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Table I. HSF1, BAG3 expression and clinicopathological variables in HCC

Parameter Total HSF1 P BAG3 P
High Low High Low
n=115 n=111 A=112 n=114
>30 <30 >25 <25
Age (years)
260 126 66 60 0.69 : 59 67 0.42
<60 100 49 51 53 47
Sex
Male 185 95 90 0.86 94 91 0.49
Female 41 20 21 18 23
Etiology
HBsAg(+)/HCV(-) 85 45 40 0.70 39 46 0.67
HBsAg(-)/HCV(+) 84 43 41 44 40
HBsAg(+)/HCV(+) 6 4 2 2 4
HBsAg(-)/HCV(-) 51 23 28 27 24
Cirrhosis
Presence 121 64 57 0.59 62 59 0.59
Absence 105 51 54 50 55
Tumor size (cm)
<5 149 67 82 0.017* 66 83 0.035*
>5 77 48 29 46 81
No. of tumor nodules
Solitary 168 78 90 0.032% 79 89 0.22
Multiple (22) 58 37 21 33 25
TNM stage
Tand O 139 62 77 0.017* 63 76 0.11
Il and IV 87 53 34 49 38
BCLC stage
A 81 27 54 <0.001* 32 49 0.065
B 108 64 44 58 50
& 37 24 13 22 15
Differentiation
Well 36 11 25 0.010* 10 26 0.014*
Moderate 143 74 69 75 68
Poor 47 30 17 27 20
Capsular formation :
Presence 184 95 89 0.73 91 93 1.0
Absence 42 20 22 21 21
Vascular invasion
Present 37 24 13 0.073 22, 15 0.21
Absent 189 91 98 90 99
Serum AFP level
<20 117 53 64 0.086 52 65 0.14
>20 109 62 47 60 49

AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; HCV, hepatitis C virus; TNM, tumor node metastasis.

*Significant P value. i

findings, we concluded that HSF1 expression is a necessary condition
for cell growth, but it is not a sufficient condition. We, therefore, did
not further investigate gain of function of HSF1.

Impaired EGF-mediated MEK/ERK activation in HSFI KD cells
and HSFI™~ hepatocytes

Activation of the MEK/ERK pathway regulates many important cel-
lular processes in carcinogenesis. To further elucidate the function of
HSF1 on tumor growth, we investigated the cascade of MAPK. In WT
hepatocytes and HSF1 control cells, EGF, a potent activator of MAPK,
efficiently activated EGFR, MEK1/2 and ERK1/2 (Figure 2A). In
contrast, activation of EGFR, MEK1/2 or ERK1/2 was significantly
decreased in HSF-knockout mice (HSF™") hepatocytes and HSF1 KD
cells (Figure 2A and B). Regarding protein levels of EGFR, MEK1/2
and ERK1/2, EGFR protein levels were significantly decreased in
HSF1~ hepatocytes and HSF1 KD compared with controls, whereas
other proteins were unchanged (Figure 2A and B). This result was
consistent with the previous report (31). Immunohistochemical stain-
ing revealed that HSF1 control tumor showed strong phosphorylated
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ERK1/2 levels, whereas almost no ERK1/2 activation was observed in
HSF1 KD tumors (Figure 2C).

Role of HSF1 in TNF-a-induced apoptosis

Since tumor growth inhibition is caused mainly by increased cell
death and decreased cellular proliferation, we compared numbers
of apoptotic cell deaths in HSF1 control and HSF KD xenografts
using the TUNEL assay. Significantly more apoptotic tumor cells
were found in HSF1 KD tumors than in HSF1 control tumors
(Figure 3A). Next, we examined whether HSF1 was involved in
apoptosis in vitro. FACS analysis showed very few apoptotic cells in
HSF KD or HSF control in the absence of any stimuli. In contrast,
treatment with TNF-a, a potent inducer of apoptosis, caused more
extensive apoptotic cell death in HSF1 KD cells (23.9%) than in
HSF control cells (8.7%) (Figure 3B). Furthermore, we also con-
firmed increased TNF-o-induced apoptosis in HSF KD cells as
determined by TUNEL assay and caspase-3 activation (Figure 3C
and D). To examine whether HSF1 is required for TNF-a-induced
liver apoptosis in vivo, we used an LPS/GalN liver injury model
that depends on TNF-o-mediated apoptosis (32). At 7h LPS/GalN
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Fig. 1. Role of HSF1 in HCC growth. (A) Expression of HSF! in the eight indicated HCC cell lines was determined by western blot analysis, using -actin
as a control. (B) Cell growth of HSF1 control KYN?2 cells and HSF1 KD K'YN2 cells was measured by counting the number of cells. One representative
experiment from three experiments is shown. Data are plotted as mean + SEM. (C) Expression of cell-cycle-related protein in HSF1 control KYN2 cells and
HSF1 KD KYN?2 cells, as determined by western blot analysis. (D) Cells were pulsed with BrdU (10 mmol/l) for 4h. Optical density values are expressed as

a percentage relative to the group expressing control. *P < 0.05. Bars: SEM. (E) Growth appearance of HSF1 KD and HSF1 control cells in SCID mice after
orthotopic implantation (upper panel). Orthotopic tumor volume was measured. Data are expressed as mean + SEM (HSF1 control, n = 12; HSF1 KD, n = 12).
*P < 0.05. Bars: SEM (lower left panel). HE and immunohistochemical staining for HSF1 and PCNA (original magnification: x40): lower right panel. BrdU,

bromodeoxyuridine; HE, hematoxylin and eosin.

administration, HSF~ exhibited marked alanine aminotransferase
elevation (Figure 3E), severe histological liver damage and hepato-
cyte apoptosis compared with WT mice (Figure 3E). This was also
in accordance with the notable depression of HSF1 inducing apop-
tosis in vitro.

HSF1I is involved in TNF-a-mediated NF-k B activation

Regarding the association between HSF1 and antiapoptosis, expres-
sion of bcl-2-associated athanogene domain 3 (BAG3) was report-
edly reduced in HSF1 KD cells compared with control cells (7,11).

In addition, microarray array analysis showed that BAG3 was dra-
matically downregulated in HSF1 KD cells compared with HSF1
control cells (Supplementary Table I, available at Carcinogenesis
Online). Immunoblot analysis showed that BAG3 protein expres-
sion was reduced in HSF17~ hepatocytes and HSF1 KD cells
relative to the respective controls (Figure 4A and B). Meanwhile,
activation of IKK and NF-kB pathway represents one of the most
important antiapoptotic signals. In addition, BAG3 is also reported

‘to control proteasomal degradation of IKKY, the regulatory subunit

(also called NF-xB essential modulator) of the IKK complex, and
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Fig. 2. EGF-mediated MEK/ERK activation is impaired in HSF1 KD

cells and HSF1~~ hepatocytes. (A) HSF1 control and KD cells were

treated with EGF (10ng/ml), lysed at the indicated times, gel separated

and immunoblotted with antibodies against indicated proteins. (B) HSF1

WT and HSF~ hepatocytes were treated with TNF-o (30 ng/ml), lysed in
indicated times, gel separated and immunoblotted with antibodies against
indicated proteins. (C) Representative phosphorylated ERK (p-ERK) staining
of orthotopic tumors of HSF1 control and KD cells (original magnification:
x40). N, non-cancerous liver; T, tumor.

NF-kB activity (33). Regarding the NF-xB pathway, NF-xB activa-
tion by TNF-a was decreased in HSF1 KD cells compared with
the control cells (Figure 4A). In contrast, without any treatment,
basal NF-kB activity was very weak and no differences were appar-
ent between HSF1 control cells and HSF1 KD cells (Figure 4A).
Consistent with this, microarray analysis showed no apparent dif-
ferences in the expression of typical NF-kB-regulated genes. We
also performed NF-xB pathway analysis and found that the pathway
was not overrepresented by the microarray results (Supplementary
Figure 2, available at Carcinogenesis Online). Next, we investigated
whether HSF1 is involved in TNF-co-mediated NF-xB activation
and found that phosphorylated Ixk-B (p-IxB), a marker of NF-xB
activation, was significantly decreased in HSF”~ hepatocytes and
HSF1 KD cells compared with their controls. As expected, IKKy
protein levels were dramatically reduced in HSF1~~ hepatocytes
and HSF1 KD cells compared with their controls (Figure 4A and
B). To investigate whether decreased IKKy protein was degraded
via proteasome, we used the proteasomal inhibitor, MG-132, and
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found that protein levels of IKKy in HSF1 KD cells recovered with
the inhibitor, whereas protein expression of BAG3 was unchanged
(Figure 4C). Although mRNA levels of BAG3 were significantly
downregulated in HSF1 KD cells compared with HSF1 control
cells, mRNA levels of IKKy were not changed (Figure 4D). HSP70
mRNA and protein levels were similar between HSF1 control and
HSF1 KD cells (Figure 4A-D). These results suggest that HSF1
positively regulated BAG3 expression, which stabilized the IKKy
protein necessary for NF-xB activation. Immunohistochemical
staining revealed that downregulation of HSF1 dramatically
reduced BAG3 levels in HSF1 KD xenografts compared with the
HSF1 control xenografts.

We performed real-time PCR analysis of the putative NF-xB-
regulated antiapoptotic genes. The levels of A20, cellular inhibitor
of apoptosis 2 (c-IAP2) RNA expression were decreased in HSF1
KD cells by TNF-o-mediated compared with HSF1 control cells,
whereas cylindromatosis, cIAP1 were unchanged (Figure 4E). These
results suggest that HSF1 plays an important role in tumor growth
via MAPK-mediated cellular proliferation and NF-xB-mediated
antiapoptosis.

HSFI and BAG3 were frequently overexpressed in human HCCs

To analyze the involvement of HSF1 in HCCs, we examined expres-
sion levels of HSF1 in human primary HCCs. Immunoblot analy-
sis showed that levels of HSF1 in HCC tissues were significantly
higher than in non-cancerous liver tissues in 5 of 10 samples (50%)
(Figure 5A). We tested 226 samples from tumor tissues of patients
with HCCs by immunohistochemistry. The median percentage of pos-
itive cells was 30% (range: 0-90.0%) and we divided patients into two
groups of high expressers and low expressers based on the percentage
of HSF1-positive cells using a cutoff level of 30%, representing the
median value of HSF1. We found that 50.9% (115/226) of tumor sam-
ples showed high HSF1 expression. Typical examples of high HSF1
expression samples are shown in Figure 5B. The characteristics of
patients in this analysis are shown in Table I. Significant differences
were apparent between high and low HSF1 expression groups in terms
of tumor size (P = 0.017), tumor node metastasis stage (P = 0.017),
Barcelona Clinic Liver Cancer stage (P < 0.001), number of tumor
nodules (P = 0.032) and histological grade (P = 0.010) (Table I), but
no significant correlations were observed between HSF1 expression
and other clinicopathological variables such as etiology or cirrhosis
(Table I). Furthermore, patients with tumors showing HSF1 over-
expression displayed significantly shorter overall survival (median:
75.2 months) compared with patients whose tumors showed HSF1
low expression (median: 136.0 months; P = 0.004, log-rank test)
(Figure 5C). These findings suggest that overexpression of HSF1 was
frequently observed in human HCCs, particularly in tumors exhibit-
ing aggressive features.

To explore the pathological relationship between HSF1 and BAG3 in
HCC samples, we performed immunohistochemical analysis for BAG3
in 226 HCC samples, which were also analyzed for HSF1 immunohis-
tochemistry. The median percentage of positive cells was 25% (range:
0-85.0%) and we divided them into two groups—high expressers
and low expressers—based on the percentage of BAG3-positive cells
using a cutoff level of 25%, representing the median value of BAG3.
Representative examples of immunohistochemical reactivity for BAG3
are shown in Figure 5B. Expressions of BAG3 protein were significantly
increased in HCC specimens, whereas no or only low BAG3 expres-
sion was seen in adjacent non-cancerous tissue. BAG3 expression cor-
related significantly with histological grade (P = 0.014), and tumor
size (P = 0.035), but no significant correlations were observed between
BAG3 expression and other clinicopathological variables (Table I).
Furthermore, a positive correlation between expressions of HSF1 and
BAG3 was found in HCC (P < 0.05; Figure 5D) and patients with
tumors showing BAG3 overexpression displayed significantly shorter
overall survival (median: 84.0 months) compared with those patients
whose tumors showed BAG3 low expression (median: 134.2 months;
P = 0.015, log-rank test) (Figure 5E). Multivariate Cox regression
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analysis identified high HSF1 expression (hazard ratio: 2.07; P = 0.04)
as an independent prognostic factor for overall survival (Table II).

Discussion

As a master regulator of the heat shock response, HSF1 enhances
organism survival and longevity in the face of environmental chal-
lenges. However, HSF1 can also act to the detriment of organisms
by supporting malignant transformation (34). As reported previ-
ously, loss of HSF1 negatively impacts tumorigenesis driven by p53
or Ras mutations (8,16). Since HSF1 does not act as a classic onco-
gene, the increased resistance to proteotoxic stress induced by HSF1
was suggested to support tumor initiation and growth by enabling
cells to accommodate the genetic alterations that accumulate during
malignancy (35). However, the specific mechanisms by which HSF1

may support the growth of tumors are not well understood. Here, we
have demonstrated that HSF1 has detrimental effects on liver tumor
growth. We also proposed that the antiapoptotic effect of HSF1 may
play a role in HCC tumor growth.

To clarify the mechanisms underlying this effect, we investigated
associations between HSF1 and the NF-xkB signaling pathway.
Although, in a previous study, heat shock blocked the degradation
of IkB (36) and nuclear translocation of NF-xB, the recent litera-
ture has reported that the presence of constitutively active HSF1
does not block TNF-a-induced activation of the NF-kB pathway
or expression of a set of NF-xB-dependent genes (37). The current
study established HSF1 KD cells and showed that HSF1 was neces-
sary for TNF-a-induced NF-xB activation. We analyzed the func-
tion of BAG3 as a candidate for the molecule connecting HSF1 with
NF-xB activation. BAG3 has reportedly been characterized by the
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interaction with a variety of partners (Raf-1, steroid hormone recep-
tors and HSP70) and is involved in regulating a number of cellular
processes, particularly those associated with antiapoptosis (38). This
molecule was expressed in response to stressful stimuli in a number
of normal cell types and appears constitutively in a variety of tumors
(33,39), and gene expression is regulated by HSF1 (40). In addi-
tion, knockdown of BAG3 protein decreased IKKYy levels, increas-
ing tumor cell apoptosis and inhibiting tumor growth (33). Based
on these considerations, we investigated whether attenuating HSF1
would enhance IKKYy protein expression, and data with MG-132
show that proteasomal degradation of IKKy is enhanced in HSF1
KD cells. In addition, knowledge of the role BAG3 plays in prevent-
ing the proteasomal turnover of certain proteins suggests that the loss
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of BAG3 in HSF1 KD cells may be responsible for the enhanced
turnover of IKKy in this setting.

NF-xB activation is a master regulatory step in antiapoptosis.
Several mechanisms have been reported regarding this antiapoptotic
effect of NF-xB activation (41). NF-xB exerts its prosurvival activity
primarily through the induction of target genes, the products of which
inhibit components of the apoptotic machinery. These include Bel-X.
and c-IAP (41), which binds directly to and inhibits the effect of cas-
pases. This study showed that inactivation of NF-kB promoted apop-
totic effects against TNF-o in HSF17 hepatocytes and HSF1 KD
HCC cells. Real-time PCR analyses indicated that expression levels
of apoptosis-related genes such as A20 and c-IAP2 were decreased by
inhibition of NF-xB activation, whereas apoptosis-related genes such
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as cIAP1 and cylindromatosis, which are known to be regulated by
NF-xB activation, were apparently unaffected. Whether gene expres-
sion regulated by NF-xB activity differs between inducible and basal
activation remains to be determined.

Regarding the relationship between HSF1 and HCC development,
HSF1-deficient mice recently revealed dramatically reduced numbers
and sizes of tumors compared with WT controls when tumors were
induced by the chemical carcinogen, diethylnitrosamine. The same
study suggested that the presence of extensive pathology associated
with severe steatosis by diethylnitrosamine was prevented by HSF1
deletion and may be associated with reduced HCC development (42).
On the other hand, ablation of IKKy in liver parenchymal cells caused
spontaneous development of HCC in mice, with tumor development
preceded by steatohepatitis (43). Based on these observations, we
assume that reductions in diethylnitrosamine-induced HCC develop-
ment among HSF1-deficient mice may be associated with reduced
expression of IKKYy, the reduction of which caused the steatosis.

BAGS3 is a critical regulator of apoptosis in HSF1-deficient hepato-
cytes and HSF1 KD HCC cells. Moreover, the relationship between
HSF1 and BAG3 has been shown not only in cell cultures and
mouse models, but also in human HCC tissue samples; a correlation
between HSF1 expression and BAG3 expression was found in HCC.
Clinicopathological features and biological results provide a mecha-
nistic link between HSF1 and HCC development via BAG3.

As for the ERK signal, a previous study demonstrated that impair-
ment of JNK and ERK signaling in HSF17~ MEF cells was caused
in part by the reduced expression of EGFR (33). We showed a slight
decrease in expression of EGFR among HSF1-deficient hepatocytes
and HSF1 KD cells. On the other hand, the level of reduced activa-
tion of ERK, as a downstream molecule of EGFR, was larger than
expected. However, the detailed mechanisms by which HSF1 regu-
lates MAPK need further investigation.

In conclusion, we found that HSF1 deficiency significantly
diminished NF-xB and MAPK activation in HCC hepatocytes and
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Table II. Multivariate analysis with a Cox proportional hazards regression model

Characteristic Univariate analysis Multivariate analysis Hazard ratio (95% CI)
Age (260 years) 0.22 0.15

Gender (male) 0.92 0.53

HCYV status (positive) 0.28 0.82

Cirrhosis (positive) 0.15 0.066

Tumor size (250 mm) <0.01* 0.011* 2.21(1.18-4.12)
No. of tumor nodule (multiple) <0.01* <0.01* 2.67 (1.38-5.62)
Tumor differentiation (poor) <0.01* 0.031* 2.34 (1.334.11)
Capsular formation (absence) 0.18 0.36

Vascular invasion (presence) 0.062 0.10

TNM stage (III + IV versus I + II) <0.01* 0.020%* 2.35(1.14-4.82)
AFP (220 ng/ml) 0.18 0.36

HSF1 expression (high) : 0.018* 0.040%* 2.07 (1.22-3.50)
BAGS3 expression (high) 0.043* 0.056

AFP, alpha-fetoprotein; CI, confidence interval; HCV, hepatitis C virus; TNM, tumor node metastasis.

*Significant P value.

HCC cells; accordingly, HSF1 deficiency inhibited the develop-
ment of HCC. Furthermore, clinicopathological analysis demon-
strated a significant correlation between HSF1 or BAG3 protein
levels and prognosis. Our results demonstrate the importance of
HSF1 in human HCCs and suggest inhibition of HSF1 as a novel
strategy to target that subset of HCC patients in whom this protein
is overexpressed.

Supplementary material

Supplementary Materials and methods, Table I and Figures 1 and 2
can be found at http://carcin.oxfordjournals.org/
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Abstract

Hepatitis C virus (HCV) infection is a serious health problem worldwide that can lead to hepatocellular
carcinoma or end-stage liver disease. Current treatment with pegylated interferon, ribavirin, and NS3/4A
protease inhibitor would lead to a good prognosis in a large population of patients, but there is still no effective
vaccine for HCV. HCV robustly infects hepatocytes in the liver. However, extrahepatic manifestations such as
mixed cryoglobulinemia, a systemic immune complex-mediated disorder characterized by B-cell proliferation,
which may evolve into overt B-cell non-Hodgkin’s lymphoma, have been demonstrated. HCV-RNA is often
found to be associated with peripheral blood lymphocytes, suggesting a possible interaction with peripheral blood
mononuclear cells (PBMCs), especially B-cells with HCV. B-cell HCV infection was a matter of debate for a long
time, and the new advance in HCV in vitro infectious systems suggest that exosome can transmit HCV genome to
support “infection.” We aimed to clarify the susceptibility of primary B-cells to HCV infection, and to study its
functional effect. In this article, we found that the recombinant HCV J6JFHI strain could infect human B-cells
isolated from the peripheral blood of normal volunteers by the detection of both HCV-negative-strand RNA by
reverse transcription polymerase chain reaction, and NSSA protein. We also show the blocking of HCV repli-
cation by type I interferon after B-cell HCV infection. Although HCV replication in B-lymphocytes showed lower
efficiency, in comparison with hepatocyte line (Huh7) cells, our results clearly demonstrate that human B-
lymphocytes without other non-B-cells can actually be infected with HCV, and that this interaction leads to the
induction of B-cells’ innate immune response, and change the response of these cells to apoptosis.

Introduction previr, and sofosbuvir) are a promising therapeutic option

beyond IFN in the treatment of HCV patients (6,32).

HRONIC INFECTION BY HEPATITIS C virus (HCV) is the

major cause of liver cirrhosis and hepatocellular carci-
noma. About 3.1% of the global population is infected with
HCV (50). Historically, a combination therapy with pegy-
lated interferon (IFN) and ribavirin was used for patients
infected with genotype 1 HCV. NS3/4A protease inhibitors
were recently developed in addition to pegylated IFN and
ribavirin, and their combinations have been clinically tried
for HCV treatment since then. Although >70% of patients
with high viral loads of HCV genotype 1b have a sustained
viral response by the therapy using simeprevir or telaplevir
with pegylated IFN and ribavirin (17,22), the remaining pa-
tients fail to eliminate the virus, and drug resistance remains
an issue that must be resolved. Recent development of direct-
acting antiviral (DAA) drugs (such as daclatasvir, asuna-

HCV is a single-stranded, positive-sense RNA virus in the
Hepacivirus genus of the Flaviviridae family. Although
HCV is known to infect hepatocytes in the liver and induce
hepatitis in vivo, in vitro cultured primary hepatocytes
barely support the HCV life cycle: only hepatoma Huh7
cells and its subclones can efficiently maintain the HCV life
cycle of a very limited number of HCV strains in vitro (53).

Chronic hepatitis patients with HCV sometimes show
other extrahepatic complications such as lymphoproliferative
diseases (LPD), including cryoglobulinemia and B-cell ma-
lignant lymphoma, autoimmune diseases, and dermatitis
(1,12,15,16). Epidemiological analysis shows that chronic
HCV patients have higher rates of LPDs than non-HCV-
infected populations (36,48,52). Several reports suggested that
some lymphotropic HCV strains effectively infected human
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lymphocytes (20,47), leading to the above-mentioned ab-
normalities. Infection of lymphocytes with HCV has been a
matter of debate for a long time. More than one decade ago,
several reports described the existence of HCV-RNA in
peripheral blood mononucleated cells (PBMCs) (30,40). The
detection rate of HCV-RNA in PBMCs was increased if
patients were infected with human immunodeficiency virus
(HIV) together with HCV (44). This phenomenon indicated
that immune-suppressive circumstances and/or HIV antigen
might enhance the replication activity of HCV in lymphoid
cells (44). Moreover, it was reported that continuous release
of HCV by PBMCs was detected in HCV-infected patients,

especially in HIV co-infected patients (7). In addition to

HCV-HIV co-infected patients, a low level of HCV repli-
cation could be detected in peripheral lymphoid cells from
HCV mono-infected patients after antiviral (treatment
(34,45). Moreover, it was reported that HCV persisting at
low levels long after therapy-induced resolution of chronic
hepatitis C remained infectious (34). This continuous viral
presence could present a risk of infection reactivation.

It has been reported that HCV replication was detected in
various kinds of lymphoid cells. Many reports describing the
existence of HCV in B-lymphocytes and B-cell lymphoma
have been published (21,25,51). Among B-lymphocytes,
CD27+ memory B-lymphocytes were more resistant to apo-
ptosis than CD27 - B-lymphocytes. CD27 + B-lymphocytes
were reported as a candidate subset of the HCV reservoir in
chronic hepatitis C (CH-C) (38). On the other hand, others
claimed that distinguishing RNA association from true HCV
replication was problematic, together with multiple artifacts
complicated detection and quantitation of the replicative
intermediate minus strand RINA (29,31), and also the failure
of retroviral (37) and lentiviral (8) pseudoparticles bearing
HCYV envelope glycoproteins (HCVpp) to infect primary B-
cells or B-cell lines. This led to continuous debate about
HCV infection into B-lymphocytes, and the riddle remained
unsolved. ‘

Using the recent progress in HCV infection systems, we
intended to clarify this debate and analyze HCV infection in
human lymphocytes and its functional results. Here, albeitin a
lower efficiency compared to HCV infection into Huh7 cells,
we report that two different strains of recombinant HCV
viruses could infect primary human lymphocytes not only by
the detection of HCV-RNA positive and negative strands
proliferation, but also NS5A protein detection, and the de-
tection of the activity of luciferase reporter encoded by the
recombinant HCV-genome. Blocking of HCV entry using
anti-CD81 antibody (Ab), and replication by IFN-o or NS3/4A
protease inhibitors successfully suppressed HCV infection.
We also found that HCV infection into B-lymphocytes led to
the initiation of host response including apoptosis resistance.

Materials and Methods
Cells and reagents

Huh7.5.1 cells were kindly provided by Dr. Francis V
Chisari (The Scripps Research Institute, La Jolla, CA). Cells
were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM ; Gibco/Invitrogen, Tokyo, Japan) sup-
plemented with 2mM r-Glutamine, 100U of penicillin/mL,
100 ug of streptomycin/mL, 1x MEM non-essential amino
acid (Gibco/Invitrogen), and 10% fetal bovine serum (FBS).
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Human peripheral blood mononuclear cells (PBMCs)
were obtained from healthy volunteers by density gradient
centrifugation using Ficoll Paque plus (GE-Healthcare,
Waukesha, WI). CD19+ blood cells (representative of hu-
man primary B-cells) and CD19 - cells (non-B-cells) were
separated by MACS CD19 Beads (Milteny Biotec, Bergisch
Gladbach, Germany). Purity of CD19+ B-cells was >95%
after two-cycle separation. The cells ‘were cultured in
RPMI1640 (Gibco/Invitrogen) supplemented with 100U of
penicillin/mL, 100 ug of streptomycin/mL, and 10% FBS.

The following reagents were obtained as indicated: anti-
CDS81 Ab (BD Pharmingen, Franklin Lakes, NJ); PE anti-
CD80 Ab, APC anti-CD86 Ab, and PE-labeled anti-CD19
Ab (eBioscience, San Diego, CA); recombinant IFN-u
(Peprotech, Oak Park, CA); BILN2601 (Behringer, Willich,
Germany); and Viaprobe 7AAD (BD Bioscience) and An-
nexin-V-Fluos (Roche, Mannheim, Germany).

Virus propagation

pJ6-N2X-JFH1 was kindly provided from Dr. Takaji Wa-
kita (National Institute of Infectious Diseases, Tokyo) (2).
plcl-GLuc2A was gifted from Dr. Brett D. Lindenbach (Yale
University, New Haven) (41). In vitro RNA transcription,
gene transfection into Huh7.5.1 cells, and preparation of
J6JFH1 and Jel/GLuc2A viruses were performed as previ-
ously reported (53). Briefly, the HCV cDNA in plasmids were
digested by XBal and transcribed by T7 Megascript Kit (In-
vitrogen, Carlsbad, CA). RNA transfection into Huh7.5.1 was
performed by electroporation using Gene Pulser II (Bio-Rad,
Berkeley, CA) at 260V and 950 Cap. Culture supernatant
were collected on days 3, 5, 7, and 9 of postelectroporation,
and concentrated with an Amicon Ultra-15 Centrifugal Filter
unit (Millipore, Billerica, MA). The titer of HCVcc was
checked by the immunofluoresence method using NS5A an-
tibody when Huh7.5.1 was reinfected with these HCVcc.

Virus infection

Primary B-cells and non-B-cells were cultured with the
J6JFH1 HCV strain at a multiplicity of infection (MOI) = 1—
3 for 3h, and cells were harvested after four extensive
washes in culture medium. On days 1-6, cells were col-
lected, washed with 0.25% trypsin-EDTA/saline, and incu-
bated with 0.25% trypsin-EDTA for 5min at 37°C. Then,
suspended cells were collected as a source of total RNA. In
some experiments, B-cells were infected with the Jcl/
GLuc2A strain at MOI=35 for 3h. Cells were washed five
times in 1 X phosphate buffered saline (PBS), and cultured
until day 6 for determination of viral replication as GLuc
activity with BioLux Gaussia luciferase assay kits (41).

RNA purification, RT-PCR, and quantitative PCR

Total RNA was extracted by using Trizol Reagent (In-
vitrogén) according to the manufacturer’s instructions. Using
100-400ng of total RNA as a template, we performed RT-
PCR and real-time RT-PCR as previously described (3,4).
Primer sets are shown in Supplementary Table S1 and Table
S2 (Supplementary Data are available online at www.lie
bertpub.con/vim). :

Real-time PCR was used for quantification of positive-
strand and negative-strand HCV RNA. Total Trizol-extracted
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RNA was analyzed by RT-PCR with a modification of the
previously described strand-specific rTth RT-PCR method
(10,13). RT primers for complementary DNA synthesis of
positive and negative strand HCV RNA are shown in Sup-
plementary Table S1. Positive-strand and negative-strand
HCV PCR amplifications were performed using Power
SYBR Green PCR Master Mix (Applied Biosystems, War-
rington, UK) with 200 nM of paired primers (Supplementary
Table S1). The PCR conditions were 95°C for 10 min, fol-
lowed by 40 cycles at 95°C for 15 sec and 60°C for 1 min.

Virus production and releasing assay

Primary human B-cells were infected with J6JFHI1 at
MOI=1. Six days postinfection, the supernatant was col-
lected (‘‘releasing samples”), cells were repeatedly frozen
and thawed, and the supernatant was collected (‘‘assembly
samples’). Viral titers of ‘‘releasing samples” and “‘as-
sembly samples’”” were determined with Huh7.5.1 cells us-
ing J6JFH1 virus (MOI=0.001 and 0.01) as control. Total
RNA was recovered from the cells on days 2, 4, and 6, and
determined with HCV-RNA to check reinfectivity.

- Indirect immunofluorescence

Indirect immunofluorescence (IF) expression of HCV
proteins was detected in the infected cells using rabbit IgG
anti-NS5A antibody (Cl-1) (3). Goat anti-rabbit Alexa 594
(Invitrogen) was used as secondary Ab. Fluorescence de-
tection was performed on the Zeiss LSM 510 Meta confocal
microscope (Zeiss, Jena, Germany) (13).

Luciferase assay

Primary B-cells were infected with Jc1/Gluc2A by using
concentrated Medium or Mock Medium (PBS-electro-
polated Huh7.5.1 medium). Media were collected on days 0,
2, 4, and 6 postinfection, cleared by centrifugation (16,000 g
for 5min), and mixed with 0.25 volume of Renilla 5 lysis
buffer (Promega, Madison, WI) to kill HCV infectivity.
GLuc activity was measured on a Berthold Centro LB 960
luminescent plate reader (Berthold Technologies, Bad
Wildbad, Germany) with each 20 uL sample injected with
50 uL. BilLux Gaussia Luciferase Assay reagent (New
England Biolabs, Ipswich, MA), integrated over 1 sec.

Cell survival assay

Apoptosis assay: Primary B cells were infected with
J6JFH1 virus. Cells were collected 48h after infection,
stained by 7TAAD Cell Viability assay kit and Annexin V,
and analyzed by FACS Calibur (BD) (13).

ATP assay

Primary B-cells were infected with J6JFH1 virus or Mock
concentrated medium. Cells were resuspended and cultured
at Lumine plate (Berthold Technologies) postinfection. ATP
activities were determined 72h later using CellTiter-Glo®
Luminescent Cell Viability Assay (Promega) according to
the manufacturer’s protocol.

miRNA detection

Total RNA was extracted by using Qiazol Reagent (In-
vitrogen). These RNA was purificated and reverse transcripted
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to cDNA by using the miScript II RT Kit. Synthesized cDNA
was used to determine the expression levels of miR-122 (24).
Total miRNA was prepared by using Qiazol and miScript I
RT kit (Invitrogen), and miR-122 expression was determined
by using miScript SYBR Green PCR Kit and miScript Primer
Assay (Invitrogen) according to the manufacturer’s protocol.
U6 small nuclear RNA was used as an internal control.

Results
J6JFH1 infects and replicates in primary B-cells

To address HCV infectivity into primary B-cells, PBMC
were isolated from the blood of healthy volunteers and were
sorted into CD19+ cells (primary B-lymphocytes) and
CD19— cells (non-B-cells). Their purities were >95%.
These cells were then incubated with the J6JFHI1 HCV. Total
RNA was collected on days 2, 4, and 6. The Huh7.5.1 strain
was used as positive control. Both Huh7.5.1 and primary B-
cells, but not non-B-cells, showed an increase in intracel-
lular HCV-RNA titer, albeit primary B-cells showed lower
efficiency than Huh7.5.1 (Fig. 1A). We adjusted the HCV-
RNA values using GAPDH as an internal control (Fig. 1B).
To confirm J6JFH1 replication in primary B-cells using IF,
we also measured the expression of HCV-NS5A, whichis a
nonstructural protein produced only by the virus secondary
to replication. Although the expression was far lower than
Huh7.5.1 cells, we managed to detect the NSS5A expression
in J6JFH1 infected primary B-cells (Fig. 1C).

We examined what kinds of HCV-entry receptors human
primary B-cells expressed in our setting. Human CDS8I,
SRB1, and NPCIL1 were expressed, but not the tight junc-
tion proteins claudinl and occludin in mRNA levels (Sup-
plementary Fig. S1). We could not detect miR122 in primary
B-cells (Supplementary Fig. S2), expression of which makes
the cells permissive to HCV (24). Human CD81 is a primary
entry receptor for HCV in hepatocytes (42). Blocking human
CD81 by its specific Ab resulted in blockage of HCV in-
fection into primary B-cells, as shown by the suppression of
HCV-RNA titer (Fig. 2), suggesting that HCVcc particles
enter B-cells also using CD81 receptor. HCV-RNA titer was
not suppressed by non-specific Ab (data not shown).

We then examined the effect of the different drugs used to
suppress HCV replication (recombinant human IFN, and HCV
protease inhibitor, BILN2601). Inhibition of HCV-RNA rep-
lication was observed when B-cells were treated with thIFN-¢
or BILN2601 (Fig. 2) after infection. BILN2601 showed ef-
ficient inhibitory effect on replication of HCV RNA in
Huh7.5.1 cells (Supplementary Fig. S3). As control studies,
we confirmed that the production of HCV RNA was reduced
in Huh7.5.1 cells by CD81 Ab, IFN-«, or BLIN2601 (Sup-
plementary Fig. S4). In both Huh 7.5.1 and B-cells, BLIN2601

-most effectively block HCV replication. These data reinforce

that HCV is actually replicating in primary B-cells, and that
activation of innate immunity by IFN treatment or blocking
the NS3/4A protease function is a critical factor in blocking
HCV replication in primary B-cells. These data suggest that
our system can be used for screening the function of different
inhibitors on HCV replication in B-cells.

HCYV negative-strand RNA detected in human B-cells

To confirm HCV replication in primary B-cells further,
we tested for an increase of negative-strand HCV-RNA after



288

NAKAI ET AL.

A === primary Bcell s+ NonBcell B === primary Bcell =« « NonBcell
HuH7.5.1 HuH7.5.1
1.0E+07 1000 ————
< Mg
- / o 1
o & 1
© |
5 1.0E+06 £ 1004 .
2 2 \ /
0 > | f
S © |
= rmm— - |
3 10E+05 e — S w0 e —
] /7, g
g g {
— 1.0E+04 - = 1- =
< | g '
m‘ G ] Nevsoesren
> 2 {
@] @
T 1.0E+03 + - - - N O . .
Day2 Day4 Day6 Day2 Day4 Dayé
' & Primary Bcell : No infection HuH7.5.1 : JBJFH1
NS5A| Phase Dapi ‘ NS5A
Dapl | merge merge
Primary Beell : J6JFH1
NSSA' Phase
Dapi | merge

FIG. 1.

J6JFH1 infects human peripheral blood B-cells. Human B-cells (CD19+ cells) and non-B-cells (CD19 — cells)

were separated by MACS as described in Materials and Methods. Primary B-cells, non-B-cells, and Huh7.5.1 cells were
infected with J6JFH1 at MOI=1 for 3h. After infection, cells were washed twice with culture medium and continued
culture. On days 2, 4, and 6, total RNA was collected and HCV-derived RNA was determined by reverse transcription
polymerase chain reaction (RT-PCR). GAPDH was used as internal control. (A) HCV-RNA not adjusted by GAPDH. (B)
HCV-RNA adjusted by GAPDH. (C) Immunofluorescence analysis of J6JFH1-infected human B-cells and Huh7.5.1 cells.
Six days postinfection. Red, NS5A; blue: Dapi; phase: phase-shift microscope.

infection, since the negative-strand RNA is not yielded if
HCV particles or RNA just adhere to the cell surface of
human primary B-cells without internalization (9,14,19,35,
42,43). We measured the synthesis of plus-strand and
minus-strand HCV-RNA separately using strand-specific
RT primers and rTth polymerase as previously described
(4). The titer increase of minus-strand HCV-RNA indicates
HCV-RNA replication. As shown in Figure 3, both minus-

and plus-strand HCV-RNA increased time dependently in
primary B-cells, and both types of RNA concomitantly de-
creased in non-B-cells (Fig. 3A and B). Plus- and minus-
strand RNA were exponentially increased in Huh7.5.1 cells
infected with J6JFH1 (Fig. 3C). These results indicated that
primary human B-cells supported J6JFH1 infection and rep-
lication, although viral replication levels in B-cells were
modest compared with those in Huh7.5.1 cells. These results
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FIG. 2. J6JFH1 B-cell infection is blocked by anti-CD81

Ab, IFN-o, or an NS3/4A inhibitor. Anti-CD81 neutralizing
Ab (20 ug/ml) was added to the B-cell culture 1h before
infection. Otherwise, recombinant IFN-o rhIFN-¢, 200U/
mL) or BLIN2601 (250nM, which is IC75; see Supple-
mentary Fig. S3) was added 1h after infection. On days 2, 4,
and 6, total RNA was extracted, and HCV-RNA was de-
termined by RT-PCR. The values were adjusted by GAPDH.

may reflect the fact that the NS5A protein is difficult to detect
in infected B-cells using IF assay.

B-cells can be infected with different HCV strains

We next used the Jc1/GLuc2A strain to investigate whe-
ther different HCV strains infect primary B-cells. Primary B-
cells, non-B-cells (data not shown), and Huh7.5.1 cells were
infected with the Jc1/GLuc2A strain. After five washes, su-
pernatant was collected (day O samples). On days 2, 4, and 6,
medium was collected. Luciferase activity was determined
for all samples by luminescence (GLuc). GLuc activity and
detection of RNA increased exponentially in Huh7.5.1 cells
infected with the Jc1/GLuc2A strain (Fig. 4A). GLuc activity
on day 4 to day 6 increased more in primary B-cells than in
non-B-cells (Fig. 4B). These results suggest that HCV repli-
cation is substantial, but low in the HCV line Jc1/GLuc2A.

B-cells neither produce nor release detectable level
of HCV infectious particles -

We collected supernatants of J6JFH1-infected primary hu-
man B-cells to measure productive infection in B-cells. The
supernatant was then added to culture of Huh7.5.1 cells, and
we compared infection with control Huh7.5.1 cells, whose
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cells were infected with a low MOI (0.01 and 0.001) of
J6JFH1 collected from media of the infected Huh7.5.1 cells.
HCV-RNA titer in the Huh7.5.1 titrating cells was decreased
over time after co-culture with B-cell supernatants obtained
from "either ‘“‘releasing samples” ‘“‘assembly samples.” In
contrast, HCV-RNA titers were slightly increased over time in
the Huh7.5.1 titrating cells that had been infected with me-
dium collected from low MOI-J6JFH1-infected Huh7.5.1 cells
(Fig. 5). These results indicated that primary human B-cells
were infected with J6JFH1 but failed to assemble or produce
particles into the supernatant.

Host response to HCV infection into primary B-cells

Next, we determined whether B-cell activation was in-
duced in HCV-infected B-cells that survived under HCV
infection. We measured induction of CD80 and CD86 as B-
cell activation markers. After 2-3 days of infection, the
CDg0/86 levels on B-cells treated with J6JFH1 were com-
pared with those treated with medium from mock-infected
cells (concentrated Huh7.5.1 medium) by FACS analysis
(Fig. 6A). We found that CD80/86 were upregulated in in-
fected cells compared to mock-infected cells.

Since B-cell lymphoma is a known complication of
chronic HCV infection (20,36) and acquiring apoptotic re-
sistance is essential for the development of cancer (21,51,38),
we measured the ability of B-cells to escape apoptosis after
HCYV infection. B-cell apoptosis spontaneously occurs during
culture at 37°C. The percent of apoptosis of primary B-cells
was decreased in FACS analysis using 7AAD viaprobe +
annexinV (Fig. 6B) and ATP assays postinfection (Fig. 6C).
These results suggest that primary B-cells are protected from
apoptosis by infection with HCVcc. It has been reported that
B-cells were vulnerable to apoptotic cell death at various
stages of peripheral differentiation and during signal re-
sponses (18). Thus, the results infer that HCV stimulation
interferes with B-cell apoptotic signal in human B-cells.

Discussion

We show evidence suggesting that human peripheral
B-cells can be infected with HCV strains. Establishment of
J6JFHI infection was evaluated by minus-strand PCR am-
plification, production of core and NS5A proteins, and
protection from apoptosis. An increase in HCV RNA in B-
cells was inhibited by an exogenously added antibody
against CD81 that blocked HCV receptor function. Fur-
thermore, blocking HCV replication in B-cells by type [ IFN
and NS3/4A protease inhibitor confirmed the presence of
HCV infection/replication in human B-cells. The results
were corroborated with another HCV strain, Jc1/GLuc2A.
Although we failed to establish an EBV-transformed B-cell
line to reproduce HCV infection of B-cells, peripheral blood
B-cells were infected with J6JFHI in 12 independent ex-
periments.

One of the well-known complications of chronic HCV
infection is LPD, including cryoglobulinemia and B-cell
malignant lymphoma, indicating the involvement of B-cells
in the course of the disease (1,12,15,16). However, many
reports describing the existence of the HCV genome in
B-cells and lymphomas (21,25,51) and HCV replication in
B-cells have been controversial due to multiple artifacts
complicated in detection and quantitation of the replicative
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FIG. 3. HCV negative strand RNA is detected in human B-cells. By using rTth methods, HCV strand-specific RNA was

determined in JOJFH1-infected human B-cells. (A) Not only

plus strand HCV-RNA but also minus strand HCV-RNA were

increased in a time-dependent manner in human B-cells. (B) When HCV-RNA was adjusted by GAPDH that was used as an

internal control, HCV-RNAs in B-cells were substantially

increased compared with those in non-B-cells. (C) Plus and

minus strand HCV-RNAs were efficiently amplified in J6JFH1-infected Huh 7.5.1 cells. The level of HCV-RNA expo-

nentially increased in this hepatocyte line.

intermediate minus strand RNA (29,31). This has led to a
continuous debate about HCV infection in B-lymphocytes.

HCYV entry into B-cells has also been previously reported
to be absent because retroviral (37) and lentiviral (8)
pseudoparticles bearing HCV envelope glycoproteins
(HCVpp) did not infect primary B-cells or B-cell lines. In
our study, while we succeeded in infecting Huh7.5.1 cells
efficiently with retroviral pseudoparticles for expressing
both HCV EI1/E2 and the control VSV-G, we failed to es-
tablish the same infection in B-cells, suggesting that the
block of pseudoparticle entry into B-cells is not related to
HCV glycoproteins alone.

Total PBMCs reportedly facilitate HCV attachment but
not internalization (42), so HCV infection of B-cells is ab-
rogated in total PBMCs (35). The cause of HCV absorption
is unclear, but incomplete sets of HCV receptors in non-B
PBMC cells permit attachment of HCV without internali-
zation. B-cells possess CD81, SRBI, LDL-R, and NPC1L1.
Because B-cells are not adherent cells, they do not express
claudin 1 and occludin, which forms a receptor complex for
HCV (9,14,19,43). Claudin 1 and occludin are components
of tight junctions and serve as HCV receptors in human
hepatocytes. In infection studies using cells expressing these
proteins, however, claudin 1 and occludin only upgrade
infection efficacy and are dispensable to infection (5), al-

though CD81 is essential for establishment of infection (42).
Lack of claudin 1 and occludin or miR122 might be a cause
of the low HCV infection efficiency observed in human B-
cells. Function blocking of CDS81 by its specific antibody
suppressed HCV infection in primary B-lymphocytes, which
imply that HCV entry into primary B-lymphocyte is de-
pendent on the direct interaction phenomenon between HCV
virus particles and CD81 receptor and is not mediated by
other nonspecific (CD81 independent) pathways such as
exosomal transfer of HCV from Huh7 cells to nonhepatic
cells, such as dendritic cells (46).

Previous report using in vitro prepared recombinant HCV
JFH1 particles (HCVcc) failed to establish HCV infection in
B-lymphocyte cell lines (39). While HCV is known to infect
human hepatocytes in vivo leading to chronic viral hepatitis,
in the in vitro conditions, only the combination between
Huh?7 cells and its derived clones supported robust replica-
tion and infection with only JFH1 or its derived chimeras
(5). Neither hepatocyte cell lines including primary hepa-
tocytes nor other HCV strains could reproduce HCV in-
fection efficiently in vitro (5). These data suggest that the
clonal selection of HCV quasispecies by hepatoma Huh7
cells is essential for this robust infection in vitro. The situ-
ation would be similar to the JFHI1 story in B-cell HCV
infection.
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FIG. 5. B-cells infected with J6JFH1 fail to produce virus
particles. Human B-cells were infected with JOJFH1 for 3 h,
washed twice with phosphate buffered saline (PBS), and
cultured. Six days after infection, the supernatant was col-
lected (“‘releasing samples’”). Cells were periodically frozen
and thawed five times, and the supernatant was collected
(““assembly samples’’). For evaluation of the infectious vi-
rions, Huh7.5.1 cells were treated with these ‘‘releasing
samples” or “assembly samples.” Similarly, Huh7.5.1 cells
were treated with J6JFH1 at low MOI (MOI=0.01 and
0.001) in parallel. After the treatment, cells were washed
and cultured. On days 2, 4, and 7, cells were harvested to
collect HCV-RNA. Total RNA was extracted from each
samples, and HCV-RNA was determined by RT-PCR
methods.
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B-cell apoptosis spontaneously occurs during culture
at 37°C. We found that B-cell apoptosis was blocked by
J6JFH1 infection, as reported previously using Raji cells
(11). B-cell apoptosis usually occurs secondary to viral in-
fection, but HCV is particular since apoptotic signaling in-
terferes with infection, leading to protection from cell death.
However, B-cell survival was not due to primary infection,
because the percent of cells circumventing apoptosis was
usually higher than cells infected with HCV. We could not
define the pathways that participated in apoptosis regulation
by HCV, although a previous report (11) suggested that E2-
CD81 engagement was related to B-lymphocyte disorders
and weak neutralizing antibody response in HCV patients.
Since B-cell lymphoma is a known complication of chronic
HCYV infection (27), the inability of infected cells to undergo
apoptosis can be associated with the development of cancer
(28,33,49). In this context, B-cell lymphoma often occurs in
mice with Cre-initiated HCV transgenes (26). It is notable
that anti-apoptotic effect of HCV core gene was reported
in genotype 3a in Huh7 cells (23) and, here, genotype 2a
in B-cells. In another report (51), HCV strains established
from B-cell lymphoma persistently infected with HCV were
genotype 2b. B-cell HCV infection might not be linked to
some specific genotypes of HCV.

We believe that our report shows that human primary
B-cells can be infected in vitro with HCV, and that this in-
fection is dependent on HCV particles binding with its re-
ceptor CD81 and is not nonspecific entry (e.g., exosomal
mediated). We also show that this infection could be blocked
with antibodies interfering with this binding, or with drugs
that suppress HCV replication. Although no virion was gen-
erated from B-cells in HCV infection, it is still likely that
B-cells serve as a temporal reservoir of HCV in the blood
circulation. If B-cells permit HCV infection, RNA sensors
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FIG. 6.

J6JFH]1 infection activates B-cells and protects the cells from apoptosis. Human B-cells were infected with JOJFH1

at MOI=1 for 3 h, washed twice with PBS, and cultured. Two days after inoculation, cells were washed and suspended with
FACS buffer. (A) The cells were incubated with PE-conjugated anti-human CD80 antibody, APC-conjugated CD86 antibody,
or PE/APC-conjugated mouse IgG1 isotype control for 30 min. Then, the cells were washed and resuspended in FACS buffer.
Cells were analyzed by FACS. (B) Annexm V and 7AAD viaprobe were added and cultured at 18°C for 10 min. Then, cells
were analyzed by FACS. (C) 2% 10° human B-cells were infected with JOJFH1- or Mock-concentrated medium for 3 h. Cells
were then washed, 1esuspended and cultured in a 96-well white microwell plate. Two days later, ATP activity was determined
with a CellTiter-Glo® Luminescent Cell Viability Assay Kit (Promega). ATP activity was adjusted by day 0 ATP activity.

RIG-T and MDAS in B-cells might recognize HCV RNA and
evoke intracellular signaling, including by transcription fac-
tors NF-«xB and IRF-3/7 (5). Activation of the cytokine net-
work is triggered in human B-célls in response to HCV RNA.
In fact, host factors liberated by HCV-infecting B-cells have
been previously reported in HCV patients (1,12,15,16,52).
Although patients’ outcomes would be more than we can be
predicted from our results, this system would actually benefit
the future study on B-cell-virus interaction.
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Hepatocellular carcinoma (HCC) can be lethal due to its
aggressive course and lack of effective systemic therapies for
advanced disease. Sorafenib is the only systemic therapy that
has demonstrated an overall survival benefit in patients with
advanced HCC, and new agents for treatment of advanced
HCC are needed. The multiple pathways involved in HCC onco-
genesis, proliferation and survival provide many opportuni-
ties for the development of molecularly targeted therapies.
Molecular targets of interest have expanded from angiogen-
esis to cancer cell-directed oncogenic signaling pathways for
treatment of advanced HCC. Agents targeting vascular endo-
thelial growth factor receptor, epidermal growth factor recep-
tor, fibroblast growth factor receptor, platelet-derived growth
factor receptor, c-mesenchymal-epithelial transition factor-1

and mammalian target of rapamycin signaling have been
actively explored. This article focuses on the evaluation of
molecular agents targeting pathogenic HCC and provides a
review of recently completed phase Ill drug studies (e.g.
involving sorafenib, sunitinib, brivanib, linifanib, erlotinib,
everolimus, ramucirumab or orantinib) and ongoing drug
studies (e.g. involving lenvatinib, regorafenib, tivantinib or
cabozantinib) of molecularly targeted agents in advanced
HCC, including a brief description of the biologic rationale
behind these agents.

Key words: clinical trials, hepatocellular carcinoma,
molecularly targeted therapy, novel agents, sorafenib

INTRODUCTION

EPATOCELLULAR CARCINOMA (HCC) is the

sixth most common cancer and the third most
common cause of cancer-related deaths worldwide.!
Because a considerable number of patients are diag-
nosed when the disease becomes advanced, only
approximately a third of all HCC patients are eligible for
potentially curative treatments, such as resection or
transplantation.? Surgical resection or transplantation
provides good survival rates (i.e. beyond 65% at 5
years).” Unfortunately, the prognosis for patients with
advanced stage HCC (Barcelona Cancer Liver Clinic
[BCLC] stage C) is extremely poor, with a median
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overall survival (OS) of 6.6 months.* In advanced cases,
only one systemic therapy is effective: the multikinase
inhibitor sorafenib, which was approved by the U.S.
Food and Drug Administration and which represented
a breakthrough in the management of the disease.>®
However, the median life expectancy of patients with
HCC on sorafenib is only 1 year, indicating the clear
need to improve their outcomes. Hepatocarcinogenesis
is a complex multistep process involving a number of
genetic and epigenetic alterations,”® our knowledge of
several key molecular pathways implicated in HCC
pathogenesis has revealed potential targets for therapeu-
tic interventions, including vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF), platelet-
derived growth factor receptor (PDGFR), epidermal
growth factor receptor (EGFR), RAS/RAF/mitogen-
activated protein kinase kinase (MEK)/extracellular
signal-regulated kinase (ERK) and phosphatidylinositol
3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) pathways. This review will examine our current
understanding of these pathways as well as the efficacy
and safety data pertaining to the most promising
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molecularly targeted agents beyond sorafenib. In this
article, we first describe the pathogenesis of HCC and
then provide an update on the recent data on clinical
trials using molecularly targeted agents.

PATHOGENESIS OF HCC

EPATOCELLULAR CARCINOMA IS a hypervas-

cular tumor, and the central role of angiogenesis in
its initiation, growth and subsequent dissemination to
other tissues is well recognized. Angiogenesis in HCC is
mediated by a complex network of growth factors,
acting on both tumor cells and endothelial cells. The
most widely recognized angiogenic factors are VEGF,
FGF and PDGF.’” These activate receptor tyrosine kinases
(RTK) and the RAS/RAF/MEK/ERK pathway and the
PI3K pathway in endothelial cells (Fig. 1).'*'! VEGF and
its receptors play a major role in tumor angiogenesis. In
fact, VEGF is a potent permeability factor that promotes
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cell migration during invasion and acts as an endothe-
lial growth factor that stimulates endothelial cell prolif-
eration, inducing the budding of new blood vessels
around the growing tumor masses. In human specimens
and serum, increased expression of VEGF correlates with
aggressive behavior of HCC and poor prognosis.’> FGF
and its family of receptors has also been implicated in
HCC growth, invasion and angiogenesis.'”> While VEGF
is the main driver of tumor angiogenesis, there is cross-
talk between VEGF and FGF signaling in angiogenesis.™
The upregulation of FGF has been suggested to mediate
resistance to anti-VEGF receptor (VEGFR) therapy. The
great majority of the HCC cases have overexpression of
at least one FGF and/or FGF receptor (FGFR).!° Hence,
blocking the FGFR is another potentially important
approach for the treatment of HCC. PDGF is involved
in the development of immature tumor vessels,'® while
angiopoietins exert their action via stabilization of
vessels by recruiting surrounding pericytes and smooth
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Pigure 1 Schematic diagram of key molecular targets and targeted agents in hepatocellular carcinoma. *Approved globally in
patients with advanced hepatocellular carcinoma (HCC). 'Completed studies of phase 1II of molecularly targeted agents in
advanced HCC. *Ongoing studies of phase III of molecularly targeted agents in advanced HCC. ¢-MET, c-mesenchymal-epithelial
transition factor-1; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated
kinase; FGF, fibroblast growth factor; FGER, fibroblast growth factor receptor; Flt-3, Fms-like tyrosine receptor kinase-3; Gabl,
GRB2-associated binding protein 1; Grb2, growth factor receptor bound protein 2; HER-1, human -epidermal growth factor
receptor-1; HGF, hepatocyte growth factor; MEK, mitogen-activated protein kinase/ERK kinase; mTOR, mammalian target of
rapamycin; PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor; PI3K, phosphatidylinositol
3-kinase; RET, rearranged during transfection; SCFR, stem cell growth factor receptor kit; VEGE, vascular endothelial growth factor;

- VEGFR, VEGF receptor.
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