promoted as a result of che
development of CCl-induced liver fibrosis, and this was
seen more clearly in the HC diet group than in the
control group (Figure 1F). TGFB mRNA levels showed
no significant berween-group differences (Figure 1F).

HC Diet Did Not Accelerate BDL- or
CCly-Induced Hepatocellular Damage

Hepatic TC levels were increased significantly by HC
diet consumption for both the BDL and sham groups (Fig-
ure 24). However, liver TG levels showed no significant
difference between the HC and control groups, and HC diet
did not cause hepatic steatosis (Figures 14 and 24).

Serum alanine aminotransferase (ALT) levels, a biolog-
ical marker of hepatocellular damage, were increased sig-
nificantly in BDL-treated mice; however, this increase was
not dependent on dietary cholesterol intake for either the
sham or BDL group (Figure 2B). In addition, the HC diet
did not significantly impact the mitochondrial inner
membrane potentials or the numbers of terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine nick-end
labeling-positive hepatocytes in the livers of BDL mice
(Figure 2C).

Hepatic TC levels were increased significantly by con-
sumption of the HC diet vs the control diet for both the
CCly- and corn oil-treated groups (Figure 2D). However,
liver TG levels showed no significant difference berween
the HC and control groups, and the HC diet did not cause
hepatic steatosis (Figures 1D and 2D).

Treatment with CCl, significantly increased serum ALT
levels relative to trearment with corn oil; however, con-
sumption of the HC diet did not influence serum ALT
levels in either the corn oil or CCl, group when compared
with the control diet (Figure 2E). The HC diet did not
significantly change the mitochondrial inner membrane
porentials or the numbers of terminal deoxynucleotidyl
transferase-mediated deoxyuridine nick-end labeling-
positive hepatocytes in the livers of CCly-treated mice
(Figure 2F).

In addition, the HC diet did not aggravate acute BDL-
or CClyinduced hepatocellular damage, even at the time
point when liver injuty is known to peak (Supplementary
Figures 1A and B and 2A and B).

These results show that the increase in hepatic choles-
terol levels induced by intake of an HC diet did not
aggravate BDL- or CCly-induced hepatocellular damage.
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Figure 1. Effects of the HC diet on liver fibrosis
induced by BDL or CCls treatment. After being
fed a control or HC diet for 4 weeks, C57BL/6
mice were subjected to (A-C) 3-week BDL or
(D-F) CCl4 treatment twice a week for 4 weeks to
induce liver fibrosis (N = 5-7/group). (A and D)
HBE-stained sections, Masson trichrome-stained
sections, and immunohistochemical detection of
aSMA in representative liver samples. (8 and £)
Quantification of Masson trichrome staining (left
panel), and liver hydroxyproline concentrations
(right panel). (C and F) Hepatic expression of
collagenial, collagenta2, aSMA, and TGFB
mRNA (N = 5/group). *P < .05 and »P < .01
compared with the (B and C) control diet-sharn-
operated group or the (€ and F) control diet-com
cil group. #P < .01 compared with the (8 and C)
control diet-BDL group or the (£ and F) control
diet-CCls group.
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Figure 2. Effects of HC diet on hepatocyte injury induced by BDL or CCly treatment. (A and D) Hepatic TC and TG contents (N = 5—7/group). (B
and E) Serum ALT activities (N = 5—7/group). (C and F, left panels) Electrochemical proton gradient (A¥) of the inner mitochondrial membrane
(N = 5/group) (C, BDL-treated groups; F, CCls-treated groups). The calculated relative AW was normalized to the values obtained in mice from the
(C) control diet-BDL group or the (F) control diet-CCls group. (C and F, right panels) The percentage of terminal deoxynucleotidyl transferase—
mediated deoxyuridine nick-end labeling (TUNEL)-positive hepatocytes and the representative sections (N = 5—7/group). *P < .05 and *P < .01
compared with the (A and B) control diet-sham-operated group of the (D and £) control diet—corm oil group. #P < 01 compared with the (A) control
diet-BDL group or the (D) control diet-CCly group.

HC Diet Did Not Impact BDL- or macrophage marker F4/80 antibody. The results show
CClyInduced Kupffer Cell Activation or Liver ~ BDL-enhanced infiltration of macrophages into the liver
Inflammation in both control- and HC-diet-fed mice. However, con-
Hepatic macrophage infiltration was evaluated by ~sumption of the HC diet did not influence this infiltration
immunohistochemical staining using the Kupffer cell/ (Figure 3A and B). Kupffer cells are the major source of
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Figure 3. Effects of HC diet on hepatic macro-
phage infiltration and Kupffer cell activation in-
duced by BDL or CCls treatment. (A and D) Immu-
nohistochemical detection of F4/80-positive cells
in livers. (B and £) Quantification of F4/80 in immu-
nohistochemical staining and mRNA. (C and F) He-
patic expression of TNFe, vascular cell adhesion
molecule-1 (VCAM-1), intercellular adhesion mole-
cule-1 ((CAM-1), CDB8, and CD11b mRNA (N =
5/group). (A-C) Sham-operated or BDL groups,
and {D~F) corn oil or CCly-treated groups. *P < .05
and **P < .01 compared with the (8 and C) control
diet-sham-operated group or the (E and F) control
diet-corn oil group.
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tumor necrosis factor-a (TNFa) production in the liver.
Although BDL significantly promoted TNFa mRNA ex-
pression in the liver, the HC diet did not accelerate TNFa
genetic expression. In addition, although BDL signifi-
cantly increased mRNA expression of vascular cell adhe-
sion molecule-1, intercellular adhesion molecule-1, CD68,
and CD11b, this increase was not impacted by consump-
tion of the HC diet (Figure 3C).

Mice treated with CCl, showed enhanced hepatic mac-
rophage infiltration, similar to those treated with BDL.
However, consumption of the HC diet did not impact the
CCly-mediated hepatic macrophage infiltration (Figure
3D and E). Treatment with CCl, significantly increased
hepatic levels of TNFa, vascular cell adhesion molecule-1,
intercellular adhesion molecule-1, CD68, and CD11b
mRNA; however, these levels were not influenced by HC
diet consumption (Figure 3F). In addition, the HC diet
did not influence acute BDL- or CClsinduced liver in-
flammation, even at the time point when liver inflamma-
tion peaks (Supplementary Figures 1C-E and 2C-E).

These results show that the HC diet used in this study
did not influence the activation of Kupffer cells or the
recruitment of macrophages to the liver. In addition, the
HC diet did not impact the BDL- or CCl,-mediated infil-
tration of inflammatory cells such as T cells and neutro-
phils into the liver (Supplementary Figure 3). H&E stain-
ing and immunohistochemical staining for CD68 also
showed that the HC diet did not induce the formation of
hepatic macrophage foam cells or cause liver inflamma-
tion (Figure 14 and D and Supplementary Figure 4).

HC Diet-Induced Aggravation of Liver

Fibrosis Was Kupffer Cell-Independent

To determine whether the aggravation of liver fi-
brosis resulting from HC diet consumption required the
presence of Kupffer cells, mice depleted of Kupfter cells
with liposomal clodronate were treated with BDL or CCl,
intoxication. In the BDL model, liposomal clodronate
achieved almost complete depletion of Kupffer cells (Fig-
ure 44), along with suppression of proinflammatory cy-
tokines such as TNFe and interleukin-18 (Supplementary
Figure SA). Treatment with liposomal clodronate did not
impact the BDL-induced hepatocellular injury (Figure 44,
bottom row). In mice treated with liposomal clodronate,
intake of the HC diet significantly promoted the BDL-
induced aggravation of liver fibrosis (Figure 4B). In agree-
ment with these results, mice treated with liposomal clo-
dronate showed a significant increase in BDL-induced
expression of collagen lal, collagen 1a2, and aSMA in
the liver when fed an HC diet (Figure 4C).

Similarly, treatment with liposomal clodronate almost
completely depleted Kupffer cells in the CCl; model (Fig-
ure 4D), and also suppressed proinflammatory cytokines
such as TNFa and interleukin-18 (Supplementary Figure
$B). Administration of liposomal clodronate did not im-
pact the CClinduced hepatocellular injury (Figure 4D,
bottom row). In mice infused wich liposomal clodronare,
the HC diet significantly boosted the CCly-induced pro-
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gression of liver fibrosis (Figure 4E). In accord with these
findings, mice dosed with liposomal clodronate showed a
significant increase in CCly-induced mRNA expression of
collagen 1al, collagen 1a2, and aSMA in the liver when
administered the HC diet (Figure 4F).

These results suggested that the HC diec promoted
BDL- and CClinduced liver fibrosis in a Kupffer cell-
independent manner.

Accumaulation of Free Cholesterol Sensitized

HSCs to TGFPB-Induced Activation

To examine the effects of the HC diet on HSCs,
these cells were isolated from mice given the control or
HC diets. With HSCs from the control diet group, the
mean (+SD) TC content was 28.94 = 11.55 pg/mg cell
protein. In HSCs from the HC diet group, the mean
(£SD) TC content was increased significantly to 59.90 =
22.93 ug/mg cell protein. In addition, free cholesterol
(FC) and cholesterol ester (CE) levels in HSCs were deter-
mined. Consequently, FC levels were significancly higher
in the HC diet group HSCs than in those from the control
diet group; however, no significant difference was noted
in the CE level between groups (Figure SA).

Second, to investigate the effects of HC diet on HSC
activation, HSCs isolated from mice from both groups
were stimulated with profibrogenic cytokine TGFB. Sam-
ples of HSCs before treatment with TGFB, collected from
mice, showed that the HC diet did not affect mRINA levels
of collagen 1al, collagen 1a2, or aSMA. Treatment with
TGFp significantly enhanced the levels of collagen lal,
collagen 12, and aSMA mRNA transcripts in HSCs. The
enhancing effect was noted more prominently in the HC
diet group than in controls (Figure 5B, top row). The HSC
expression levels of TGF recepror-1 and TGFp receptor-2
(regulating sensitivity to TGFB) and the TGFB pseudore-
ceptor Bambi were compared quantitatively between the 2
diet groups. Expression of Bambi was significantly lower
in the HC diet group than the control group (Figure 5B,
bottom row), however, no significant difference was ob-
served in the expression levels of the TGFfB receptors
between groups. In accord with these findings, hepatic
expression of Bambi mRNA also was significantly lower in
the HC diet group than in the control group (Supplemen-
tary Figure 6).

Third, the effect of FC on the HSC sensitivity to TGFB
was evaluated. Niemann-Pick C1 (NPC1) is a late endo-
somal protein that regulates intracellular cholesterol
transport. Homozygous NPC1-deficient cells have been
shown to accumulate intracellular FC.%10 Therefore, HSCs
isolated from NPC1 knock-out (KO) mice were used for
analysis. Before treatment with TGFB, no significant dif-
ferences were found between WT and NPC1 KO HSCs in
the expression levels of collagen lal, collagen 1a2, or
aSMA mRNA transcripts. Treatment with TGFS signifi-
cantly increased the levels of collagen 1«1, collagen 1a2,
and aSMA mRNA transcripts. The positive effect was seen
more markedly in NPC1 KO HSCs than in WT HSCs
(Figure SC, left three panels). Bambi mRNA levels were
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Figure 4. Depletion of Kupffer cells does not abrogate the
effects of the HC diet on hepatic fibrosis induced by BDL or
CCly treatment. WT C57BL/6 mice were injected with lipo-
somal clodronate or vehicle. Thereafter, animals were sub-
jected to (A-C) BDL or (D-F) CCly intoxication to induce liver
fibrosis. (A and D, upper panels) Immunohistochemical stain-
ing for F4/80. (A and D, lower panels) Quantification of immu-
nohistochemical staining for F4/80 (left). Hepatic expression
of F4/80 and CD68 mRNA (N = 4-7/group) {middle), and
serum ALT levels {right). *P < .05 and **P < .01 compared
with the (A) vehicle-treated-sham-operated group or the (D)
vehicle-treated-corn oil group. (B and E, upper panels) Mas-
son trichrome staining. (8 and £, middle panels) Immunchis-
tochemical detection of «SMA. (B and £, lower panels) Quan-
tification of Masson trichrome staining. (C and F) Hepatic
expression of collagen 1ad, collagen 122, and «SMA mRNA
(N = 4—T7/group). *P < .05 and *P < .01 compared with the
(B and C) control diet-sham-operated group or the (€ and F)
control diet—corn oil group. *P <.05 and #P < .01 compared
with the (B and C) control diet-BDL group or the (€ and £)
control diet-CCls group.
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Figure 5. FC, but not CE, promotes TGFB-induced HSC activation. (4) Quantification of cellular FC and CE in HSCs immediately after isolation from
control diet-fed or HC diet-fed mice (N = 5~ 7/group). *P < .05 vs control-diet group. (B) Expression of (upper panels) collagen 1a1, collagen 1a2,
aSMA, and (fower panels) Bambi, TGFBR1, and TGF B R2 mRNA in primary HSC cultures. (Upper panels) Primary HSCs isolated from control diet-fed
or HC diet—fed mice were treated or not treated with TGFg (1 ng/mL) for 6 hours, (Lower panels) HSCs separated from control diet-fed or HC diet-fed
mice were analyzed with real-time polymerase chain reaction (N = 5—7/group). *P < .05 and **P < .01 vs the control diet-control culture. *P < 0.05
and #¥P < 0.01 vs the control diet-TGF B-treated culture. (C) Expression of (feft three panels) collagen 1«1, collagen 1«2, «SMA, and (far right panel)
Bambi mRNA in primary HSC cultures. (Left three panels) Primary HSCs isolated from WT mice or NPC1-deficient mice were treated with TGFB (1
ng/mL) or not for 6 hours. (Far right panel) HSCs separated from WT mice or NPC1-deficient mice were analyzed by real-time polymerase chain
reaction (N = 5—7/group). **P < 0.01 vs the WT mice-control culture. #P < .05 and *P < .01 vs the WT mice-TGFB-treated culture. (D)
Quantification of cellular FG and CE in primary cultured HSCs. HSCs were incubated with vehicle, AcLDL (50 pg/ml), or AcLDL plus compound
58035 (10 ug/mL) for 16 hours (N = 5—7/group). *P < .01 vs cellular FC content in the vehicle-treated culture. *P < .01 vs cellular CE content in
the vehicle-treated culture. (F) Expression of Bambi mRNA in primary HSC cultures. HSCs were incubated with vehicle, AcLDL, or AcLDL plus
compound 58035 for 16 hours, and then treated with LPS (100 ng/mL) or not for 6 hours (N = 5~ 7/group). ™*P < .01 vs the corresponding culture
without LPS treatrment in each group. #*P < .01 vs the LPS-treated control culture. (F) Expression of collagen 1e1 and collagen 12 mRNA in primary
HSC cultures. HSCs were incubated with vehicle, AcLDL, or AcLDL plus compound 58035 for 16 hours, and then treated with LPS (100 ng/mL) or
not for 6 hours, before the addition of TGFB for an additional 6 hours (N = 5—7/group). *P < .05 and »*P < .01 vs the vehicle-treated control culture.

significantly lower in NPC1 KO HSCs relative to WT
HSCs (Figure 5C, far right panel). It has been reported that
cholesterol accumulates predominantly in late endo-
somes/lysosomes of cells in NPC1 KO mice.® Our study
also found that FC levels in late endosomes/lysosomes
were significantly higher in NPC1 KO HSCs than in WT
HSCs (Supplementary Figure 7A). Similarly, FC levels in

late endosomes/lysosomes were significantly higher in the
HSCs from the HC diet group than in those from the
control diet group (Supplementary Figure 7B).

It has been reported that FC accumulates in cells treated
with the combination of acetyl low-density lipoprotein
(AcLDL) and acyl-CoA:cholesterol acyltransferase inhibitor
58035 (compound 58035), whereas CE accumulates in cells
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treated with AcLDL alone.!! In our study, treatment of HSCs
with AcLDL plus compound 58035 significantly increased
FC accumulation, and treatment with AcLDL alone signifi-
cantly promoted CE accumulation (Figure SD). However, the
Bambi expression levels were not decreased when HSCs were
treated with either AcLDL alone or the combination of
AcLDL and compound 58035 (Figure SE). The expression of
the Bambi gene in HSCs has been reported to depend on
TLR4 signaling and decreases with the addition of lipopoly-
saccharide (LPS).!? In our study as well, Bambi mRNA ex-
pression levels were decreased significantly when HSCs were
treated with LPS (Figure SE). The decrease in Bambi mRNA
levels was enhanced significantly when cells were treated
with AcLDL plus compound 58035, whereas cells treated
with AcLDL alone did not show a significant reduction
compared with controls (Figure SE). The accumulation of
FC in HSCs also intensified LPS-mediated TLR4 signal
transduction to induce proinflammatory cytokines such as
monocyte chemoattractant protein-1 and macrophage in-
flammaroty protein-2 (Supplementary Figures 84 and B),
which are known to be up-regulated by the LPS-mediated
TLR4 signal pathway in HSCs.'2!* HSCs pretreated with
LPS showed a significant enhancement of collagen 11 and
1a2 mRNA expression when stimulated with TGFf (Figure
SF). These cells showed a further increase in the mRNA
expression of these genes when loaded with AcLDL plus
compound 58035, whereas no significant increase was ob-
served when cells were incubated with AcLDL alone (Figure
SF). These results clearly indicate that FC accumulation in
HSCs sensitized them to TGFB-induced signals by down-
regulating Bambi gene expression.

Unlike HSCs, there were no significant differences in
Kupffer cell FC levels between the HC diet group and the
control diet group; however, CE levels were significantly
higher in Kupffer cells from the HC diet group than in
those from the control diet group (Supplementary Figure
9A). An accumulation of CE did not accelerate TNFa
mRNA expression in Kupffer cells (Supplementary Figure
9B), nor did it enhance LPS-induced TNFa mRNA expres-
sion in these cells (Supplementary Figure 9B). These re-
sults show that the HC diet did not cause Kupffer cells to
trigger hepatic fibrosis, although it did increase Kupffer
cell CE levels.

Accumaulation of FC in HSCs Up-Regulated
TLR4 Expression

Consumption of the HC diet did nort affect TLR4
mRNA expression levels in HSCs. However, the HC diet
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increased the amount of TLR4 protein expressed in HSCs
(Figure 6A and B). In addition, increased levels of TLR4
gene expression in terms of the amount of protein (but
not mRNA) also were observed in NPC1 KO HSCs and
HSCs stimulated with AcLDL plus compound 58035 (Fig-
ure 64 and B). Moreover, NPC1 KO HSCs showed higher
TLR4 protein membrane expression relative to WT HSCs
(Figure 6C). Similar results were obtained for HSCs
treated with AcLDL plus compound 58035 (Figure 6C).
Under normal conditions, membrane proteins are in-
ternalized into the cytoplasm by endocytosis, where they
are degraded by endosomal—lysosomal or proteasomal
pathways. Ligand formation enhances the endocytotic
activity, and, consequently, degradation of membrane
proteins is accelerated.!* To investigate the role of FC in
TLR4 expression, we examined the dynamic change in the
quantity of TLR4 protein in cells treated with LPS. We
found that TLR4 protein expression was decreased 60
minutes after LPS treatments in WT HSCs, whereas that
in NPC1 KO HSCs remained at a high level after LPS
treatments (Figure 6D, left row, and E, top row). Similar
results were obrained for HSCs treated with AcLDL plus
compound 58035 (Figure 6D, right row, and E, bottom row).
These results clearly show that HSC accumulation of FC
significantly increased TLR4 protein content. We conjec-
tured that intercellular FC accumulation probably sup-
pressed the ligand-mediated enhanced degradation of TLR4.

HC Diet-Induced Aggravation of Liver

Fibrosis Was Dependent on TLR4 Signal

Transduction in HSCs

In the last part of the experiment, we used LPS-
unresponsive C3H/HeJ mice (TLR4 mutant) to assess
whether HC diet-induced aggravation of liver fibrosis was
dependent on TLR4 signal transduction. Unlike the re-
sults obtained with WT mice, HC diet consumption did
not enhance the progression of BDL-induced liver fibrosis
in C3H/He] mice (Figure 7A and B). Similarly, the HC diet
did not hasten the progression of CCly-induced liver fi-
brosis (Figure 7C and D).

Next, we examined whether HSC acrivation by accumu-
lated FC required TLR4 signaling in HSCs. Samples of HSCs
were collected from C3H/HeJ mice given the control or HC
diet for 4 weeks, and used for study. Treatment with TGFS
significantly enhanced the levels of collagen 1al, collagen
1a2, and aSMA mRNA wranscripts in HSCs. However, un-
like the results obtained with WT mouse HSCs, no signifi-
cant difference was found between the HC and control diet

Figure 6. FC enhances protein expression of TLR4 in HSCs. TLR4 (A) mRNA and (8) protein expression {HSCs isolated from control diet-fed or
HC-fed mice [left], WT or NPC1-deficient HSCs [middle], vehicle-treated or FC-loaded HSCs [right]). (B, lower panels) Quantification of TLR4 protein
expression. *P < .01 vs control-diet group (eft); *P < .05 vs WT HSCs (middle); and *P < .05 vs vehicle-treated HSCs {right). (C) Fluorescence-
activated cell sorter assay of TLR4 expression on plasma membranes of WT or NPG1-deficient HSCs (left) and vehicle-treated or FC-loaded HSCs
{right). The mean fluorescence intensity (MFI) is also shown at the upper right corner of each panel. (D) Dynamic changes and (£) quantification of
TLR4 protein expression in WT or NPC1-deficient HSCs (D, feft panels; E, upper panels), and vehicle-treated or FC-loaded HSCs (D, right panels;
E, lower panels) shown at the time after LPS (100 ng/ml.) treatment. The relative levels of TLR4 to B-actin are indicated below the corresponding
bands. *P < .05 and **P < .01 vs the WT HSCs or vehicle-treated HSCs before LPS treatment. HSCs cultured 6 days after isolation from mice or

rats were used (C~E£).
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groups (Figure 7E). Moreover, although HC diet consump-
tion significantly attenuated Bambi gene expression in HSCs
isolated from C3H/HeN mice (WT control for C3H/HeJ
mice), the HSC Bambi mRINA level was not affected in
C3H/HeJ mice (Figure 7F).

C3HIHed for 6 hours (N = 5—7/group).
*P<.05and™P <.01vsthe
control diet-control culture.
(F) Expression of Bambi
mRNA in primary HSCs iso-
lated from C3H/HeN mice or
C3H/HedJ mice, fed a control
or an HC diet (N = 5-7/
group). *P < .05.vs the con-
C3HMeJ trol  diet-C3H/MHeN  mice
group.
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These findings clearly show that HC diet-induced aggra-
vation of liver fibrosis was dependent on TLR4 signal trans-
duction. Our study suggested that HC diet consumption
attenuated HSC Bambi expression via TLR4 signaling, which
led to the aggravation of BDL- or CCl-induced liver fibrosis.
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Discussion

Our present results clearly show that an HC diet
aggravated BDL- and CCl,-induced liver fibrosis, although
an HC diet alone was not sufficient for inducing liver
fibrosis. TGFp, the most potent factor predisposing to
human fibrogenesis, has been shown to play a central role
in the pathophysiology of liver fibrosis.! Moreover, these
results showed that major causes for exacerbation of liver
fibrosis involved HSC accumulation of cholesterol in the
form of FC, which sensitized HSCs to TGFpB-induced
activation.

Recent research has shown that intracellular FC accu-
mulation increased TLR4 protein levels in the membrane
fraction to facilitate TLR4 signaling activation.'s Our re-
sults showed that HSC accumulation of FC increased
cytomembrane-bound TLR4 protein levels; however, the
amounts of TLR4 mRNA transcripts were similar. Under
normal conditions, cytomembrane TLR4 protein mole-
cules are transferred into the cytoplasm by endocyrosis,
and degraded by endosomal—lysosomal or proteasomal
pathways. Degradation of cytomembrane TLR4 proteins
is accelerated when internalization of these molecules is
promoted by ligand formation. Inhibition of the degra-
dation pathways intensifies ligand-mediated TLR4 signal
transduction.** In our study, the level of the TLR4 protein
in HSCs was lowered significantly in cells incubated with
LPS, the major ligand for TLR4. Moreover, the LPS-in-
duced decrease in the HSC level of the TLR4 protein was
inhibited prominently by FC accumulated in HSCs. These
results suggest that FC accumulated in HSCs inhibited
the TLR4 degradation pathway, thereby increasing TLR4
protein levels.

In the present study, FC levels in late endosomes/
lysosomes were significantly higher in HSCs from the HC
diet group or NPC1 KO mice than in those from the
control diet group or WT mice. Recent studies have re-
ported that FC modulated the endosomal—lysosomal
pathway of endocytosis through regulation of endosome
motility.!s NPC1 KO mice, which accumulate intracellu-
lar FC predominantly in late endosomes/lysosomes, were
found to retain amyloid precursor proteins as a result of
endosomal dysfunction.” NPC1 KO mice also were found
to show autophagic—lysosomal dysfunction in the
brain.!® These findings suggest that FC accumulation in
HSCs is involved in endosomal—lysosomal dysfunction,
leading to TLR4 protein accumulation.

The expression of the TGFB pseudoreceptor Bambi in
HSCs was solely dependent on TLR4 signaling.!? The
activation of TLR4 signaling in HSCs, which down-regu-
lates the expression of the downstream Bambi gene, was
reported to sensitize HSCs to TGFp-induced activation,
contributing to advancement of liver fibrosis.!? In our
study, HSCs also showed a significantly decreased expres-
sion of the Bambi gene when incubated with the TLR4
ligand LPS. The HSC accumulation of FC (not CE) sig-
nificantly promoted LPS-mediated Bambi down-regula-
tion and markedly accelerated (LPS-mediated) enhance-
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ment of HSC sensitivity against TGFB signaling. We
contend that these changes activated HSCs further,
thereby promoting liver fibrosis.

In our experiment, TLR4-mutant C3H/HeJ mice given
the HC diet did not show aggravation of liver fibrosis.
Accumulation of FC in HSCs collected from TLR4-mu-
tant mice did not give rise to Bambi down-regulation, and
no change was observed in the HSC sensitivity against
TGFp signaling. Based on these results, we concluded that
the activation of the TLR4 signal pathway mediated by FC
accumulated in HSCs played a critical role in HC diet-
induced exacerbation of liver fibrosis.

In the murine liver fibrosis models reported here, con-
sumption of an HC diet neither affected hepatocyte injury
nor influenced the pathophysiology of liver inflammation,
including Kupffer cell activation.

Mari et al'” found that FC accumulated in hepatocytes
exacerbated LPS-mediated acute liver injury in a manner
that induced susceptibility of hepatocytes to TNFa-medi-
ated apoptosis. However, several other researchers claimed
that TNFa-mediated hepatocyte apoprosis was not in-
volved in the progression of liver fibrosis,'®! and their
findings seem to shed light on the reason why cholesterol
accumulation in hepatocytes resulting from consumption
of an HC diet did not significantly exacerbate hepatocyte
damage, as shown in our study. Wouters et al?® reported
that administration of a high-fat HC diet in low-density
lipoprotein receptor KO and apolipoprotein E KO mice
caused liver inflammartion and the transformation of
Kupffer cells into foam cells. However, HC diet consump-
tion did not trigger macrophage foam cell formation in
the models used in our study. We also clearly showed that
an HC diet aggravated BDL- and CCly-induced liver fibro-
sis in mice depleted of Kupffer cells by administration of
clodronate. Altogether, these results suggest that HSCs,
rather than hepatocytes or Kupffer cells, should be fo-
cused on as the primary site of alterations in liver fibrosis
resulting from HC diet consumption.

In summary, our study has provided new insights into
the mechanisms linking HC diet uptake and liver fibrosis.
The HC diet-induced accumulation of FC in HSCs pro-
moted TLR4 signal transduction by increasing membrane
TLR4 levels, and thereby suppressed the HSC expression
of the Bambi gene. Consequently, HSC TGFp signaling
was boosted, resulting in HSC activation and progression
of liver fibrosis.

Our present work indicates that in the process of liver
fibrosis progression, cholesterol functions as a signal-
enhancing factor FC that accumulates in HSCs, rather
than as an extracellular activation-inducible factor for
HSCs. The findings of this study warrant further investi-
gations that focus on FC in HSCs as the target of new
therapeutic strategies for the trearment of liver fibrosis.

Supplementary Material

Note: To access the supplementary material ac-
companying this article, visit the online version of
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Supplementary Materials and Methods
Reagents

Reagents were obtained as follows: AcLDL was
from Biomedical Technologies (Stoughton, MA). Com-
pound 58035 and LPS were from Sigma (St. Louis, MO).
TGEB was from R&D Systems (Minneapolis, MN). CCl,
was from Wako Pure Chemical Industries (Osaka, Japan).

Animal Model

Male WT C57BL/6, C3H/HeN, and C3H/HeJ mice
and Sprague-Dawley rats were purchased from Sankyo
Laboratories (Tokyo, Japan). NPC1~/~ mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME).
Mice were bred and housed in a temperature- and light-
controlled facility with unlimited access to food and
water. For BDL, we anesthetized mice and after midline
laparotomy we ligated the common bile duct twice with
silk sutures and closed the abdomen. We performed the
sham surgery similarly, except that the bile duct was not
ligated. Mice were killed 3 weeks after BDL. For acute
liver injury, mice were fed a control or an HC diet for 4
weeks, and then were killed 5 days after BDL or 24 hours
after a single injection of CCl,. All animals received hu-
mane care in compliance with the Narional Research
Council’s criteria outlined in the “Guide for the Care and
Use of Laboratory Animals,” prepared by the US National
Academy of Sciences and published by the US National
Institutes of Health (Bethesda, MD).

Biochemical and Histologic Analysis

Serum concentrations of ALT, TGs, glucose, and
cholesterol were determined as previously described. He-
patic TG content and liver hydroxyproline concentra-
tions were measured as previously described.! Liver cho-
lesterol levels or the cholesterol content of HSCs or
Kupffer cells were measured using the Cholesterol/Cho-
lesteryl Ester Quantitation Kit (BioVision, Mountain
View, CA), following the manufacturer’s instructions. We
detemined the cholesterol content of HSCs or Kupffer
cells immediately after isolation. Liver tissues were fixed
in 4% paraformaldehyde, embedded in paraffin, and
stained with H&E and a Masson trichrome solution. For
protein or RNA analysis, tissues were frozen in liquid
nitrogen and stored at —80°C until needed.

Kupffer Cell Depletion

We injected dichloromethylene diphosphonic acid
(clodronate)-loaded or phosphate-buffered saline-loaded
liposomes (Encapsula NanoSciences, Nashville, TN) in-
travenously into mice (200 pL per mouse).

HSC Isolation and Culture

HSCs were isolated from mice or rats as previ-
ously described.! We cultured HSCs on uncoated plastic
tissue culture dishes in Dulbecco’s modified Eagle me-
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dium containing 1% or 10% fetal bovine serum, and used
them as nonpassaged primary cultures only. For FC ac-
cmulation in HSCs, primary HSCs were incubated with
AcLDL (50 pg/mL) plus compound 58035 (10 pg/mL)
for 16 hours. We used enzyme-linked immunosorbent
assay kits for mouse monocyte chemoattractant pro-
tein-1 (Thermo Scientific, Rodkford, IL) or macrophage
inflammatory protein-2 (R&D Systems) for quantifica-
tion of secreted monocyte chemoattractant protein-1 and
macrophage inflammatory protein-2 in HSC cultures.

Kupffer Cell Isolation and Culture

Kupffer cells were isolated from mice, and cul-
tured as previously described.?

Immunohistochemistry

Paraffinized sections were deparaffinized, rehy-
drated, blocked with normal hotse serum, and incubated
with anti-aSMA monoclonal antibody 1A4 (Dako Japan,
Kyorto, Japan), anti-F4/80 monoclonal antibody (Serotec,
Oxford, UK), or anti-CD3 monoclonal antibody (Abcam,
Cambridge, UK) overnight at 4°C. The mouse F4/80
antigen is a 160-kilodalton glycoprotein expressed by
mouse macrophages; antimouse F4/80 antibody binds
mouse monocytes/macrophages and Kupffer cells. The
antigen is not expressed by either lymphocytes or poly-
morphonuclear cells. Antibody binding was detected by
incubation with biotinylated antimouse immunoglobu-
lin G antibody and visualized with a Vectastain Elite ABC
Kit (Vector Laboratories, Inc, Burlingame, CA) by reac-
tion with Vectastatin DAB Substrate (Vector).

Fresh-frozen liver sections were cut 6-mm thick on a
cryostat, collected on slides, and immediately dried. The
sections were fixed with acetone. The slides were incu-
bated overnight with anti-CDG68 Ab (Serotec), followed by
incubation with Histofine Simple Stain Mouse MAX-PO
(Nichirei, Tokyo, Japan) for 1 hour.

Neutrophil Infiltration

Neutrophils in the liver were stained using the
naphthol AS-D chloroacetate esterase technique. Paraf-
fin-embedded liver sections were stained using the naph-
thol AS-D chloroacetate kit (Sigma Chemical Co, St.
Louis, MO) following the manufacturer’s instructions.

Detection of Apoptosis

Terminal deoxynucleotidyl transferase-mediared
deoxyuridine nick-end labeling staining (Chemicon Inter-
national, Temecula, CA) was performed on specimens to
assess apoptosis. Apoptosis was quantified by counting
positively stained cells in 10 random fields at 200X
magnification. Apoptosis was measured for each speci-
men as a percentage of total cells per field. Antibody
binding was detected by incubation with biotinylated
anti-mouse immunoglobulin G antibody and visualized
with a Vectastain Elite ABC Kit (Vector Laboratories, Inc)
by reaction with Vectastatin DAB Substrate (Vector).
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Mitochondrial Isolation and Characterization

A mitochondrial fraction was enriched from
100-mg liver specimens with the Mitochondria Isolation
Kit (Sigma) by 2 consecutive centrifugation steps at 600 g
and 11,000 g. The electrochemical proton gradient (AV)
of the inner mitochondrial membrane was tested by mea-
suting the uptake of the fluorescent carbocyanine dye
JC-1 (Sigma) into mitochondria, as specified by the man-
ufacturer.! Relative AY was calculated in comparison
with values obtained in control-diet—fed mice.

Real-Time Quantitative and Reverse-

Transcription Polymerase Chain Reaction

Analysis

Total RNA was extracted from total liver homog-
enates or HSCs using TaKaRa RNAiso Reagent (TaKaRa
Bio, Ohtsu, Japan), according to the manufacturer’s in-
structions. Reverse transcription was performed as previ-
ously described.! For quantitation of mRNA expression,
the following real-time polymerase chain reaction ampli-
fications were performed in duplicate, using the SYBR
Premix Ex Taq (Perfect Real Time) kit (TaKaRa Bio) in a
Thermal Cycler Dice Real Time system (TaKaRa Bio).

Western Blot Analysis

Preparation of whole-cell protein extracts from
HSCs, electrophoresis of whole-cell protein extracts (5
ug), and subsequent blotting were performed using an-
tibodies against TLR4 and B-actin, as previously de-
scribed.!
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Flow Cytometry Analysis

HSC surface expression of TLR4 was detected by
flow cytometry of live cells stained with phycoerythrin-
conjugated anti-TLR4 antibody (Abcam) or phycoeryth-
rin-conjugated anti-immunoglobulin G isotype control.
A rotal of 10,000 cells/condition were analyzed in a FAC-
Scan, using the FACSCalibur (Becton Dickinson, Frank-
lin Lakes, NJ).

Isolation of Late Endosomes/Lysosomes From
HSCs

Late endosomal/lysosomal fractions were pre-
pared from HSCs using the lysosome isolation kit
(Sigma) following the manufacturer’s instructions.

References

[N

. Tomita K, Tamiya G, Ando S, et al. Tumour necrosis factor alpha
signalling through activation of Kupffer cells plays an essential role
in liver fibrosis of non-alcoholic steatohepatitis in mice. Gut 2006;
55:415-424.

. Tomita K, Azuma T, Kitamura N, et al. Leptin deficiency enhances
sensitivity of rats to alcoholic steatohepatitis through suppression
of metallothionein. Am J Physiol Gastrointest Liver Physiol 2004;
284:G1078-G1085.

. Paik YH, Schwabe RF, Bataller R, et al. Toll-like receptor 4 medi-
ates inflammatory signaling by bacterial lipopolysaccharide in hu-
man hepatic stellate cells. Hepatology 2003;37:1043-1055.

. Seki E, De Minicis S, Osterreicher CH, et al. TLR4 enhances
TGF-beta signaling and hepatic fibrosis. Nat Med 2007;13:1324~
1332.

N

w

»

January 2012

A ALT

6001 O control

&8 HC

400

ALT, UL

200

sham BDL

mitochondrial A¥m
150 NS.

100

50

Relative A¥m
{% JC-1img mitochondrial protein)
3

BDL

Control HC

ROLE OF FREE CHOLESTEROL IN LIVER FIBROSIS 164.e3

BDL

Control diet HC diet

TUNEL
X400

-
@«

% TUNEL
Positive cells
5

@«

Control HC
BDL

Supplementary Figure 1. Effects of the HC diet on acute liver injury induced by BDL. treatment. After being fed a control or an HC diet for 4 weeks,
C57BL/6 mice were subjected to acute liver injury, induced 5 days after BDL treatment (N = 5/group). (A) Serum ALT activities (N = 5/group). (B, feft
panels) Electrochemical proton gradient of the inner mitochondrial membrane (N = 5/group). The calculated relative AW was normalized to the values
obtained in mice from the control diet-BDL group. (B, right panels) The percentage of terminal deoxynucleotidyl transferase-mediated deoxyuridine
nick-end labeling (TUNEL)-positive hepatocytes (N = 5/group) and the representative sections.
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Supplementary Figure 1 (Cont'd.). (C) immunohistochemical detection of F4/80-positive cells in livers. (D) Quantification of F4/80 by immuno-
histochemical staining and mRNA levels. (F) Hepatic expression of TNFea, vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1), CD68, and CD11b mRNA (N = 5/group). *P < .01 compared with control diet-sham-operated group.
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Supplementary Figure 2. Effects of the HC diet on acule liver injury induced by CCly treatment. After being fed a control or an HC diet for 4 weeks,
C57BL/6 mice were subjected to acute liver injury induced by a single injection of CCls (N = 5/group). (4) Serum ALT activities (N = 5/group). (B, feft
panels) Electrochernical proton gradient of the inner mitochondrial membrane (N = 5/group). The calculated relative AW was normalized to the values
obtained in mice from the control diet-CCly group. (B, right panels) The percentage of terminal deoxynucleotidyl transferase-mediated deoxyuridine
nick-end labeling (TUNEL)-positive hepatocytes (N = 5/group) and the representative sections.
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Supplementary Figure 2 {(Cont'd.). (C) Immunohistochemical detection of F4/80-positive cells in livers. (D) Quantification of F4/80 by immuno-
histochemical staining and mRNA levels. (£) Hepatic expression of TNFw, vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1), CD68, and CD11b mRNA (N = 5/group). *P < .05 and ™P < .01 compared with control diet-corn oil group.
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Supplementary Figure 3. Effects of the HC diet on the BDL- or CCls-mediated infiltration of T cells and neutrophils into the liver. After being fed
acontrol or an HC diet for 4 weeks, C57BL/6 mice were subjected to (4) 3-week BDL or (8) CCl, treatment twice a week for 4 weeks to induce liver
fibrosis (N = 5-7/group). (Upper panels) Staining by the naphtol AS-D chloroacetate esterase technique for detection of neutrophils and (lower
panels) immunohistochemical staining for CD3 for detection of T cells.
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Supplementary Figure 4. HC diet did not induce the formation of hepatic macrophage foam cells. Immunohistochemical detection of CD68-
positive cells in livers: mice fed a control diet (left panel) or an HC diet {right panel) for 8 weeks.
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Supplementary Figure 5. Treatment with liposomal clodronate reversed BDL- and CCly-induced increase of TNFa and interleukin (iL)-18 mRNA
expression in liver. WT C57BL/6 mice were injected with liposomal chlodronate (200 uL/mouse, intravenously) or vehicle. Thereafter, animals were
subjected to (A4) BDL or (B) CCly intoxication to induce liver fibrosis. Hepatic expression of TNF« and IL-18 mRNA was shown. **f < .01 compared
with the (A) control diet-sham-operated group or the (B) control diet-corn oil group.
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Supplementary Figure 6. Effects of the HC dist on hepatic expression of Bambi and TGF B mRNA. Hepatic expression of Bambi and TGFB mRNA
(N = 3/group) after being fed a control or an HC diet for 4 weeks. *P < .05 vs contro! diet group.
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Supplementary Figure 7. Quantification of cellular FC and CE in late endosomes/lysosomes in HSCs. With late endosomes/lysosomes in WT
HSCs, the mean (+SD) TC content was 48.46 + 33.57 mg/mg cell protein. In late endosomes/lysosomes in NPG1 KO HSCs, the mean (+SD) TG
content was increased significantly to 178.68 = 81.39 mg/mg cell protein. Similarly, with late endosomes/lysosomes in HSCs from the control diet
group, the mean (£SD) TG content was 33.82 * 7.34 mg/mg cell protein. In late endosomes/lysosormes in HSCs from the HC diet group, the mean
(+8D) TC content was increased significantly to 89.08 * 6.57 mg/mg cell protein. (A) Quantification of FC and CE in late endosomes/lysosomes in
HSCs from WT mice or NPC1-deficient mice. **P < .01 vs WT mouse group. (B) The FC and CE levels in late endosomes/lysosomes in HSCs from
control diet-fed mice or HC diet-fed mice. **P < .01 vs control-diet group.
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Supplementary Figure 8. FC, but not CE, promotes LPS-induced TLR4 signal transduction in HSCs. Paik et al* showed that LPS acts directly
through TLR4 and then activates nuclear factor-«B to induce the production of inflammatory cytokines, including interleukin (IL)-8 and monocyte
chemoattractant protein-1 (MCP-1), in human activated HSCs. Seki et al* also showed a strong up-regulation of MCP-1 and macrophage
inflammatory protein-2 (MIP-2: mouse homologue of human IL-8) mRNA in mouse HSCs after LPS stimulation. Based on these reports, we evaluated
the LPS responsiveness of HSCs loaded with FC using 2 highly quantitative methods: real-time polymerase chain reaction (PCR) and enzyme-linked
immunosorbent assay (ELISA) of TLR4-induced inflammatory cytokines such as MCP-1 and MIP-2. (A) Expression of MCP-1 and MIP-2 mRNA in
primary HSC cultures. HSCs were incubated with vehicle, AcLDL (50 pg/mL), or AcLDL plus compound 58035 (10 ug/mL) for 16 hours, and then
treated with LPS (100 ng/mL) or not for 6 hours (N = 5—7/group). (B) Secreted MCP-1 and MIP-2 were quantified by ELISA. HSCs were incubated
with vehicle, AcLDL, or AcLDL plus compound 58035 for 16 hours, and then treated with LPS or not for 24 hours (N = 5/group). **P < .01 vs the
corresponding culture without LPS treatment in each group. P < .01 vs the LPS-treated control culture.



— 807 —

164.e10 TERATANI ET AL GASTROENTEROLOGY Vol. 142, No. 1

A Cholesterol content TNFa

w

O CE

I Control
@ HC

-
o
<D

N

(-1

k% k%

-

(=3

<
-
o

o
<

cholesterol content
{wg/ mg protein)
mRNA levels
-
o

<o >

o “ 3
Control HC veh LPS

Supplementary Figure 8. Effects of the HC diet on cholesterol contents in Kupffer cells. We determined the level of cholesterol inside Kupffer cells.
With Kupffer cells from the control diet group, the mean (+SD) TC content was 115.03 * 22.61 pg/mg cell protein. In Kupffer celis from the HC diet
group, the mean (+SD) TC content was increased significantly to 144.11 = 38.83 ug/mg cell protein. (A) Quantification of celiular FC and CE in
Kupffer cells from control diet-fed or HC diet-fed mice. Cholesterol concentrations were expressed as micrograms per milligrams of cellular proteins
(N = 4/group). P < .01 vs the control diet group. (B) Expression of TNFa mRNA in primary Kupffer cell cultures (N = 5/group). Kupffer cells isolated
from control diet-fed or HC diet-fed mice were treated with LPS (100 ng/mL) for 6 hours. **P < .01 vs the control diet-control culture.
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Cross-priming for antitumor CTL induced
by soluble Ag + polyl:C depends on the TICAM-1
pathway in mouse CD11c*/CD8a* dendritic cells

Masahiro Azuma, Takashi Ebihara," Hiroyuki Oshiumi, Misako Matsumoto and Tsukasa Seya*

Department of Microbiology and Immunology; Hokkaido University Graduate School of Medicine; Sapporo, Japan

'Current affiliation: Howard Hughes Medical Institute; Washington University School of Medicine; St. Louls, MO USA

Keywords: cross-presentation, dendritic cell, TLR3, TICAM-1 (TRIF), tumoricidal CTL

Abbreviations: APC, antigen-presenting cells; CTL, cytotoxic T lymphocytes; DAMP, damage-associated molecular pattern;
DC, dendritic cells; IFN, interferon; IPS-1, IFNS promoter stimulator-1; MDAS, melanoma differentiation associated gene 5;
M, macrophages; NK, natural killer; OVA, ovalbumin; PAMP, pathogen-associated molecular pattern; PRR, pattern-recognition receptors;
PV, poliovirus; RIG-I, retinoic acid inducible gene-1; SL8, an OVA tetramer; TICAM-1, Toll-IL-1 receptor homology domain-containing

molecule-1; TLR, Toll-like receptor; WT, wild-type

Polyl:C is a nucleotide pattern molecule that induces cross-presentation of foreign Ag in myeloid. dendritic cells (DC) and
MHC Class_-dependent proliferation of cytotoxic T lymphocytes (CTL). DC (BM or spleen CD8u*) have sensors for dsRNA
including polyl:C to signal facilitating cross-presentation. Endosomal TLR3 and cytoplasmic RIG-I/MDA5 are reportedly
responsible for polyl:C sensing and presumed to deliver signal for cross-presentation via TICAM-1 (TRIF) and [PS-1 (MAVS,
Cardif, VISA) adaptors, respectively. In fact, when tumor-associated Ag (TAA) was simultaneously taken up with polyl:C in DC,

the DC cross-primed CTL specific to the TAA in a syngenic mouse model. Here we tested which of the TICAM-1 or IPS-1 -

pathway participate in cross-presentation of tumor-associated soluble Ag and retardation of tumor growth in the seiting
with a syngeneic tumor implant system, EG7/C57BL6, and exogenously challenged soluble Ag (EG7 lysate) and polyk:C. When
EG7 lysate and polyl:C were subcutaneously.injected in tumor-bearing mice, EG7 tumor growth retardation was observed in
wild-type and to a lesser extent IPS-17/~ mice, but not TICAM-1~/~ mice. IRF-3/7 were essential but IPS-1 and type | IFN were
minimally involved in the poly::C-mediated CTL proliferation. Although both TICAM-1 and {PS-1 contributed to CD86/CD40
upregulation in- CD8o* DC, H2K>SL8 tetramer and OT-1 proliferation assays indicated that OVA-recognizing CD8
T cells predominantly proliferated in vivo through TICAM-1 and CD8e«" DC is crucial in ex vivo analysis. Ultimately, tumor

. regresses > 8 d post polyl:C administration. The results infer that soluble tumor Ag induces tumor growth retardation, i,

Supplementary Table 1. Effects of the HC Diet on Body Weight, Liver Weight, and Serum Lipid Levels

Sham BDL
Control diet HC diet Control diet HC diet
Mean SEM Mean SEM Mean SEM Mean SEM
Body weight, g 28.2 0.3 27.2 0.6 27.5 2.3 21.8 0.3
Liver weight, g 1.4 0.1 1.2 0.1 1.7 0.2 2.1 0.2
Serum TG level, mg/dL 130.2 4.5 125.4 6.9 72.1 8.6 75.5 156
Serum TC level, mg/dL 103.2 9.8 135.02 3.0 150.7 22,6 407.0° 7.7
Serum glucose level, mg/dL 116.6 5.4 120.8 176 85.3 26.7 103.0 23.0
Corn oil CCly
Body weight, g 23.8 0.5 243 0.9 23.2 0.2 24.3 0.6
Liver weight, g 1.1 0.0 1.2 0.1 1.1 0.1 1.2 0.0
Serum TG level, mg/dL 229.4 19.6 173.8 20.6 170.8 16.9 193.5 12.0
Serum TC level, mg/dL 120.0 4.5 138.5¢ 9.0 118.0 4.1 143.89 8.2
Serum glucose level, mg/dL 102.2 9.3 88.3 5.9 86.3 6.9 103.5 12.1

SEM, standard error of the mean.

ap < .05 vs the control diet-sham-operated group.
bp < .01 vs the control diet-BDL-operated group.
¢P < .05 vs the control diet-corn oil group.

9p < .05 vs the control diet-CCly group.

therapeutic potential, if the TICAM-1 signal coincidentally occurs in CD8«* DC around the tumor.

Introduction

Cyrotoxic T lymphocytes (CTL) and natural killer (NK) cells are
wo major effectors for antitumor cellular immunity. These
effectors are driven through activation of dendritic cells (DC) and/
or macrophages (M), which is mediated by pattern-recognition
receptors {PRRs) for the recognition of microbial patterns."”
Antigen (Ag) presentation and upregulation of NK cell-activating
ligands are major events induced in DC/Mf in response to PRRs,
which link to evoking CTL- and NK-antitumor immunity,
respectively. The immune-potentiating function of specific
components of the classical adjuvants are largely attributable to
the ligand activity of PRRs (CpG DNA/TLRY, polyl:C/TLR3,
monophosphoryl lipid (MPL) A/TLR4, Pam2/TLR2, etc.).? That

* *Correspondence to: Tsukasa Seya; Email: seya-tu@popmed.hokudaiacjp
Submitted: 02/04/12; Revised: 03/02/12; Accepted: 03/02/12
http//dxdoiorg/104161/0nc¢i.19893

www.landesbioscience.com

is, the DC/MF competent to drive effectors are generated through
PRR signal in inflammatory nest where affected cells and recruited
immune cells encounter exogenous or endogenous PRR ligands.
Since studying the functional properties of PRRs in tumor
immunity is on the way using a variety of possible ligands and cell
biological analyses, immune responses reflecting the total adjuvant
potential around Ag-presenting cells (APC) in local inflammatory
nests are not always elucidated even in mice.

RNA-sensing PRR  pathways, including TLR3-TICAM-I,
TLR7-MyD88 and RIG-UMDAS5-IPS-1 participate in driving
Type I IFN induction and cellular immunity in DC subsets."**
Type 1 IFN and the JFNAR pathway in DC and other cells
reportedly evoke and amplify T cell immunity.*® TLR7 resides
exclusively in plasmacytoid DC” whereas TLR3 mainly exists in
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myeloid DC/MF and epithelial cells.® They are localized on the
membrane of the endosome and deliver the signal via their
adaptors, MyD88 and TICAM-1.”¢ RIG-I and MDAS5 are
ubiquitously distributed to a variety of mouse cells and signal the
presence of cytoplasmic viral products through 1PS-1.° Thus,
TLR3 and RIG-I/MDA5 are candidates associated with DC
maturation to drive effector cells.'® Indeed, viral dsRNA analog,
polyl:C, is a representative ligand for TLR3 and MDAS5 and
induces polyl:C-mediated DC-NK  reciprocal activation.'™'?
These are also true in human DC."?

The point of this study is by which pathway antitumor CTL
are induced for tumor regression in a mouse tumor-implant
model. It has been postulated that DC present exogenous tumor
Ag to the MHC Class I-restricted Ag-presentation pathway and
proliferate CDD8 T cells specific to the extrinsic Ag. When tumor
cells provide soluble and insoluble exogenous Ag, this Class I Ag
presentation occurs mostly TAP/proteasome-dependent, suggest-
ing the pathway partly sharing with that for endogenous Ag
presentation. This DCs ability to deliver exogenous Ag to the
pathway for MHC Class I-restricted Ag presentation has been
described as cross-presentation.'” DC cross-presentation leads to
the cross-priming and proliferation of Ag-specific CD8 T cells in
vivo and in vitro."""® A variety of PAMP'®'® and intrinsic
DAMP' as well as other factors including Type 1 IFN,*'* CD4’
T cells’ and NKT cells augment cross-priming in tumor-
bearing mice. However, by what molecular mechanism polyl:C
enhances CTL induction in tumor-bearing mice remains largely
unsettled.

Here, we made an EG7 tumor-implant mouse system and
treated the mice with s.c.-injected ovalbumin (OVA)-conuining
cell lysates (Ag) and polyl:C. Spleen CD8a' DC wrn CTL-
inducible when stimulated with Ag and polyl:C. In cither case
of s.c., i.p., or iv. injection of polyl:C, the TLR3/TICAM-1
pathway predominantly participates in CD8a' DC cross-priming
and antitumor CTL induction. Earlier studies using non-tumor
models, suggested that both TLR3 and MDAS appeared to
participate in polyl:C-dependent CTL induction.”’ TLR3 is
predominantly involved in primary Ag response and Thl
skewing,* while MDAS5 participates in secondary Ag response.”
Importance of TLR3 in induction of cross-priming was first
suggested by Schulz et al,, who used OVA/polyl:C-loaded or
virus-infected xenogenic (Vero) cells and mouse DC.'* Here we
demonstrate that the antitumor polyl:C activity is sustained by
the TICAM-1 pathway in any route of injection in tumor-
implant mice: antitumor CTL responses are mostly abrogated in
TICAM-17"" but not IPS-17"" mice.

Results

Properties of EG7 tumor with high MHC in tumor-loading
mice. The properties of the EG7 line we used are consistent with
those reported previously.*** It expressed high MHC Class 1
(H2-Kb) and no Qa-1b or Rae-1 (Fig. S1). The expression
levels of these proteins were barely changed before and after
implantation of EG7 cells into mice. Cell viability was not
affected by in vitro stimulation with polyl:C only (Fig. S1B).
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However, a batch-to-batch difference of cell viability may have
affected the rate of tumor growth in each mouse tumor-implant
experiment.

CD8" T cells are responsible for tumor retardation by
polyl:C. EG7 cells (2 X 10°) were inoculated into the back of
CS7BL/G (WT), and the indicated reagents were subcutaneously
(s.c.) injected around the EG7 twumor (Fig. 1A). Growth
retardation of tumor was observed by treatment with polyl:C or
polyl:C plus EG7 lysate (Fig. 1A). EG7 lysate only had no effect
on tumor regression. When CD8B" T cells were depleted before
EG7 lysate/polyl:C treatment, polyl:C-mediated tumor growth
suppression was cancelled (Fig. 1A), suggesting the participation
of CD8 T cells in tumor growth suppression. The therapeutic
potential of polyl:C appeared to be more reproducible in the
presence of EG7 lysate than in the absence, judged from the
increases of activated CID8" T cells (Fig. 1B) and cytotoxic activity
(Fig. 1C) of LN T cells isolated from the mice sacrificed after the
fast therapy. Yet, the EG7 Ag could be more or less supplied from
the implant tumor. NK1.1" cells did not participate in this EG7
tumor regression in this setting (data not shown).

Since EG7 lysate contains OVA, OVA-specific T cells in
draining LN and spleen of the WT mice were counted by
tetramer assay after the last therapy (Fig. S2A and B). The
numbers of tetramer-positive cells were prominently increased in
LN and spleen in mice with EG7 lysate and polyl:C. We
confirmed the importance of simultaneous administration of Ag
plus polyl:C for OVA-specific CTL induction as in Figure S2C,
where pure Ag (OVA) was used instead of EG7 lysate for
immunotherapy. The polyl:C adjuvant function appeared to be
more efficient in the mixture of pure Ag than in polyl:C alone.
Tumor regression (Fig. $2C) and OVA-specific CTL induction
(Fig. $2D) were clearly observed in this additional experiment. To
obrtain reproducible data, we employed the EG7 lysate/polyl:C
combination therapy as follows.

IFN-inducing pathways are involved in Polyl:C-derived EG7
growth retardation. We next inoculated EG7 cells (2 X 10%) into
the back of C57BL/6 (WT), TICAM-17/-, IPS-177, or
TICAM-1/1PS-1 double-deficient (DKO) mice (Fig. 2). We s.c.
administered EG7 lysate with or without polyl:C around the
tumor. The EG7 lysate was the soluble fraction of EG7 which
removed insoluble debris by centrifugation. The EG7 lysate
contained unprecipitated micro-debris and soluble Ag. No other
emulsified reagent was added for immunization. Thus, the
adjuvant function of polyl:C per se is reflected in the tumor
growth, although polyl:C had to be injected into mice twice a
week. Retardation of tumor growth was observed > 8 d after
immunization with EG7 lysate + polyl:C in WT mice, though no
growth retardation without polyl:C (Fig. 2A). The polyl:C-mediated
wmor growth suppression was largely abrogated in TICAM-17"~
(Fig.2B) and to a lesser extent in IPS-17"~ mice (Fig.2C), and
completely in TICAM-1/IPS-1 DKO mice (Fig.2D). Hence,
TICAM-1 plays an important role in inducing polyl:C-mediated
wmor growth retardation in the s.c. setting we employed.

CD8 T cell activation induced by the TICAM-1 pathway.
CD8 T cell activation in the inguinal LN was tested with
polyl:C + EG7 lysate in EG7 tumor-bearing mice using CDG9 as
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s PRG not induced in TICAM-17~ or DKO cells.
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Proliferation of OVA-specific CD8 T cells
were severely suppressed in TICAM-17"" mice
(Fig. 4A), suggesting that polyl:C-mediated cross-
priming of CD8 T cells largely depends on the
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(Fig.4B) and TLR3™'~ mice (Fig. S5A and B).
The polyl:C cytokine response, where IFNa is
IPS-1-dependent while 1L-12p40 is TICAM-1-
dependent, was also confirmed in serum level by
polyl:C i.p. injection (Fig. S5E). Specific induc-
tion of IFNy (Fig.4C) was also observed in
parallel with the results of Figure 4A.

Whether or not i.v. injection of polyl:C plus
o OVA induces Ag-specific CTL and cytotoxicity
was next checked. OVA-specific OT-1 proliferation

| TICAM-1 pathway followed by IRF-3/7 activa-

tion in the i.p. route. The results were reproduced

: in additional experiments using more mice
[

and cytotoxicity (Fig. 4D and E) were observed in

 statistical significance. ** p-< 0.01.. ¢ s

Figure 1. Polyl:C induces CTL-mediated tumor regression. {A) WT mice were challenged
with EG7 cells and were treated with PBS (e), EG7 lysates (4), polyl:C (¢) and EG7 lysates +
polyl:C (). The adjuvant therapy was started at'the time indicated by the arrow and
the indicated reagents injected twice per week..One of the two PBS groups (©) and one of
“the two EG7 lysates + polyl:C groups (o) were treated with anti-CD8B ascites in order to
“deplete CD8*T cells once a week. Each group had 3=5 mice. (B} Draining inguinal LNs were
harvested 24 h after the last treatment and the proportion of CD69-expressing CD8" cells
were counted. (C) LN cells were co-cultured with'MMC-treated EG7 cells for 3 d and
subjected to *'Cr release assay to evaluate CTL.activity. E/T = 50; All_error bars used
in this figure show. + SEM. Data are representative of two. independent experiments.
One-way analysis of variance (ANOVA) with Bonferroni's. test was performed to analyze

in vivo analyses of WT and IPS-1~"~ CD8 T cells
but not of TICAM-1""~, TICAM-1/IPS-1 DKO,
and IRF-3/77'~ mice in the i.v. setting.

Since TICAM-1 is the adaptor for TLR3
as well as cytoplasmic helicases,® we confirmed
the level of cross-priming being decreased in
TLR3™" mice and an expected result was
obtained (Fig. S5A and B). Furthermore, in
IFNAR™" mice, OVA-specific CTL induction
was slightly reduced compared with that in WT
mice, but higher than in TICAM-17"" mice

an activating marker. Twenty-four hours after the last polyl:C +
EG7 sec.c. treatment, cells were harvested from the LN excised
(Fig. 3A). FACS profiles of total cells from each mouse group are
shown in Fig. §3. By combination therapy with EG7 lysate and
polyl:C, T cells were activated in WT and IPS-1"'" mice, but the
proportion of CD8 T cells was not affected by the therapy
(Fig. S4A). Under the same conditions, T cells were barely
activated in TICAM-17'" mice in response to polyl:C (Fig. 3A).
The proportion of CDG69* cells are indicated in Figure 3B.
IL-2 (Fig.3C) and IFNy (Fig. S4B) were highly induced in the

www.landesbioscience.com

(Fig. S5C and D). Hence, in vivo cross-
presentation induced by polyl:C mostly depends on the TLR3-
TICAM-1 pathway followed by transcriptional regulation by
IRF-3/7 in any administration route, and is further promored by
Type I IEN presumably produced by the stromal cells through the
IPS-1 pathway.?

IPS-1 induces DC maturation but not cross-priming in vivo.
Spleen DC maturation by i.v.-injected polyl:C was tested ex vivo
using CD8o.' DC and CD8ar DC isolated from WT or KO mice
with no tumor as indicated in Figure 5A. The maturation markers
CD86 and CI240 were upregulated on both CD8a’ and CD8a
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- Figure 2, Polyl:C-induced tumor retardation is dependent on the TICAM-1. pathway. Antitumor effect of polyl:C on various KO mice were evaluated -
by using in vivo, mouse tumor implant model, EG7 cells were inoculated to WT (A), TICAM- 177 ®), IPS-17/7(C) and DKO. mice (D) on day.0. PBS ('), }
EG7 lysates.(4) or EG7 lysates + polyl:C (W) were s.c..administered around the tumor. The adjuvant therapies were started at the tlme indicated: .
by the arrows and injected twice per week. Fach group have 3-4.mice and error bar shows + SEM. Data are rep) ive of two independ

experiments. ¥*, p <.0,01

DC from WT mice when they were stimulated with OVA and
polyl:C. Treatment of DC with OVA only did not induce
upregulation of CD86 and CD40. Although the expression levels
of CD86 and CD40 were a little less in CD8a* and CD8or DC
from TICAM-1""" or IPS-17'~ mice than those from WT mice,
both CD86 and CD40 were sufficiently upregulated even in the
abrogation of either one pathway in polyl:C-injected mice. The
CD86 and CDA40 shifts were completely abolished in DKO mice
(Fig. 5A). Thus, the TICAM-1 pathway participates in both
potent co-stimulation and cross-priming, while the IPS-1 pathway
mainly participates only in integral co-stimulation in myeloid DC.

We next assessed in vitro proliferation of OT-1 cells. CD8a"
and CD8o DC were prepared from PBS, polyl:C, OVA and
OVA/polyl:C-treated mice, and mixed in vitro with CFSE-
labeled OT-1 cells. WT, TICAM-17'~ and IPS-17'" mice were
used for this study. OT-1 proliferation was observed with CD8a’
DC but not CD8« DC when OVA + polyl:C was injected
(Fig. 5B). Furthermore, the OT-1 proliferation barely occurred in
the mixture containing TICAM-17"~ CD8a' DC. Thus, OT-1
proliferation is triggered by the TICAM-1 pathway in CD8o’
DC. Again, IPS-1 had almost no effect on OT-1 proliferation
with CD8a' DC in this setting. In the mixture, IFNy was
produced in the supernatants of WT and IPS-17/~ CD8a' DC

584 Oncolmmunology

but not TICAM-1""" DC by stimulation with OVA + polyl:C
(Fig. 5C). No IFNY was produced in the supernatants of CD8or
DC even from WT mice, which results are in parallel with those
of OT-1 proliferation. In any case irrespective of tumor-bearing
or not, Ag, polyl:C and the TICAM-1 pathway are mandatory
for CD8a' DC to cross-prime and proliferate OVA-specific CD8
T cells.

We checked the TICAM-1- or IPS-1-specific gene expressions
related 0 Type 1 IFN and MHC Class 1 presentation using
genechip and qPCR (Fig. S6). Polyl:C-mediated upregulation of
Tapl, Tap2 and Tapbp messages diminished in TICAM-17'~
BMDC (Fig.S6A). The levels of these genes were hardly
affected in 1PS-17/~ BMDC (data not shown). Polyl:C-mediated
upregulation was observed with MDAS (ffib]) in CD8or and
CD8a' DCs (Fig. S6B). Surprisingly, other factors including
TLR3, TICAM-1 and MAVS messages were all downregulated in
response to polyl:C in CD8a' DC (Fig. S6B), for the reason as
yet unknown.

Effect of TLR3-mediated IFN-inducing pathway on anti-
tumor CTL induction. Polyl:C is a dsRNA analog capable of
incorporating into the endosome and cytoplasm by exogenous
administration in vitro.?”*® However, no evidence has been
proposed that polyl:C is internalized into the endosome of
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Figure 3..CD8 T cells in the draining LNs are activated through the TICAM-1 pathway by polyl:C. Draining inguinal LNs were harvested from tumor-

bearing mice 24.h after-the last treatment. LN cells were stained with CD3g, CO8« and CD69, and the cells.gated on CD3e*CD8a«* are shown (A). Spleen
cells in each group of mice were stained separately, the CD8 levels in gated cells being variably distributed in FACS anal The average freq y
of activated CD8 T cells defined by CD69 expression is shown (B). Alternatively, LN cells from the indicated mice were cultured for.further 3 d in vitro and

‘IL-2 production was measured. by CBA assay (C).
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Figure 5. TICAM-1 in CD8a* DC is more important than
IPS-1 in polyl:C-induced cross-priming. OVA and polyl:C
were administered i.v. and 4 h later, CD8«* and CD8c DC
were isolated from the spleen. CD86 and CD40 expres-
sions were determined by FACS (A): Filled gray and black
line show isotype control and target expression,
respectively. Alternatively, CD8a" and CD8« DC were
co-cultured with CFSE-labeled RAG27/~/OT-1'T cells for
3 d. The cross-priming activity of each DC subset was
determined with sequential dilution of CFSE (B} and IFNy
production (C). IFNy was measured by CBA assay.

The data shown are representative of two mdependent
experlments Err bar shows SD.
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CD8a' DC where TLR3 is expressed in vivo.
Peritoneal (PEC) Mf and bone marrow-derived
DC? usually phagocytoze polyl:C and deliver them
into the endosome. In mouse CD8x' DC direct
internalization of polyl:C has remain unproven.
Using labeled polyl:C and anti-mouse TLR3 mAb,
11F8,” we checked whether the exogenously-added
polyl:C encountered with TLR3 in CD8a* DC in
vitro. TLR3 (green) was merged with TexasRed-
polyl:C 30-120 min after polyl:C stimulation in
the culture (Fig. 6A). The quantities of CDD8o* and
CD8o DC where FITC-polyl:C was incorporated
were determined by FACS analysis (Fig. 6B). Thus,
the process by which polyl:C injected reaches the
endosomal TLR3 is delineated in the CD8a' DC.

Discussion

Polyl:C is an analog of virus dsRNA, and acts as a
ligand for TLR3 and RIG-I/MDAS. Polyl:C has
been utilized as an adjuvant for enhancement of
antitumor immunity for a long time.® However,
the mechanistic background of the therapeutic
potentials of polyl:C against cancer has been poorly
illustrated. It induces antitumor NK activation
through DC-NK  cell-to-cell interaction when
CD8a' DC TLR3 is stimulated in the spleen.’
Besides myeloid cells, however, some tumor cell
lines express TLR3 and dsRNA targeting tumor
cells may affect the growth rate of tumors,® where
the receptor-interacting protein (RIP) pathway is
involved downstream of TICAM-1.>' Here we
showed evidence that polyl:C injection facilitates
maturation of TLR3-positive CD8a’ DC (ie.,
APC) to trigger CTL induction against exogenous
soluble Ags including EG7 lysate or OVA. The
TICAM-1 adaptor for TLR3 and IRF-3/7 are
involved in the cross-presentation signal in CD8o
DC, but the molecule/mechanism downstream of
TICAM-1 that governs cross-presentation remains
elusive. Since most of the tumor-associated Ags
(TAA) are predicted to be liberated from tumor cells
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TLR3 and MDAS are main sensors for dsRNA and
differentially distributed in myeloid cells.”*** TLR3 is
limitedly expressed in myeloid, epithelial and neuronal
cells,” whereas MDAS is ubiquitously expressed including
non-myeloid stromal cells.’® Several reports suggested that
iv. injection of polyl:C predominantly stimulate the
stromal cells which express IFNAR* thereby robust
type 1 IFN are liberated from these cells to be a systemic
response  including cytokinemia and endotoxin-like
shock.”?¢ Both TLR3 and MDAS link to the IRF-3/7-
activating kinases leading to the production of IFNa/B.>"3*
Once IFNo/B are released, IFNAR senses it to amplify the
Type I IFN production,” and reportedly this amplification
pathway involves cross-priming of CD8 T cells in viral
infection.'”® Tumor progression or metastasis can be
suppressed through the IFNAR pathway.®® These scenarios
may be right depending on the conditions employed. Our
message is related to what signal pathway is fundamentally
required for induction of antitumor CTL in DC. The CTL
response is almost completely abrogated in TICAM-17"~
and IRF-3/77"" mice, but largely remains in IPS-17'" and
IFNAR™" mice when Ag and polyl:C are extrinsically

Gmin S0 o Y min

i

coatec (O

£08'D6

administered. The results are reproducible in some other
wmor-implant models (data not shown), and even in
IFNAR™" mice, TICAM-1-specific genes are upregulated
to confer tumor cytotoxicity (Fig. S6, Azuma et al,
unpublished data). In addition, the upregulation of these
genes is independent of 1PS-1 knockout in DC. Our results
infer that the primary sensing of dsRNA in CD8a" DC is
competent to induce cross-presentation, which minimally
involves the IPS-1 or IFNAR amplification pathway, at
least at a low dose of polyl:C. Yet, subsequent induction of
Type I IFN via the IFNAR may further amplify the cross-
priming.'®"" Further studies are needed as to which of the
TICAM-1-inducible genes link to the cross-presentation in
CD8a’ DC.

The main focus of this study was to identify the pathway
for transversion of immature DC to the CTL-driving

phenotype by co-administration of polyl:C with soluble

microscopic analysis (A). Alternatively, splenic DC isolated by MACS were
incubated with FITC-polyl:C for the time shown in figure and analyzed

of three independent experiments.

Figure 6. Polyl:C encounters TLR3 in CD8u«* DC. CD8u* and CD8u« DC were
isolated by FACSAriall and stimulated with 20 pg/mil TexasRed-polyl:C for 2 h.
Then cells were stained with Alexa647-antiTLR3 and subjected to confocal

the degrees of polyl:C uptake by FACS (B). Data shown are the representative

Ag. The IPS-1 pathway, although barely participates in
antitumor CTL driving, can upregulate CD40/CD86 co-
stimulators on the membranes of splenic CD8o' and
CD8ar DC in response to polyl:C, suggesting that MDAS
does function in the cytoplasm of splenic CD8a' and
CD8a DC to sense polyl:C. However, effective CTL

as soluble Ags, the TICAM-1 pathway in CD8o«’ DC would be
crucial for driving of tumor-specific CTL around the tumor
microenvironment. In any route of polyl:C injection, this is true
as shown first in this study. Although TICAM-1 is an adaptor
of other cytoplasmic sensors, DDX1, DDX21 and DHX36,*
the antitumor CTL responses are merely relied on TLR3 of
CD8u'DC in this system. Taken together with previous
reports,'""'* TICAM-1 signaling triggers not only NK activation
but also CTL induction.

588 Oncolmmunology

induction happens only in CD8«' DC when stimulated
with polyl:C. CD8a' DC express TLR3 but CD8y DC
do not, and CD8a' DC with no TLR3 fail to induce CTL,
suggesting that integral co-stimulation by MDAS/IPS-1 is
insufficient for DC to induce cross-priming of CD8 T cells:
antitumor CTL are not induced until the TICAM-1 signal is
provided in DC. At least, sole effect of the IPS-1 pathway and
upregulation of co-stimulators on CD80or’ DC is limited for cross-
priming and induction of antitumor CTL, which result partly
reflects those in a previous report where IPS-1 and TICAM-1
harbor a similar potential for CD8 T cell proliferation when
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polyl:C (Alum-containing) is employed as an adjuvant for CD8a’
DC to test proliferation of anti-OVA CTL.*

A question is why TICAM-1 is dominant to IPS-1 for response
o exogenously-added polyl:C in CD8«' DC. The answer is
rooted in the difference of functional behavior berween BMDC
and CD8a’ DC. TLR3 levels are variable depending upon subsets
of DC,* which affects DC subset-specific induction of cellular
immune response. The high TLR3 expression {partly surface-
expressed) is situated in CD8a DC before polyl:C stimulation,
which is distinct from the properties of F4/80' Mf and
presumably BMDC of low TLR3 expression. The polyl:C-uptake
machinery'® appears to efficiently work in concert with the
TLR3/TICAM-1 pathway in CD8a' DC and this tendency
is diminished when CD8a' DC are pretreated with Alum +
polyl:C.*' Furthermore, there are functional discrepancies
between CD8o’ splenic DC and GM-CSF-induced BMDC,
which appears to reflect the difference of their TLR3 levels.”
These results on CD8a' DC encourage us to develop dsRNA
adjuvant immunotherapy supporting TAA soluble vaccines for
cancer applicable to humans, which possess the counterpart of
CD8a' DC.

There are two modes of dsRNA-mediated DC maturation,
intrinsic and extrinsic modes that are governed by the IPS-1 and
TICAM-1 pathways, respectively.”* It is important to elucidate
the in vivo qualitative difference in the two pathways in tumor-
loading mice. TLR3* DC/MF are responsible for CTL driving via
an extrinsic route in viral infection.> Previous data suggested that
dsRNA in infectious cell debris, rather than viral dsRNA
produced in the cytoplasm of Ag-presenting cells or autophago-
some formation, contribute to fine tuning of DC maturation
through extrinsic dsRNA recognition.’® It is reported that
dsRNA-containing debris are generated secondary to infection-
mediated cell death,” and DC phagocytose by-stander dead cells.
Likewise, soluble tumor Ags released from tumor cells usually are
extrinsically taken up by APC in patients with cancer.®® If CTL
are successfully induced in therapeutic biotherapy targeted against
cancer cells, this extrinsic TICAM-1 pathway must be involved in
the therapeutic process.

Cross-presentation occurs in a TAP-dependent™ and -inde-
pendent fashions.**** The peptides are transported by TAP into
the endoplasmic reticulum (ER) and loaded onto MHC Class [
for presentation at the cell surface. ER and phagosome might fuse
each other for accelerating cross-presentation.*® Another possibi-
lity is that cross-presentation occurs in early endosomes where
TLR3 resides. This early endosome cross-presentation does not
always depend on TAP™* but requires TLR stimulation.*®
TLR4/MyD88 pathway is involved in the TAP-dependent early
endosome model,*” where recruitment of TAP to the early
endosomes is an essential step for the cross-presentation of soluble
Ag. These models together with our genechip analysis of polyl:C-
stimulated BMDC suggested that some ER-associated proteins are
upregulated in BMDC by polyl:C-TICAM-1 pathway. The
results infer that the TLR3/TICAM-1 rather than the TLR4/
MyD88 pathway more crucially participates in cross-presentation
in response to dsRNA or viral stimuli and facilitates raising CTL
antitumor immunity in APC.

www.landesbioscience.com

Although multiple RNA sensors couple with TICAM-1 and
signal to activate the Type I IFN-inducing pathway,” at least
TLR3 in the CD8a' DC are critical in CTL driving. CD8a’ DC
are a high TLR3 expresser, while BMDC express TLR3 with only
low levels.”> CD8a DC do not express it.** The Ag presentation
and TLR3 levels in CD8a' DC appear reciprocally correlated
with the phagocytosing ability of DC. Although the TLR3
mRNA level is downregulated secondary to polyl:C response after
maturation, this may not be related to the CD8a' DC functions.
Yet, polyl:C might interact with other cytoplasmic sensors for DC
maturation,?>%

The route of administration and delivery methods may be
important for culminate the polyl:C adjuvant function. The toxic
problem has not overcome in the adjuvant therapy using polyl:
C*3 and this is a critical matter for clinical introduction of
dsRNA reagents to immunotherapy. The most problematic is the
life-threatening shock induced by polyl:C. Recent advance of
polyl:C study suggests that PEI-jet helps efficient uptake of polyl:
C into peritoneal macrophages.”® LC (poly-L-lysine and methyl-
cellulose) has been used as a preservative to reduce the toxic effect
of polyl:C.* Nanotechnological delivery of polyl:C results in
efficient tumor regression.”® There are many subsets of DC that
can be defined by surface markers, and selecting an appropriate
administration route can target a specific DC subset. The route
for s.c. administration usually mature dermal/epidermal DC or
Langerhans cells.”"** Some DC subsets with unique properties
specialized to CTL induction would work in association with the
route of polyl:C administration. Artempting to develop more
harmless and efficient dsRNA derivatives will benefit for
establishing human adjuvant immunotherapy for cancer.

Materials and Methods

Mice. TICAM-17"" and IPS-1"" mice were made in our
laboratory and backerossed more than eight times to adapt
C57BL/6 background.'* IRF-3/7""~ and IFNAR™" mice were
kindly provided by T. Taniguchi (University of Tokyo, Tokyo,
Japan). TLR3™'~ mice were kindly provided by S. Akira (Osaka
University, Osaka, Japan). Ragl'/' and OT-1 mice were kindly
provided from Drs N. Ishii (Tohoku University, Sendai, Japan).
Rag2™'"/OT-1 mice were bred in our laboratory. All mice
were maintained under specific pathogen-free conditions in the
animal facility of the Hokkaido University Graduate School
of Medicine. Animal experiments were performed according
to the guidelines set by the animal safety center, Hokkaido
University, Japan.

Cells. EG7 and C1498 cells were purchased from ATCC and
cultured in RPM11640/10% FCS/55 uM 2-ME/1 mM sodium
pyruvate and RPMI1640/10% FCS/25 ng/ml 2-ME, respectively.
Mouse splenocytes, OT-1 T cell, CD8a' DC and CD8x DC
were harvested from the spleen and cultured in RPMI1640/10%
FCS/55 UM 2-ME/10 mM HEPES." B16D8 cells were cultured
in RPMI/10% FCS as described previously.*?

Reagents and antibodies. Ovalbumin (OVA) and polyl:C
(polyl:C) were purchased from SIGMA and Amersham
Biosciences, respectively. OVAjs; 564 peptide (SIINFEKL: SL8)
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and OVA (H2K"-SL8) Tetramer were from MBL. Following Abs
were purchased: anti-CD3e (145-2C11), anti-CD83 (53-6.7),
anti-CD11c (N418), anti-CD16/32 (93), anti-CD6G9 (H1.2F3)
and anti-IFNY(XMG1.2) Abs from BioLegend, anti-B220 (RA3-
6B2), anti-CD4 (L3T4), ant-CD40 (1C10), anti-CD86 (GL1),
and anti-MHC 1-SL8 (25-D1.16) Abs from eBiosciences, anti-
TCR-VB5.1/5.2 Ab and ViaProbe from BD Biosciences. The Rat
anti-mouse TLR3 mAb (11F8) was kindly provided by David M.
Segal (National Institute of Health, Bethesda, MD). To rule out
LPS contamination, we treated OVA or other reagents wich
200 pg/ml of Polymixin B for 30 min at 37°C before use. Texas
Red- or FITC-abeled poly(I:C) was prepared using the 5'
EndTag"™ Nucleic Acid Labeling System (Vector Laborarories)
according to the manufacturers instructions.

Tumor challenge and poly I:C therapy. Mice were shaved at
the back and s.c. injected with 200 pl of 2 X 10° syngenic EG7
cells in PBS. Tumor volumes were measured at regular intervals
by using a caliper. Tumor volume was calculated by using the
formula: Tumor volume (cm?®) = (long diameter) X (short
diameter)® X 0.4. A volume of 50 pl of a mixture consisting of the
lysate of 2 X 10°> EG7 cells with or without 50 pg of poly I:C
(polyl:C) was s.c. injected around the tumor. We added no other
emulsified reagent for immunization since we want to role out the
conditional effect of the Ag/polyl:C. The treatments were started
when the average of tumor volumes reached at 0.4-0.8 cm?® and
performed twice per week. EG7 lysate were prepared by three
times freeze/thaw cycles (-140°C/37°C) in PBS, with removal of
cell debris by centrifugation at 6,000 g for 10 min.** To deplete
CD8 T cells, mice were i.p. injected with hybridoma ascites of
anti-CD8B mAb. The dose of antibody and the treatment
regimens were determined in preliminary studies by using the
same lots of antibody used for the experiments. Depletion of the
desired cell populations by this treatment was confirmed by FACS
for the entire duration of the study.

Evaluation of T cell activity in tumor-bearing mice. Draining
inguinal LN cells were harvested from tumor-bearing mice after
24 h from the last polyl:C treatment. The activity of T cells was
evaluated by CDGY expression and IL-2/[FN7y production. These
cells were stained with FITC-CD8a, PE-CD69, PerCP/CyS5.5-
7AAD and APC-CD3e. To check cytokine production, LN cells
were cultured for 3 d in vitro in the presence or absence of EG7
lysates and IL-2 and IFNYy productions were determined by
Cytokine Beads Array (CBA) assay (BD). To assess the cytotoxic
activity of CTL, standard *'Cr release assay was performed.
For CTL expansion, 2.5 X 10° LN cells were co-cultured with
1.25 X 10° mitomycin C-treated EG7 cells in the presence of
10 U/ml 1L-2 for 5d. Then, LN cells were incubated with
*!Cr-labeled EG7 or C1498 cells for 4 h and determined cytotoxic
activity. The cell-specific  cytotoxicity was calculated  with
subtracting the cytotoxity for C1498 from for EG7 cells.

Antigen-specific T cell expansion in vivo. Mice were i.p.
immunized with 1 mg of OVA and 150 pg of poly I:C. After 7d,
spleens were homogenized and stained with FITC-CD8o. and
PE-OVA Tetramer for detecting OVA-specific CD8 T cell
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populations. For intracellular cytokine detection, splenocytes
were cultured with or without 100 nM OVA peptide (SIINFEKL;
SL8) for 8h and 10pg/ml of Brefeldin A (Sigma-Aldrich)
was added to the culture in the last 4 h. Then cells were
stained with PE-anti-CD8a and fixed/permeabilized with
Cytofix/Cytoperm (BD Biosciences) according to manufacturer’s
instruction.  Then, fixed/permeabilized cells were further
stained with APC-anti-IFNy. Stained cells were analyzed
with FACSCalibur (BD Biosciences) and FlowJo software (Tree
Star).

In vivo CTL assay. The in vivo CTL assay was performed
as described.” In brief, WT, TICAM-1""", MAVS™" and
IRF-3/77'" mice were i.v. administered with PBS, 10 pg of OVA
or OVA with 50 pg of polyl:C. After 5d, 2 X 107 target cells (see
below) were i.v. injected to other irrelevant mice and 8 h later, the
OVA-specific cytotoxicity was measured by FACSCalibur. Target
cells were 1:1 mixture of 2 uM SL8-pulsed, 5 M CFSE-labeled
splenocytes and SL8-unpulesed, 0.5 uM CFSE-labeled spleno-
cytes. OVA-specific cytotoxicity was calculated with a formula:
{1-(Primed [CFSE"*"(%)/CFSE"*(%)]/Unprimed [CFSE"¢"(%)/
CESE™"(%)]} x 100.

DC preparation. DCs were prepared from spleens of mice, as
described previously.” In brief, collagenase-digested spleen cells
were treated with ACK buffer and then washed with PBS twice.
Then splenocytes were positively isolated with anti-CD1lc
MicroBeads. CD11c' cells were acquired routinely about =
80% purity. Further, to highly purify CD8a' and CD8a DCs,
spleen DC were stained with FITC-CD8a, PE-B220, PE/Cy7-
CD11c and PerCP5.5-7AAD. CD8o' or CD8a CD11c'B220
DCs were purified on FACSAriall (BD). The purity of the cells
was = 98%.

OT-1 proliferation assay. Ten micrograms of OVA with or
without 50 g of polyl:C were i.v. injected to WT, TICAM-17'",
1PS-17'~ and DKO mice. After 4 h, CD8o' or CD8o DC were
purified from the spleen. 2.5 X 10* CD8a' or CD8o DC were
co-cultured with 5 x 10* 1 pM CFSE-labeled Rag2™"/OT-1
T cells for 3 d in 96-well round bottom plate. These cells were
stained with PE-ant-TCR-V5.1,5.2 and APC-anti-CD3e and
T cell proliferation was analyzed by CFSE dilution using
FACSCalibur. Additionally, IFNy in the culture supernatant
was measured by CBA assay.

Statistical analysis. P-values were calculated with one-way
analysis of variance (ANOVA) with Bonferroni’s test. Error bars
represent the SD or SEM between samples.
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TLR3/TICAM-1 signaling in tumor cell
RIP3-dependent necroptosis

Tsukasa Seya,* Hiroaki Shime, Hiromi Takaki, Masahiro Azuma, Hiroyuki Oshiumi and Misako Matsumoto
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Abbreviations: CTL, cytotoxic T lymphocyte; DAI, DNA-dependent activator of IFN-regulatory factors; DAMP, damage-
associated molecular pattern; HMGBI, high-mobility group box 1; HSP, heat shock protein; mDC, myeloid dendritic cell; NK,
natural killer; NLR, NOD-like receptor; PAMP, pathogen- associated molecular pattern; PRR, pattern-recognition receptor;
RIP, receptor-interacting protein kinase; TICAM-1, Toll-IL-1-homology domain-containing adaptor molecule 1; TLR, Toll-like
receptor; TNFa, tumor necrosis faccor a; TNFR1, TNFa recepror 1

The engagement of Toll-like receptor 3 (TLR3) leads to the
oligomerization' of  the adaptor - TICAM-1(TRIF), which can
induces either. of: three ‘acute cellular ‘responses, namely,
cell survival coupled to Type I interferon’ production, or cell
death, via apoptosis or. necrosis. The specific response elicited
by TLR3 determines the fate of  affected cells, although the
switching mechanism between the two cell death pathways
in TLR3-stimulated cells remains molecularly unknown. Tumor
necrosis factor o (TNFa)-mediated:cell death can proceed via
apoptosis or via a non-apoptotic pathway, termed necroptosis
or programmed  necrosis, which have been described - in
detail. Interestingly, death-domain-containing-kinases called
receptor-interacting protein kinases (RIPs) are involved in the
signaling pathways leading to these two cell death pathways.
Formation of -the RIP1/RIP3 complex (called ‘necrosome) in
the absence of caspase 8 activity is crucial for the induction
“of necroptosis'in’ response to TNFa signaling. On the other
“hand, RIP1.is known to interact with the C-terminal domain
of TICAM-1 and to modulate TLR3 signaling. In macrophages -
--and perhaps tumor. cell lines, RIP1/RIP3-mediated necroptotic
cell death can’ ensue ‘the administration. of the TLR agonist
~polyt:C. If this involved the TLR3/TICAM-1 pathway, the innate
sensing of viral dsRNA would be linked to cytopathic effects
and to persistent inflammation, in turn favoring the release
of -damage-associated. molecular: patterns’ (DAMPs) in" the
microenvironment. Here, we review accumulating evidence
pointing to the involvement of the TLR3/TICAM-1 axis in tumor
cell necroptosis and the subsequent release of DAMPs.

Introduction

Cell death is an important process for both development and
homeostasis in multicellular organisms. The mode of cell death
is closely associated wich other biological responses occurring
within the host, including inflammation. Cell death has been
categorized as apoptotic or necrotic and, until recently, apoptosis
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had been considered as a synonym of programmed cell death.'
Caspases are a family of cysteine proteases that mediate apop-
totic cell death in response to ligands of death receptors, includ-
ing tumor necrosis factor & (TNFa), FAS ligand (FASL) and
TRALIL, as well as to intracellular damage, upon the induction of
pro-apoptotic BH3-only members of the Bcl-2 family. However,
it is now clear that apoptosis is not the only cellular mechanism
that mediates programmed cell death. Necrotic cell death, which
has traditionally been viewed as a form of passive cell death, may
also be regulated, and in this case has been called necroptosis or
programmed necrosis.? Necroptosis may be induced by TNFa
receptor 1 (TNFR1) agonists, but also by innate pattern-recog-
nition receptors (PRRs) such as Toll-like receptor (TLR) 3 and
TLR4." These two TLRs can recruit the adaptor TICAM-1 (also
known as TRIF), leading to Type I interferon (IFN) signaling.?
In line with this notion, the TLR3 ligand polyl:C (a synthetic
double-stranded RNA, dsRNA) can activate either apoptosis or
necrosis, depending on the cell lines tested. Cell death induced
by the TLR3-TICAM-1 axis may therefore be executed through
two distinct subroutines.” The mechanisms that dictate the cel-
lular decision to undergo apoptosis or necroptosis in response
to TLR3 signaling, as well as the mechanisms that mediate the
execution of necroptosis, are the subject of intense investigation.
Toll-like receptors and other PRRs harbor the ability to spe-
cifically recognize microbal molecules, known as pathogen-associ-
ated molecular patterns (PAMPs).¢ PAMPs trigger the maturation
of myeloid dendritic cells (DCs) through the activation of TLR
and/or other pathways, eventually eliciting cellular immunity.” In
mDCs, nucleic acid-recognizing TLRs (i.e., TLR3, TLR7, TLR8
and TLR9) reside in endosomes and sense their ligands only when
they are internalized.® The uptake of DNA or RNA of micro-
bial origin therefore allows cross-presentation to T cells and the
exposure of natural killer (NK) cell-activating ligands. Besides
this excrinsic maturation route, it is known that the formation
of autophagosomes may deliver cytoplasmic nucleic acids of viral
origin to the endosome via autophagy” In either route, TLR sig-
naling links immunological events to pathological cell death.
Recently accumulated evidence suggests that TLRs serve
as receptors not only for foreign PAMPs but also for cellular
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