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ORIGINAL ARTICLE

Characterisation of liver pathogenesis, human
immune responses and drug testing in a humanised
mouse model of HCV infection
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ABSTRACT

Objective HCV infection affects millions of people
worldwide, and many patients develop chronic infection
leading to liver cancers. For decades, the lack of a small
animal model that can recapitulate HCV infection, its
immunopathogenesis and disease progression has
impeded the development of an effective vaccine and
therapeutics. We aim to provide a humanised mouse
model for the understanding of HCV-specific human
immune responses and HCV-associated disease
pathologies.

Design Recently, we have established human liver cells
with a matched human immune system in NOD-scid
I12rg™= (NSG) mice (HIL mice). These mice are infected
with HCV by intravenous injection, and the pathologies
are investigated.

Results In this study, we demonstrate that HIL mouse
is capable of supporting HCV infection and can present
some of the clinical symptoms found in HCV-infected
patients including hepatitis, robust virus-specific human
immune cell and cytokine responses as well as liver
fibrosis and cirrhosis. Similar to results obtained from the
analysis of patient samples, the human immune cells,
particularly T cells and macrophages, play critical roles
during the HCV-associated liver disease development in
the HIL mice. Furthermore, our model is demonstrated to
be able to reproduce the therapeutic effects of human
interferon alpha 2a antiviral treatment.

Conclusions The HIL mouse provides a model for the
understanding of HCV-specific human immune responses
and HCV-associated disease pathologies. It could also
serve as a platform for antifibrosis and immune-
modulatory drug testing.

INTRODUCTION

With >175 million people infected globally, the
HCV represents a major health concern world-
wide.! Many of these patients with the infection
often progress to develop hepatitis, liver fibrosis,
cirrhosis and hepatocellular adenoma or carcin-
oma.” A major obstacle in the development of
vaccine and antiviral therapy arises from the fact
that HCV tropism is restricted to humans.
Chimpanzees are currently the most complete
model that can support the complete HCV life

Significance of this study

What is already known on this subject?

» Small animal models for HCV study are
important and urgently needed to study HCV
infection, immune responses and pathogenesis.

» Although immunodeficient mice supplemented
with human adult hepatocytes support HCV
infection, these mice lack a human immune
system.

» So far human immune responses have not been
well-characterised in the existing mouse models
for HCV.

What are the new findings?

» We have developed a simple method to
establish human liver and immune systems in
NOD-scid //2rg™"~ mouse that support HCV
infection and associated disease development.

» Our results suggest that the human immune
system in our mouse model plays critical roles
in controlling the HCV-induced liver disease
progression.

» Our HCV model can reproduce the therapeutic
effects of some anti-HCV drugs used in clinic.

How might it impact on clinical practice in

the foreseeable future?

» The small animal model reported here likely
will facilitate the dissection of human immune
responses to hepatitis virus infection and the
evaluation of therapeutics and vaccines.

cycle and recapitulate the host responses observed
in human patients, but limitations such as low
chronic infection rate, poor demonstration of liver
fibrosis, high cost and ethical concerns have limited
their usage for HCV research.® *

The lack of a small animal model that can recap-
itulate the viral infection and liver pathogenesis
observed in human patients has limited progress in
the understanding of the viral-host interactions,
HCV-specific immune responses and progression of

1744 E

Keng CT, et al. Gut 2016;65:1744-1753. doi:10.1136/gutjnl-2014-307856

BM)

*sol1bojouyoal rejiwis pue ‘Bulurel; |y ‘Buluiw eiep pue 1xa1 01 paje|al sash 10 Buipnjoul ‘1ybliAdoo Aq paloalold
‘|looyssaboysnwsess v11-z3o uswuredsq 1e G20z ‘T 8uncC uo jwod fwginby//:dny wouy papeojumoq "STOZ AINC 9 U0 958/0€-7T0Z-IUING/9ETT 0T se paysiignd 1s.1 ;1N


http://dx.doi.org/10.1136/gutjnl-2014-307856
http://dx.doi.org/10.1136/gutjnl-2014-307856
http://dx.doi.org/10.1136/gutjnl-2014-307856
http://crossmark.crossref.org/dialog/?doi=10.1136/gutjnl-2014-307856&domain=pdf&date_stamp=2015-07-06
http://www.bsg.org.uk/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/

Hepatology

the diseased pathology as well as in the development of vaccines
and therapeutics.” ® The current mouse models for HCV infec-
tion are mostly transgenic mouse models that were genetically
modified to allow virus infection to mouse hepatocytes or to
enhance the transplantation of mature human hepatocytes.” '°
The immunodeficient Alb-uPA/SCID mouse with the repopula-
tion of mature human hepatocytes was the first mouse model to
demonstrate successful HCV infection and replication in vivo.”
The Fah-Rag2-yC null mice were later developed to solve some
of the limitations of the Alb-uPA/SCID mice such as the fragility
or excessive mortality of the mice.!’ These mouse models can
be efficiently infected with HCV but did not develop clinical
symptoms seen in HCV-infected patients.'*~'*

Recently, the AFC8-HSC/Hep Balb/C Rag2-yC-null and
HLA-A2 NOD-scid II2rg”'~ (NSG) mouse models were devel-
oped with both human immune system and liver cells.’ ' The
transplantation of liver progenitor cells in this transgenic mouse
requires extra treatment to induce liver cell death. Both mouse
models were shown to be able to support hepatitis virus infec-
tion with liver inflammation, hepatitis and fibrosis. Previously,
we demonstrated a simple one-step engraftment of human liver
cells and a matching human immune system in the same NSG
mouse (HIL mice), without the need for transgenic modification
or drug treatment."” In this study, we showed that the HIL mice
can support HCV infection, liver inflammation, HCV-specific
human immune responses, as well as liver fibrosis. Antiviral
treatment using interferon alpha-2a (IFNa-2a) was able to block
the progression of the HCV-associated liver pathogenesis.

METHODS
Human fetal liver progenitor stem cells
Human CD34+ cells were freshly isolated from aborted fetuses
at 15-23 weeks of gestation, in accordance with the institutional
ethical guidelines of the KK Women’s and Children’s Hospital,
Singapore. Fetal liver tissues were processed as described previ-
ously.)” CD34+ cells were purified by magnetic-activated cell
sorting using the EasySep CD34-positive selection kit (Stemcell
Technologies) under sterile conditions, following manufacturer’s
protocol. The purity of the CD34+ cells was 90-99%.

More detailed materials and methods can be found in online
supplementary material.

RESULTS

HCV infection leads to liver leucocyte infiltration and

lesions in HIL mice

Good human immune cell reconstitution with a mean of ~40%
was reproducibly obtained for HIL mice (see online supplemen-
tary figure STA and S1B). Five to ten per cent of hepatocytes
were stained positive for human albumin (hALB) in HIL mouse
livers while no staining was observed in NSG mice (see online
supplementary figure S1C). Eight-week-old HIL mice have
serum hALB levels with a mean value of 26.4 ng/mL (see online
supplementary figure S1D). To analyse the maturation status of
human hepatocytes in HIL mice, human epidermal growth
factor receptor” (hEGFR™) cells were purified from perfused
livers and assayed for hepatocyte markers. Similar to human
adult hepatocytes, these hEGFR* cells have high mRNA levels
of human hepatocyte maturation markers like keratin 18
(CK18), tyrosine aminotransferase (TAT), alpha-1 antitrypsin,
tryptophan 2,3-dioxygenase and cytochrome P450 (see online
supplementary figure S1E). The immunofluorescent staining
confirmed that >95% of hEGFR™ cells expressed hALB, yet
only ~50% of hEGFR™ cells expressed the maturation markers
CK18 and TAT (see online supplementary figure S1F).

To confirm that the purified hEGFR™ cells accurately represent
all human hepatocytes in livers of HIL mice, liver sections were
stained with antibodies specific against hALB or hEGFR.
Coexpression of hALB and hEGFR could be seen in >95% of
hepatocytes that expressed either hALB or hEGFR (see online
supplementary figure S1G). Collectively, these results show the
presence of mature human hepatocytes in HIL mice and that
hEGFR can be used effectively as a marker for sorting out
human hepatocytes from HIL mice.

Ten-week-old HIL mice were inoculated with 1x10° FFU/mL
of J6/JFH-1 HCV (genotype 2a) viruses. Although we could not
detect HCV RNA directly from the sera or livers of
HCV-infected HIL mice as they were below our detection limit,
we detected HCV RNA in the hEGFR" cells isolated from
HCV-infected HIL mice, while no HCV RNA was detected in
the hREGFR™ cells from mock-infected mice. An average of 321
HCV RNA copies per 100 ng of total RNA was detected in the
infected mice 2 weeks post-infection (figure 1A). For the
5 weeks post-infection group, the level of virus appears to have
increased as an average of 944.2 HCV RNA copies per 100 ng
of total RNA was detected in the infected mice (figure 1A).
However, the difference between 2 and 5 weeks is not statistic-
ally significant, and there is substantial variation in the HCV
RNA levels between mice, thus further studies are needed to
determine the temporal expression of viral RNA during the
infection cycle in infected HIL mice. Consistently, HCV proteins
were detected in the enriched hEGFR hepatocytes using
HCV-infected patient serum in both TAT" mature and TAT~
immature cells (see online supplementary figure S2A). Previous
studies also showed that HCV could infect immature hepato-
cytes or induced pluripotent stem cells-derived hepatocyte-like
cells that resemble fetal hepatocytes more than adult hepatocytes
as they expressed all the necessary HCV entry factors.'872°
More importantly, dsSRNA was detected only in the CK18"
mature hepatocytes using immunofluorescence, further confirm-
ing that active viral replication occurred in the liver of
HCV-infected HIL mice (figure 1B). In addition, HCV core
antigen was detected in situ in ~10% of hALB™ hepatocytes in
the liver of HCV-infected HIL mice but not in the mock-
infected mice (figure 1C). All these results show that HCV can
infect and replicate in the human hepatocytes of HIL mice.

In the livers of HIL mice that were infected with HCV for 0,
1, 3, 5 or 9 weeks, increasing leucocyte infiltration and progres-
sive lesions formation were observed over the course of infection
(figure 1D). There was no infiltration or lesions found in the
livers of mock-infected HIL mice. At the early stage of infection
(<6 weeks), the infiltrated areas of human CD45+ cells corre-
lated well with areas positive for hALB, suggesting the target of
initial leucocyte infiltration is human hepatocytes (see online sup-
plementary figure S2B). As only ~10% of the hALB™ cells were
infected with HCV, it seems like leucocyte infiltration has also
occurred rapidly in the surrounding bystander cells. Consistent
with the progressive liver damage observed in H&E staining,
serum alanine aminotransferase (ALT) level were also elevated in
HIL mice over the course of HCV infection (figure 1E). Overall,
HIL mice are able to support HCV infection that leads to
immune cell infiltration and progressive liver damage.

HCV infection of HIL mice leads to activation of hepatic
stellate cells and upregulation of fibrotic genes with
consequential liver fibrosis and cirrhosis

To study the progression of liver pathology, the livers of mock-
infected and HCV-infected HIL mice were harvested at week
0-9 post-infection for histological examination. In the livers,
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Figure 1 HCV can infect HIL mice
leading to liver inflammation and liver
injury. (A and B) Ten-week-old HIL
mice were mock-infected or
HCV-infected. (A) Human epidermal
growth factor receptor* (hEGFR*) cells
were purified from mouse livers at 2
and 5 weeks post-infection and
analysed for HCV RNA by RT-PCR (n>5
mice per group). In one group of mice,
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average values for each group are
plotted as solid lines. (B) Staining of
dsRNA (in red) and CK18 (in green) in
the hEGFR™ cells purified from HIL
mice at 2 and 5 weeks post-infection.
(C) Livers were harvested and paraffin
sections were prepared 5 weeks
post-HCV infection (n=5 mice per
group). Representative stains for DAPI
(blue), anti-HCV core (green) and
antihuman albumin (hALB) (red) are
shown. (D and E) Ten-week-old HIL
mice were infected with HCV or
mock-infected for 0, 1, 3, 5 and

9 weeks (n=5 mice per group). Livers
and sera were harvested for histology
and alanine aminotransferase (ALT)
assay. (D) Representative liver H&E
stains of mock-infected and
HCV-infected mice from different time
points are shown. (E) Serum ALT levels
in HIL mice that were mock-infected or
HCV-infected from different time points
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there were nodule fibrosis at 3 weeks post-infection, fibrosis
with numerous septa at § weeks post-infection and severe scar-
ring and cirrhosis with nodular structures forming as a result of
inflammation at 9 weeks post-infection (figure 2A and see
online supplementary figure S3A). No liver pathology was
observed in the mock-infected HIL mice (figure 2A). A repre-
sentative list of HCV-infected or mock-infected HIL mice with
their respective liver disease scoring is provided in online sup-
plementary table S1. Further analysis showed that there was no
inflammation or lesions in other organs (lung, kidney, heart and
intestines) of mock-infected or HCV-infected HIL mice, indicat-
ing that the pathology observed in the HCV-infected HIL mice
is liver-specific (see online supplementary figure S3B). In add-
ition, there is no cell infiltration or damage in HCV-infected
Balb/c and NSG mice, which do not have human cells
(see online supplementary figure S3C). We previously showed
that NSG mice engrafted with human cord blood CD34+ cells

' — Mock
- HCV

P<0.05

Normal ALT
base-line

Weeks post-infection

(CB mice) developed human immune system but had few
human hepatocytes.'” HCV infection of CB mice did not result
in liver infiltration and lesions (see online supplementary figure
S3C), suggesting that both the human immune system and hepa-
tocytes are required to recapitulate the liver pathogenesis
observed in HCV-infected patients.

HCV infection in humans is known to lead to the activation
of hepatic stellate cells, which contributes towards the progres-
sion of fibrosis.”’ As shown by the expression of alpha smooth
muscle actin, activation of hepatic stellate cells occurred in
HCV-infected but not in mock-infected HIL mice (figure 2B).
Gene expressions of collagen 1A1 (Col1A1) and tissue inhibitor
of matrix metalloproteinases 1 (TIMP1) are known to be ele-
vated in activated hepatic stellate cells for attenuation of liver
fibrosis.>> Consistently, the expression of both human and
mouse Col1A1 and TIMP1 genes were upregulated in the livers
of the HCV-infected HIL mice (figure 2C, D). In addition, high
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Figure 2 HCV-infected HIL mice A
develop liver fibrosis. (A and B)

Ten-week-old HIL mice were infected

with HCV or mock-infected for 0, 1, 3,

5 and 9 weeks (n=10 mice per group).

Livers were harvested and paraffin

sections were prepared. (A)

Representative stains for Sirius red/Fast

green from different time points are

shown. (B) Representative stains of

liver sections from HIL mice that were

mock-infected or 9 weeks HCV-infected B
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levels of protein TIMP1 and TIMP2
from mock-infected and 9 weeks
HCV-infected HIL mice are represented
in the graph. Data represent mean
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levels of human TIMP1 and TIMP2 proteins were detected in
the sera of the HCV-infected mice (figure 2E). These results
show that the liver fibrosis and cirrhosis in the chimeric liver of
HCV-infected HIL mice resulted from activation of hepatic stel-
late cells and upregulation of both human and mouse fibrogenic
genes.

HCV infection induces intrahepatic human immune cell
infiltration and cytokine responses in HIL mice

To dissect the intrahepatic immune cells infiltration, absolute
cell number counts of hepatic mononuclear cells and flow cyto-
metry quantitative analysis were performed. There was a slight
increase in human CD45+ leucocytes in the livers of
HCV-infected HIL mice at 3-7 weeks post-infection, while the
increase at 9 weeks post-infection was almost threefold (figure
3A). There was no significant cell number change in the mock-
infected mice (figure 3A). Among these infiltrated human leuco-
cytes, hepatic human T cells (CD45+CD3+) (figure 3B, C) and
macrophages (CD45+CD14+) (figure 3B, D) increased most
significantly, which is consistent with the observations in
HCV-infected patients.”® The kinetics of human cell infiltration
was correlated with the development and severity of liver
damage (figure 1D), fibrosis and cirrhosis (figure 2A), suggesting
that the human immune system is involved in the disease devel-
opment. To assay human cytokine responses to HCV infection
in HIL mice, serum human IFNy and interleukin (IL)6 levels
were monitored over the course of infection. Both human IFNy
(figure 3E) and IL-6 (figure 3F) levels increased gradually over
the course of infection reaching an average of 440+181 and
234+109 pg/mL, respectively, at 9 weeks post-infection. In con-
trast, human IFNy and IL-6 levels were barely detectable in
HCV-infected CB mice (see online supplementary figure S3D
and S3E). These results show that human immune system in
HIL mice are able to generate robust human cellular and cyto-
kine responses to HCV infection.

Mock

hTIMP1 hTIMP2

HCV

The human inflammatory cytokine profiles in HCV-infected
HIL mice are similar to human

To analyse the inflammatory human cytokine profiles in the
HCV-infected HIL mouse model, sera from HIL mice were
assayed for another 28 inflammatory cytokines. At 9 weeks post-
infection, 10 cytokines showed elevated levels in the sera of
HCV-infected HIL mice (figure 3G), while 7 of them
(B lymphocyte chemoattractant (BLC), eosinophil chemotactic
protein 2, I[-309, IL-8, monocyte chemotactic protein-1
(MCP1), monocyte chemotactic protein-1 beta (MIP1b) and
tumour necrosis factor receptor II (TNF-RII)] were significantly
upregulated. Consistently, BLC,** IL-8,>° MCP1,%® MIP1b*” 2#
and TNF-RII*’ were also found to be upregulated in
HCV-infected patients. These results show that the proinflam-
matory human cytokine responses in HCV-infected HIL mice
are similar to those in infected humans.

HCV infection elicits robust virus-specific immune cell
responses in HIL mice

To investigate the presence of HCV-specific human immune
responses in HIL mice, splenocytes from HCV-infected and
mock-infected HIL mice at 9 weeks post-infection were ana-
lysed. A drastic increase of the spleen size (figure 4A) and sple-
nocyte numbers was observed in HCV-infected HIL mice with a
mean of 4.48x108% cells compared with 6.5x107 cells in mock-
infected mice (figure 4B). In the mock-infected HIL mice, the
majority of the human leucocytes in spleen were CD19+ B cells
with a mean of 71.0%, while CD3+CD4+ and CD3+CD8+ T
cells were represented by a mean of 6.1% and 6.2%, respect-
ively (figure 4C, left). In HCV-infected mice, human CD3
+CD4+ and CD3+CD8+ T cells expanded and became pre-
dominant with a mean of 52.4% and 19.6%, respectively
(figure 4C, right). In terms of total cell number, there was a sig-
nificant increase of ~58-fold in CD3+CD4+ T cells and
~19-fold in CD3+CD8+ T cells in HCV-infected HIL mice
(figure 4D). A relatively smaller increase of approximately

Keng CT, et al. Gut 2016;65:1744-1753. doi:10.1136/gutjnl-2014-307856

1747

‘saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
‘looyosaboysnwiselq v11-Z39 luawpedaq Ye G20z ‘T aung uo jwod fwqg nby/:dny woly papeojumoq 'STOZ AINC 9 U0 95820€-7T0Z-IUNNB/OETT 0T Se pays!ignd 1sii) 11N


http://gut.bmj.com/

Hepatology

Figure 3 HCV infection leads to
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cell number count. (E and F) Sera were
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and analysed for human interferon
(IFN)y and interleukin (IL)-6 by ELISA
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monocyte chemotactic protein-1 beta
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mock-infected and HCV-infected HIL
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inflammatory cytokine array (n=5).
Data represent mean=SEM.
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twofold in CD19+ B cells, CD56+ natural killer cells and
CD14+ macrophages were observed (figure 4D). These data
suggest that CD4+ and CD8+ T cell responses are predominant
in HIL mice during HCV infection, which is consistent to
human.

To test the levels of human HCV-specific T cell responses,
splenocytes from HCV-infected and mock-infected HIL mice
were used for human IFNy ELISPOT assay. Splenocytes were sti-
mulated with a mixture of 16 synthetic overlapping peptides
covering the HCV core protein or SARS synthetic peptides,
which served as a non-specific stimulation control. Phorbol
12-myristate 13-acetate (PMA) and ionomycin stimulation
served as positive control. For splenocytes from HCV-infected
HIL mice, the numbers of IFNy-producing spots forming units

300

200

100

Human IL6 (pg/ml)

0 1 3 5 7 9

Weeks post-infection Weeks post-infection

P<0.05
/i

were detected at a mean of 1400/million cells in HCV peptide-
stimulated group, which is significantly higher than the SARS
peptide-stimulated group or non-stimulated group (figure 4E).
Splenocytes from mock-infected mice did not respond to the
peptide stimulations (figure 4E). This result demonstrates that
robust HCV-specific T cell responses are present in
HCV-infected HIL mice.

Sera from HCV-infected HIL mice were tested for the pres-
ence of anti-HCV human antibodies by immunofluorescence
and ELISA. HCV-specific human IgG was detected in the sera
from ~20% of HCV-infected HIL mice by staining
HCV-infected Huh7.5 cells (see online supplementary figure
S4A). Uninfected Huh7.5 cells were stained negative using the
same sera. ELISA also showed that there were specific anti-HCV
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Figure 4 HCV infection induces HCV-specific human T cell response in HIL mice. HIL mice were mock-infected or HCV-infected for 9 weeks (n=4
mice per group). (A) Representative images showing gross appearance of spleen obtained from mock-infected or HCV-infected HIL mice. (B) The
number of splenocytes in the mock-infected and HCV-infected HIL mice were counted and represented in the graph. (C) Graph representing the
different immune cell populations in the splenocytes of mock-infected and HCV-infected HIL mice. Numbers are in percentages. (D) The total number
of each immune ceII types in mock-infected and HCV-infected HIL mice is represented in the graph. (E) Spleen mononuclear cells (MNCs) were
isolated and 1x10> MNCs were used for stimulation with 16 20-mer HCV core peptides for 24 h for human interferon (IFN)y ELISPOT assay.
Representative ELISPOT results for non-stimulated (Ctrl), SARS peptides-stimulated and HCV peptides-stimulated MNCs from mock-infected and
HCV-infected mice are shown. Phorbol myristate acetate (PMA)-ionomycin stimulated cells were used as positive control. The human IFNy T cell
responses from each group are shown as spots forming units per 106 MNCs. Data represent mean+SEM.

NS3 antibodies in the sera of HCV-infected HIL mice (see
online supplementary figure S4B). This result indicates the pres-
ence of HCV-specific human antibody responses in the
HCV-infected HIL mice.

Human T cells and macrophages play critical roles in
inflammation, fibrosis development and human cytokine
response in HCV-infected HIL mice

To investigate the roles of specific human immune cell popula-
tions during HCV infection, we performed antibody-based
depletion of human CD4+, CD8+ T cells and CD14+ macro-
phages in HIL mice prior to HCV infection. The effect of sys-
tematic targeted cell depletion was shown (see online
supplementary figure S5). Eight weeks after HCV infection,
extensive liver scarring with leucocyte infiltration and fibrosis
was observed in phosphate buffered saline (PBS)-treated HIL
mice (ctrl) (figure SA). For the HIL mice that were depleted of
CD4+ T cells or CD8+ T cells, no obvious liver scarring, leuco-
cyte infiltration or fibrosis were observed after HCV infection
(figure 5A). When HIL mice were depleted of CD14 macro-
phages, only limited leucocyte infiltration and slight collagen
deposition were observed (figure 5A). Serum levels of human
IFNy were dramatically reduced in the depletion groups from a
mean level of 431.8 pg/mL in control mice to 1.1 pg/mL in
CD4 T cells-depleted mice, 38.4 pg/mL in CD8 T cells-depleted
mice and 38.8 pg/mL in macrophage-depleted mice (figure 5B).
Serum levels of human IL-6 were reduced from a mean level of

179.8 pg/mL in control mice to 0pg/mL in CD4 T cells-
depleted mice, 12.1 pg/mL in CD8 T cells-depleted mice and
3.2 pg/mL in CD14 macrophage-depleted mice (figure 5C).
These results indicate that both T cells and macrophages play
critical roles in the HCV-induced liver pathogenesis. I[FNy are
known to be mainly produced by T cells while macrophages are
the main sources of IL-6.3°3% The depletion of either the
human T cells or macrophages resulted in a drastic reduction of
both human IFNy and IL-6 levels, suggesting that there are
interplays between the T cells and macrophages in the immune
responses to HCV infection. However, T cell depletion did not
significantly affect the level of HCV RNA in hEGFR™" cells iso-
lated from HIL-infected mice (figure 1A), which suggest that
successful viral infection alone is not sufficient to cause liver
disease and is consistent with the importance of immune-
mediated pathogenesis in HCV infection.>?

IFNa-2a treatment blocks the progression of liver disease

and antiviral human immune responses in infected HIL mice
Human IFNo-2a has been used in clinical treatment of
HCV-infected patients as it is known to inhibit HCV replication
and its subsequent disease progression.>* To investigate whether
our HIL model can reproduce the therapeutic effect of IFNo-2a
against HCV infection, we performed intramuscular injections
of recombinant IFNo-2a in the HCV-infected HIL mice three
times a week. Eight weeks after HCV infection, the PBS-treated
HIL mice developed severe liver leucocyte infiltration and
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Figure 5 Depletion of human T cells or macrophages in HIL mice
significantly reduces inflammation, fibrosis and immune responses
caused by HCV infection. Antihuman CD4, CD8 and CD14 antibodies
were used to deplete human CD4+, CD8+ T cells and CD14+
macrophage in HIL mice. Livers and sera were harvested from
phosphate buffered saline-treated (Ctrl), CD4 (:CD4), CD8 (c:CD8) or
CD14 (aCD14) antibody-treated HIL mice 8 weeks after HCV infection
(n=5 mice per group). (A) Representative liver stains of H&E to visualise
leucocyte infiltration (top row) and stains for Sirius red/Fast green to
visualise collagen deposition (bottom row) are shown. Serum levels of
human interferon (IFN)y (B) and interleukin (IL)-6 (C) of the HIL mice
from the indicated treated groups were determined by ELISA. Data
represent mean+SEM.

fibrosis, while no leucocyte infiltration or fibrosis was detected
in the IFNa-2a-treated group (figure 6A). In the mock-infected
PBS-treated or the mock-infected IFNo-2-treated HIL mice,
there was also no inflammation or fibrosis observed (figure 6A).
The production of human IFNy in HCV-infected HIL mice was
significantly lower in the IFNa-2a-treated group compared with
PBS control (figure 6B). However, the serum levels of human
IL-6 in the IFNo-2a-treated group remained elevated (figure
6C). Notably, the serum levels of human IL-6 also increased
slightly in the control group with mock infection and IFNa-2a
treatment while IFNy remained unelevated (figure 6B, C). The
significance of this increase is not clear, but there have been
reports that the IFNo-2a treatment in HCV-infected patients
resulted in an elevation of serum IL-6 level.>® *° Serum ALT
levels in HCV-infected mice were also significantly suppressed
after IFNo-2a treatment (figure 6D), indicating efficient block-
ing of liver disease progression. Consistently, detection of HCV
RNA performed at 1 and 4 weeks post-IFNo-2a treatment (2
and 5 weeks post-infection, respectively) showed reduction of
HCV RNA copy numbers especially at 4 weeks post-IFNa-2a
treatment, where >50% reduction was observed. An average of
325.6 copy/100 ng of total RNA was detected in the
PBS-treated group compared with 140.4 copy/100 ng of total
RNA in the I[FNa-2a treated group (figure 6E). Hence, our data
clearly reproduce the therapeutic effect of the antiviral treat-
ment of IFNa-2a and strongly suggest that HIL mouse is a
useful platform for drug screening and testing.

Clinical HCV strain can induce liver pathogenesis in HIL mice
To investigate whether the HIL mouse model can be used for
the study of different genotypes of HCV strains, we inoculated
the mice with an HCV clinical strain (CS) of genotype 3a. We
were able to observe similar leucocyte infiltration and fibrosis in
the HCV CS-infected HIL mice as those infected by J6/JFH-1
(see online supplementary fig. S6A). The immunostaining of
human CD45+ cells confirmed the hepatic infiltration of
human leucocytes, which was not observed in the mock-infected
mice (see online supplementary figure S6B). These data showed
that HIL mice can reproduce liver pathogenesis induced by
direct inoculation with clinical isolates from HCV-infected
patients.

DISCUSSION

In most of the published humanised mouse models such as uPA/
SCID or Fah-Rag2-yC-null that were transplanted with human
hepatocytes, they were able to support HCV infection but failed
to develop liver fibrosis, which may be due to the absence of a
functional immune system.” '' The recent AFC8-HSC/Hep
Balb/C Rag2-yC-null mouse model that has human immune
system and hepatocytes were able to develop fibrosis after HCV
infection; however, it requires additional drug treatment to
induce mouse hepatocyte apoptosis.'* Our HIL mouse model
abolishes the need for the induction of mouse hepatocyte apop-
tosis or surgery, thus has better survival rate upon human cell
transplantation. In addition, the NSG mouse used in this work
are known to support better human immune cell engraftment
and functions than Balb/C Rag2-yC-null mice due to its defect-
ive mouse phagocyte activity.>’° In particular in our model,
NSG mouse needs only 2x10° CD34+ fetal liver cells to
achieve similar human cell engraftment compared with other
models that require 5-10 times more cells."> In addition,
mature human hepatocytes were clearly detected in the
hEGFR™ cells isolated from HIL mice.

In this study, J6/JFH-1 (genotype 2a) and serum from an
HCV-infected patient (genotype 3) both yielded similar disease
outcome in HIL mice. In current model, the level of viral RNA
in the blood of the infected mice was too low to be detected.
However, a significant level of HCV RNA was detected when
hEGFR" cells were enriched from the infected liver.
Consistently, HCV protein expression was detected in ~10% of
the human hepatocytes. A similar observation was reported in
the AFC8-HSC/Hep model where no serum viraemia was
observed and only little viral RNA was detected in the livers
from about 50% of mice at 1-4 months post-infection.’® In
contrast, significant viraemia was achieved in the human
liver-uPA-SCID or Fah-Rag2yC null mouse models.” '' One
possible reason for this difference is that the chimeric level of
human hepatocyte, which is derived from fetal hepatic progeni-
tor cells, in HIL mice is <10% compared with the >50% adult
hepatocyte engraftment in the uPA/SCID or Fah-Rag2yC null
mouse models. Notably, in human patients, there are also occult
HCV infection cases where the low level of viral replication is
not detectable by commercial kits.* *! Patients with occult
HCV viraemia were shown to develop liver inflammation and
fibrosis.** ** Interestingly, despite the low levels of HCV infec-
tion, infected HIL mice consistently developed severe liver
damage, fibrosis and cirrhosis. In view of the relatively low
reconstitution of human hepatocytes in HIL mice, our results
also suggest that infection in only a small proportion of liver
cells is sufficient to induce severe disease outcome. In addition
to the expression of viral proteins and RNA, the occurrence of
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Interferon alpha 2a (IFNo-2a) treatment prevents disease progression in mice infected with HCV. HIL mice were treated with IFNo-2a

three times a week starting from 1 week post mock-infection or HCV-infection (n=5 mice per group). Livers and sera were harvested at 8 weeks after
infection for histology, ELISA and alanine aminotransferase (ALT) measurement. (A) Representative liver stains of H&E to visualise leucocyte
infiltration (top row) and stains for Sirius red/Fast green to visualise collagen deposition (bottom row) are shown. (B) Serum levels of human IFNy
were determined by ELISA. (C) Serum levels of human interleukin-6 were determined by ELISA. (D) Serum ALT levels of HIL mice from different
treatment groups are represented in the graph. (E) Human epidermal growth factor receptor* cells purified from livers of mock-infected,
HCV-infected HIL mice treated with phosphate buffered saline (PBS) or IFNy-2a (indicated by *) at 2 and 5 weeks post-infection (1 and 4 weeks
post-IFNy-2a treatment, respectively) and analysed for HCV RNA by RT-PCR (n=5 mice per group). Data represent mean=SEM.

robust HCV-specific human T and B cell responses and success-
ful antiviral drug treatment also provide independent evidence
of HCV infection in HIL mice. However, the degree of chron-
icity of HCV infection in HIL mice needs further investigation.

The chronic inflammation and immune responses in
HCV-infected patients are reported to contribute to the develop-
ment of the liver disease.***® HIL mouse successfully recapitu-
lates many features of the disease progression in HCV-infected
patients by showing intrahepatic human immune cell infiltration,
HCV-specific human immune responses, as well as liver fibrosis
and cirrhosis. To our knowledge, this is the first study to report
significant serum levels of human cytokine responses to HCV
infection in a mouse model. This may be due to the better
human cell reconstitution and function in NSG mice. In view of
the inflammatory cytokine profiles, notably the cytokines found
significantly elevated in HCV-infected HIL mice are the similar
cytokine signatures of HCV-infected patients.”*>” These results
clearly demonstrate that HIL mice are able to produce cytokine
and chemokine networks, which closely resemble those described
for human infection, to regulate the trafficking and functions of
human immune cells responding to HCV infection.

It remains unclear whether the liver diseases caused by HCV
are due to the death of infected or healthy cells and how
immune system is engaged. Notably, we showed that the inflam-
mation and cell infiltration were initially restricted to human
areas in liver but gradually spread and affected non-human
areas, and caused massive damage in the whole liver. This prob-
ably was due to the production of high levels of human

proinflammatory cytokines (eg, IFNYy), which are known to have
cytotoxic effects to hepatocytes, resulting in sustained liver
damage and eventually in liver cirrhosis.*” ** Furthermore, the
depletion of either the human T cells or macrophages resulted
in a dramatic decrease in pathology and human cytokine
responses, which reveals that T cells and macrophages are main
effector cells in pathology and there are mechanisms regulating
their cross-talks. Interestingly, non-HCV-specific T cells appears
to be much more abundant than the HCV-specific ones in the
liver infiltrate of chronic HCV-infected patients.*” Whether or
not these unconventional T cells play a role in mediating patho-
genesis could be further investigated using the HIL mice.
Further investigation on HIL mouse model will help to uncover
new mechanisms underlying human specific antiviral immunity
and pathogenesis.

Our work demonstrated that HCV strains of two different
genotypes can both lead to severe liver diseases in the HIL
mouse model. Furthermore, the drug testing of IFNa-2a in HIL
mice successfully reproduced the therapeutic effects seen in
patients.®> 3¢ As HCV exist as variants or so-called quasispecies
of high complexity and diversity, it has been noticed that drug
resistant develops easily and renders the direct-acting antiviral
drugs ineffective even in the presence of IFNa.’° In the quest to
achieve an effective IFN-free regimen, extensive research is now
focused on the development of novel drugs like host-targeting
agents that target specific host factors essential for HCV replica-
tion. Hence, the HIL mouse could be useful in future testing of
new drugs or combination of drugs for hepatitis C treatment.
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Supplementary materials and methods

Mice and transplantation of CD34" human fetal liver cells

NSG mice were purchased from The Jackson Laboratory and bred in a specific pathogen free
facility at the biological resource centre (BRC) in Agency for Science, Technology and
Research (A*STAR), Singapore. Balb/c mice were purchased from the BRC. One to three
days old NSG pups were sub-lethally irradiated at 1 Gy and transplanted with 2x10° CD34"
human fetal liver cells by intra-hepatic injections. In total, samples from 12 different donors
were used to construct the HIL mice used in this study. The mice were bled at 8 weeks post-
transplantation to determine the levels of human immune reconstitution and concentrations of
human serum albumin. The levels of human immune cell reconstitution and human
hepatocyte engraftment were similar in HIL mice that received CD34" human fetal liver cells
from different donors. All experimental procedures were approved by the Institutional

Animal Care and Use Committee (IACUC).

HCV infection

For the laboratory strain, a cell culture-adapted HCV J6/JFH virus (known as J6/JFH-1-P47)
was previously generated [1] and used throughout the experiments unless otherwise stated.
Production and titration of J6/JFH-1-P47 were performed as previously described [2]. Serum
samples from HCV patients (clinical strain) were obtained from National University Hospital,
Singapore. Ten-week old HIL mice were infected with HCV by intravenous injection of the
viruses. 1x10° FFU of J6/JFH-1-P47 (genotype 2a) laboratory strain or 4x10° virus copies of

clinical strain (genotype 3a) were used.

Liver perfusion and enrichment of human hepatocyte



Liver perfusion was performed as described previously [3]. Human EGFR™ cells were
selected using PE selection kit (18551, StemCell Technologies) according to the protocol
provided by the manufacturer. The enriched cells were then used for cytospin or RNA

extraction.

Immunohistochemical and immunofluorescence staining

HCV-infected/mock-infected mice were sacrificed at different time points. Mouse livers were
collected, fixed with 10% formalin and embedded in paraffin for processing into liver tissue
sections. Rehydrated liver tissue sections were stained with Hematoxylin & Eosin (H&E)
(Thermo Scientific), Fast-green (Sigma) & Sirius red (Sigma) or were treated with heat
mediated antigen retrieval with sodium citrate (pH6) or Tris-EDTA (pH9) buffer, or
enzymatic antigen retrieval using 20 pg/ml proteinase K before staining with appropriate
antibodies. IHC staining was performed using the SuperPicture 3" Gen IHC Detection Kit
(879673, Life Technologies) according to the protocol provided by the manufacturer.
Enriched hEGFR™ hepatocytes were fixed in 10% formalin and stained with antibodies as
indicated. Primary antibodies used in this study include anti-hnCD45 (ab781, abcam), anti-
aSMA (ab5694, abcam), anti-HCV core (MA1-080, Pierce), anti-human cytokeratin 18
(ab133263, abcam), anti-human tyrosine aminotransferase (ab103992, abcam), anti-human
EGFR (DAK-H1-WT, Dako), and anti-hALB (ab2406, abcam) antibodies. Anti-mouse, anti-
rabbit and anti-goat fluorescent secondary antibodies were obtained from Life Technologies.
For immunofluorescence staining of mock-infected and HCV-infected Huh7.5 cells, sera
from mock-infected or HCV-infected mice were used as the primary antibody and mouse
anti-human 1gG-FITC (ab99763, abcam) was used as the secondary antibody. For
immunofluorescence staining of infected hepatocytes, genotype 3a HCV-infected patient

serum was used as the primary antibody followed by anti-human IgG-AF 647. The patient
2



serum was obtained from National University Hospital in Singapore. Serum was pre-cleared
by incubation with uninfected hepatocytes for few hours prior to use. For the detection of
dsRNA, cytospins were fixed in ice-cold methanol for 10min and stained with a dsRNA-
specific monoclonal antibodies J2 (English and Scientific Consulting, Hungary). All
fluorescence images were acquired using Olympus upright confocal microscope with the
Fluoview acquisition software using the 40X or 100X objective lens and immersion oil. All
H&E and Sirius red/Fast green stained images were captured using MIRAX MIDI

fluorescence microscope (Zeiss) using the MIRAX acquisition software.

HCV RNA quantification

Total RNA from hEGFR™ hepatocytes isolated by liver perfusion was extracted using the
RNeasy Mini kit (Qiagen). RT-PCR was performed using the ThermoScript RT-PCR
ThermoScript One-Step System (Invitrogen). Oligonucleotide primer and Tagman probe
sequences as well as the reaction setups were as described [4]. 100 ng of total RNA was used
in a 25 pl reaction. RNA quantities were derived from a standard curve generated using the
HCV 5’UTR region. The HCV 5°UTR region was synthesized using the MEGAshortscript
T7 Transcription kit (Ambion). RNA samples were analyzed in triplicate and data was

expressed as the HCV RNA copies per 100 ng of total RNA.

Gene expression profiling by quantitative real-time PCR or end-point PCR

RNA extractions were performed using the RNeasy Mini kit (Qiagen) and cDNA synthesis
was performed with RT kit (Qiagen), using 1 pg of total RNA. Quantitative RT-PCR (qRT-
PCR) was performed on Applied Biosystems 7500 real-time PCR system (Applied
Biosystems) using SYBR-green reagent (Biorad) and custom-made primers (IDT). For end-

point PCR, PCR products were analyzed by agarose gel electrophoresis. The sequences of
3



human and mouse mMRNAs were extracted from the National Center for Biotechnology
Information database. Analogous genes from human and mouse were aligned using the
MegAlign software (DNASTAR Lasergene 9 Core Suite) and the species-specific regions for
human or mouse were identified for the design of human- or mouse-specific primers,
respectively. A complete list of the oligonucleotide primer sequences used is provided in
Supplementary Table 3. The relative gene expression values were normalized to species-
specific glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and derived using the 244

method.

Flow cytometry

MNCs from livers, spleens and blood were isolated as previously published [5]. The
following antibodies were used for flow cytometry: anti-human CD45 (2D1) from BD
Biosciences; anti-human CD14 (HCD14), CD56 (MEM-188), CD19 (HIB19), CD3 (HIT3a),
CD4 (OKT4), CD8 (HIT8a), MMR (15-2) and anti-mouse CD45.1 (A20) from BiolLegend.
Cell suspensions of PBMCs and RBCs were stained with appropriate antibodies in 100 pl
PBS containing 0.2% BSA and 0.05% sodium azide for 30 min on ice. Flow cytometry was
performed on a LSRII flow cytometer using the FACSDiva software (BD, Franklin Lakes,
NJ). 10,000 events were collected per sample and analyzed using the Flowjo software 7.5.5

(Treestar).

Human cytokine antibody array

Sera from HIL mice from mock-infected and HCV-infected groups were analyzed for their
cytokine profiles with a semi-quantitative human cytokine antibody array that detects 30
inflammatory cytokines in one experiment (RayBio Human Cytokine Antibody Array 3;

Raybiotech, Norcross GA, USA). The arrays on glass slides were pre-treated according to the
4



manufacturer's instructions and incubated with 2-fold diluted serum pools at 4°C overnight.
The array glass slides were washed, incubated with a biotin-conjugated mix for 2 hours,
washed again, and developed for 2 hours with Cy3-conjugated streptavidin. The signals were
scanned with a GenePix 4000B scanner (Axon Instruments, GenePix version 5.0) and
analyzed with the Raybiotech analysis tool, a data analysis program based on Microsoft Excel
technology specifically designed to analyze Raybiotech Antibody Array 3. Signals were

normalized using internal, positive and negative controls included on the array.

Enzyme-linked immunosorbent assay (ELISA) and ALT

Blood samples collected from the mice were centrifuged at 3000 rpm for 10 min at 4°C, and
serum samples were harvested for ELISA analysis. Human serum albumin levels were
determined using the hALB ELISA kit (Bethyl Laboratories) according to the manufacturer’s
protocol. Human serum cytokine levels were determined using human IFNy ELISA kit
(Biolegend) and human IL6 ELISA kit (Biolegend) according to the manufacturer’s protocol.
For detection of virus-specific human 1gG antibodies, purified HCV NS3 antigens containing
either amino acids 1-180 or 400-630 were expressed as GST-fusion proteins, purified and
used to coat Nunc MaxiSorp flat-bottom 96 well plates. Purified GST protein was used as
negative control. Sera from mock-infected and HCV-infected HIL mice were used as the
primary antibodies and anti-human IgG-HRP (Biolegend) was used as the secondary
antibody. Serum alanine aminotransferase (ALT) levels were measured using a Cobas C111
Analyzer (Roche) in Comparative Medicine’s (National University of Singapore) in-house

veterinary diagnostic laboratory.

In vivo depletion of specific immune cells population in HIL mice



CD4", CD8" T cells and CD14" cells were depleted from ten-week old HIL mice by
intravenous injection of 50 pg of anti-human CD4 (RPA-T4) or anti-human CD8 (RPA-T8)
or anti-human CD14 (M5E2) antibodies, respectively. The antibodies were purchased from
Biolegend. Control mice were injected with PBS instead. Depletion of the specific immune
cell population was maintained by intravenous injection of 20 pg of the respective antibodies
every 3 days. Depletion efficiencies of specific immune cell population from the blood, liver

and spleen of HIL mice were verified by flow cytometry.

Human IFNy enzyme-linked immunospot (ELISPOT) assay

MNCs were isolated from fresh livers of HIL mice that were infected with HCV for 9 weeks
by Percoll density gradient centrifugation and re-suspended in AIM-V medium (Invitrogen)
with 2% human AB serum, supplemented with interleukin-2 at 10 1U/ml and interleukin-15 at
10 ng/ml. MNCs were seeded at 10° cells/ml/well in 96-well ELISPOT plate (U-CyTech
biosciences) and stimulated with and without 10 pg/ml of a pool of 16 overlapping 20-mer
peptides (Genscript), covering the HCV core protein, at 37°C for 24 h. Peptides representing
the 3a protein of Severe Acute Respiratory Syndrome (SARS) coronavirus were used as
control peptides. A complete list of the peptide sequences is provided in Supplementary
Table 2. Positive control consists of MNCs stimulated with 50 ng/ml Phorbol 12-Myristate
13-acetate (PMA) (Sigma) and 500 ng/ml ionomycin (Sigma) at 37°C for 24 h. The ELISpot
assay was carried out using a commercial kit (U-CyTech biosciences) according to the
manufacturer’s protocol. The number of human IFNy producing cells was determined using
an ELISPOT reader (Bioreader 4000 Pro-B, Biosys) and expressed as spot-forming units

(SFU) per million cells.

IFNo-2a antiviral treatment



Human recombinant IFNa-2a (PBL InterferonSource) treatment was given by intramuscular
injections starting at 1 week after HCV infection until 8 weeks post-infection. The dose given

is at 1000 U/g for 3 times per week.

Statistical Analysis
Either the two-tailed Student’s t test or one-way analysis of variance was applied to evaluate
the statistical significance of differences measured from the data sets. P < 0.05 was

considered statistically significant. All data are reported as means + standard error of mean.

Supplementary figure legend

Fig. S1. NSG mice support the engraftment of human hepatocytes and a matching human
immune system. New born NSG mice were injected with 2x10° fetal liver CD34" cells to
construct HIL mice. Eight weeks after injection, PBMCs, sera and liver paraffin sections
were prepared from NSG and HIL mice (n = 50 mice per group). (A) PBMCs were stained
for human CD45 (hCD45) versus mouse CD45.1 (mCDA45) to determine the level of human
leukocyte reconstitution [% hCD45" cells / (hCD45" cells + mCD45" cells)]. A representative
flow cytometry dot plot of hCD45 versus mCD45.1 is shown. (B) The levels of human
leukocyte reconstitution between NSG and HIL mice were compared using the two-tailed
Student’s t test, and the difference was found to be statistically significant (P < 0.05). The
values of every mouse are plotted as triangles, and the average values are plotted as solid
lines. (C) Liver sections from NSG and HIL mice were stained for hALB (red) and DAPI
(blue). Representative stains are shown. (D) Levels of human serum albumin between NSG
and HIL mice were compared using the two-tailed Student’s t test, and the difference was
found to be statistically significant (P < 0.05). Values from each mouse are plotted as

triangles, and the average values are plotted as solid lines. (E) The presence of human
7



hepatocyte markers in hEGFR™ cells enriched from HIL mice livers was determined by
reverse transcription-PCR. Human specific primers were used for the detection of indicated
genes by end-point PCR. RNA extracted from adult human hepatocytes and NSG mouse
hepatocytes were used as positive and negative controls, respectively. (F) Human cytokeratin
18 (CK18) and tyrosine aminotransferase (TAT) proteins were detected in hEGFR" ¢
enriched from HIL mice livers. Shown are representative stains of hALB (in red) and CK18
(in green) or TAT (in green). The cells were counter stained with DAPI (in blue). (G) Liver
sections of HIL mice were stained for hALB (green), hEGFR (red) and DAPI (blue).

Representative images are shown.

Fig. S2. HCV infection in HIL mice. (A) Representative Staining of TAT (green) and HCV
antigens (purple) in the hEGFR" cells enriched from HIL mice infected with HCV for 2 and 5
weeks or mock-infected. (B) Representative IHC staining of hCD45 and hALB using
adjacent slides from HCV-infected HIL mice at 6 weeks post-infection. Higher
magnifications of the boxed areas in the upper panel are shown in the lower panel.

Representative images of 3 mice are shown.

Fig. S3. No damage was observed in non-hepatic tissues of HCV-infected HIL mice and no
intrahepatic human immune cell infiltration or cytokine responses were observed in Balb/c,
NSG and cord blood (CB) reconstituted humanized mice after HCV infection. (A-B)
Different organs were harvested from mock- and HCV-infected HIL mice at 9 weeks post-
infection (n = 10 mice per group). (A) Representative image showing gross appearance of
livers obtained from mock-infected mice or HCV-infected mice. (B) Representative H&E

stains of lungs, kidneys, hearts and intestines that were harvested from mock-infected (top



row) or HCV-infected (bottom row) mice. (C) Balb/c, NSG and CB reconstituted humanized
mice were infected with HCV (n = 5 mice per group). Livers were harvested at 9 weeks post-
infection and paraffin sections were prepared. Representative H&E stains of liver sections are
shown. Lower (top row) and higher (bottom row) magnifications are shown. (D-E) Sera were
prepared from HCV-infected CB reconstituted humanized mice at different weeks post-
infection (p.i.) and analysed for human IFNy and IL-6 by ELISA, respectively. Data

represents mean + SEM.

Fig. S4. Human anti-HCV antibodies were detected in HCV-infected HIL mice. (A) Sera
taken from HCV-infected and mock-infected HIL mice at 12-15 weeks post-infection were
used to stain HCV-infected and mock-infected Huh7.5 cells, followed by secondary antibody
staining with anti-human 1gG-FITC (n = 3 mice per group). Representative stains for DAPI
(blue) and anti-human IgG (green) are shown. (B) Sera taken from HCV-infected and mock-
infected HIL mice at 12-15 weeks post-infection were used for ELISA using plates coated
with either HCV NS3-GST or GST only (n = 3 mice per group). Data represents mean *

SEM.

Fig. S5. Depletion effects of human T cells and macrophages in HIL mice. HIL mice were
treated with PBS (Ctrl), anti-human CD4, CD8 or CD14 antibody (n = 3 mice per group).
MNCs were prepared from blood, spleens and livers 24 h after antibody treatments. (A-B) To
prove that the antibody clones used for CD4 and CD8 depletion do not compete with the
clones for FACS analysis, MNCs from blood of control HIL mice were first incubated with
CD4 (clone number: RPA-T4) or CD8 (clone number: RPA-T8) antibody, followed by
staining with fluorescence conjugated anti-human CD4 (clone number: OKT-4) or human

CD8 (clone number: HIT-8a) antibody. Shown are representative plots of CD3 versus CD4
9



(OKT-4) (A) or CD8 (HIT-8a) (B). (C) MNCs from different organs of CD4 antibody (clone
number: RPA-T4) treated mice were stained for human CD3 and human CD4 (clone number:
OKT-4). Representative plots of CD3 versus CD4 are shown. (D) MNCs from different
organs of CD8 antibody (clone number: RPA-T8) treated mice were stained for human CD3
and human CD8 (clone number: HIT-8a). Representative plots of CD3 versus CD8 are
shown. (E) MNCs from different organs of CD14 antibody treated mice were stained for
human macrophage mannose receptor (MMR). Representative plots of Forward-scattered

light (FSC) versus MMR are shown.

Fig. S6. Liver leukocyte infiltration and fibrosis were observed in HIL mice infected with
HCYV clinical strain (HCV CS). Livers sections were prepared from mock-infected and HCV
CS-infected HIL mice at 13 weeks post-infection (n = 5 mice per group). (A) Representative
H&E (top row) and Sirius red/Fast green (bottom row) stains are shown. (B) Representative

stains for human CD45 (red) and DAPI (blue) are shown.
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Table S1. Mouse information and liver disease scoring

Virus

Donor Fetal Human  Immune Human Albumin Particles Weeks post- Live_r Daisease
Liver ID Reconstitution (%) Level (ng/ml) Inoculated infection scoring
FLO915 45 20 0 0 0
FL1807 39 30 0 0 0
FLO113 66 18 0 0 0
FL0915 24 22 le6 0 0
FL1807 51 26 le6 0 0
FLO113 69 32 le6 0 0
FLO915 17 27 0 3 0
FL1807 57 35 0 3 0
FLO113 44 75 0 3 0
FL0915 54 23 le6 3 1
FL1807 18 24 le6 3 1
FLO113 50 20 1le6 3 1
FL0915 49 30 0 5 0
FL1807 62 65 0 5 0
FLO113 67 28 0 5 0
FL0915 42 80 1le6 5 2
FL1807 31 15 1le6 5 1
FLO113 21 30 1le6 5 2
FL0915 44 25 0 9 0
FL1807 34 32 0 9 0
FLO113 36 50 0 9 0
FL0915 43 20 le6 9 3
FL1807 25 22 le6 9 2
FLO113 24 45 le6 9 3

Determined by H&E staining and Sirius red/Fast green staining of liver sections. 0 = no liver
disease; 1 = Nodule fibrosis; 2 = Fibrosis with numerous septa; 3 = Cirrhosis
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Table S2. List of SARS 3a peptides and HCV core peptides for stimulation of T cells in

ELISpot.

Peptide name | Sequence

HCV core P1 | MSTNPKPQRKTKRNTNRRPQ
HCV core P2 | TKRNTNRRPQDVKFPGGGQI
HCV core P3 | DVKFPGGGQIVGGVYLLPRR
HCV core P4 | VGGVYLLPRRGPRLGVRATR
HCV core PS5 | GPRLGVRATRKTSERSQPRG
HCV core P6 | KTSERSQPRGRRQPIPKDRR
HCV core P7 | RRQPIPKDRRSTGKSWGKPG
HCV core P8 | STGKSWGKPGYPWPLYGNEG
HCV core P9 | YPWPLYGNEGLGWAGWLLSP
HCV core P10 | LGWAGWLLSPRGSRPSWGPN
HCV core P11 | RGSRPSWGPNDPRHRSRNVG

HCV core P12

DPRHRSRNVGKVIDTLTCGF

HCV core P13

KVIDTLTCGFADLMGYIPVV

HCV core P14

ADLMGYIPVVGAPLGGVARA

HCV core P15 | GAPLGGVARALAHGVRVLED
HCV core P16 | LAHGVRVLEDGVNFATGNLP
SARS 3aP1 KSKNPLLYDANYFVC

SARS 3a P2 LLYDANYFVCWHTHN
SARS 3a P3 NVFVCWHTHNYDYCI

SARS 3a P4 WHTHNYDYCIPYNSV
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SARS 3a P5

YDYCIPYNSVTDTIV

SARS 3a P6 PYNSVTDTIVVTEGD
SARS 3a P7 TDTIVVTEGDGISTP
SARS 3a P8 VTEGDGISTPKLKED
SARS 3a P9 GISTPKLKEDYQIGG
SARS 3a P10 | KLKEDYQIGGYSEDR

13




Table S3. List of primers for quantitative real-time PCR and end-point PCR

Quantitative RT-PCR primers

Gene Forward primer (5’-3°) Reverse primer (5’-3’)
Human

GCTTAACTCTGGTAAAGTGGATAT ATGGAATTTGCCATGGGTGGAAT
GAPDH
Mouse

CATTTGCAGTGGCAAAGTGGAGA GTTGAATTTGCCGTGAGTGGAGT
GAPDH
Human

CCAATCACCTGCGTACAGAACG CGTCACAGATCACGTCATCGCA
Col1A1
Mouse

AGCTTTGTGGACCTCCGGCTC CTGACTTCAGGGATGTCTTCTTG
Col1A1
Human

CCCACAACCGCAGCGAGGAG GGCAGGCAAGGTGACGGGAC
TIMP1
Mouse

CTGGCATCTGGCATCCTCTTGT AGTTGCAGAAGGCTGTCTGTGG
TIMP1
Human

GATCAACGATTACGTGGAGAAGG CCTAAACGCTTCATCATAGGCA
AAT
Human

CATTTTGGGACCCTGTACCATT GAGTGTTGTGGTAAAACTCTCCC
TAT
Human

CATAAGGATTCAGGCTAAAGAA TTCACCTTTACTAAGGAGATGT
TDO2
Human

GCACAGAAGCATTGACCCGATG GGTCTTTGAGTTAGAGGAGACT
CYP7Al
Human

CTCCGTGTCCCGCTCCACCA TCCTCACTCTGTCCAGGTAAGA
CK18
Human

GTGTGGAGGTGGATTCCGCTC TGTGGCCAGCGACCTCCCG
CK19
Human

albumin

GAAAACGCCAGTAAGTGACAGA

CAGAAAGTGTGCATATATCTGCA

14
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