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SUMMARY

The cirrhotic microenvironment that surrounds hepatocel-
lular carcinoma promotes growth of new blood vessels.
Current patient-derived animal models are noncirrhotic and
they are unable to accurately evaluate the effect of multi-
kinase inhibitors, which act by reducing tumor blood supply.
We present a novel cirrhotic mouse model that predicts the
natural biology of hepatocellular carcinoma and allows
personalized therapy.
BACKGROUND & AIMS: Hepatocellular carcinoma (HCC) arises
in a cirrhotic, pro-angiogenic microenvironment. Inhibiting
angiogenesis is a key mode of action of multikinase inhibitors
and current non-cirrhotic models are unable to predict treat-
ment response. We present a novel mouse cirrhotic model of
xenotransplant that predicts the natural biology of HCC and
allows personalized therapy.

METHODS: Cirrhosis was induced in NOD Scid gamma mice
with 4 months of thioacetamide administration. Patient derived
xenografts (PDXs) were created by transplant of human HCC
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subcutaneously into non-cirrhotic mice and intra-hepatically
into both cirrhotic and non-cirrhotic mice. The applicability of
cirrhotic PDXs for drug testing was tested with 16 days of
either sorafenib or lenvatinib. Treatment response was evalu-
ated by MRI.

RESULTS: 8 out of 19 (42%) human HCC engrafted in the
cirrhotic model compared with only 3 out of 19 (16%) that
engrafted in the subcutaneous non-cirrhotic model. Tumor
vasculature was preserved in the cirrhotic model but was
diminished in the non-cirrhotic models. Metastasis developed
in 3 cirrhotic PDX lines and was associated with early HCC
recurrence in all 3 corresponding patients (100%), compared
with only 5 out of 16 (31%) of the other PDX lines, P ¼ .027.
The cirrhotic model was able to predict response and non-
response to lenvatinib and sorafenib respectively in the cor-
responding patients. Response to lenvatinib in the cirrhotic
PDX was associated with reduction in CD34, VEGFR2 and
CLEC4G immunofluorescence area and intensity (all P � .03).

CONCLUSIONS: A clinically relevant cirrhotic PDX model pre-
serves tumor angiogenesis and allows prediction of response to
multikinase inhibitors for personalized therapy. (Cell Mol Gas-
troenterol Hepatol 2021;11:1313–1325; https://doi.org/
10.1016/j.jcmgh.2020.12.009)

Keywords: Xenograft; Hepatocellular Carcinoma; Multikinase
Inhibitors.

ost (80%–90%) hepatocellular carcinoma (HCC)
1,2
Abbreviations used in this paper: CLEC4G, C-type lectin superfamily 4
member G; HCC, hepatocellular carcinoma; MRI, magnetic resonance
imaging; NSG, NOD Scid Gamma; PDX, patient-derived xenograft;
VEGFR, vascular endothelial growth factor receptor 2.
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Moccurs in cirrhotic livers. Unlike clonal homo-
geneous tumors, HCC pathophysiology is complex, involving
a combination of transformed hepatocytic epithelial cells,
oncogenic endothelial angiogenic cells, and permissive
supportive stromal and immune cells operating under the
proinflammatory and profibrotic milieu of a cirrhotic liver.
The inflammatory chemokines, cell death signals, extracel-
lular matrix, and regenerative growth signals constitute a
perfect storm for hepatocarcinogenesis to occur.3 This
tumor-cirrhotic microenvironmental interaction in defining
the biology of the HCC is still poorly understood because
traditional patient-derived cancer cell lines or simple sub-
cutaneous or intrahepatic xenografts are inadequate in
recapitulating the cirrhotic microenvironment from which
HCC arises.4

In cirrhosis, the excess fibrotic extracellular matrix sur-
rounding HCC results in altered blood flow and hypoxia,
resulting in upregulation of growth factors, cytokines, and
metalloproteinases, inducing angiogenesis.5,6 Activated he-
patic stellate cells in cirrhotic livers further promote
angiogenesis and micrometastases by releasing vascular
endothelial growth factor.7 Tumor angiogenesis assessed by
anti-CD34 has been shown to be associated with poor
prognosis in patients with HCC but also predictive of
response to sorafenib.8,9 Sorafenib and lenvatinib inhibit
multiple kinases involved in angiogenesis and have shown
benefit in the treatment of HCC, although objective response
rates are less than 25%.10,11 Despite more than 10 years of
experience with sorafenib, there is neither a good clinical
biomarker nor a preclinical model that predicts response to
multikinase inhibitors, resulting in less than a quarter of
patients responding to systemic therapy.12–14

HCC represents an unhappy combination of 2 diseases:
tumor and liver cirrhosis. Existing noncirrhotic patient-
derived xenograft (PDX) models only account for the tumor
component but omit cirrhosis, a key determinant of out-
comes.15,16 Several groups have attempted to use HCC PDXs to
predict response to multikinase inhibitors without success,
possibly because they lack the cirrhotic proangiogenic micro-
environment necessary to replicate the key mode of action of
these agents.13,14,17 There is an unmet need for a clinically
relevant animal model that simulates the natural biology of
HCC to allow for more accurate prediction of tumor response
to multikinase inhibitors. Using thioacetamide-induced
cirrhosis,18 we report a novel mouse cirrhotic model of xeno-
transplant that allows in vivo testing of response to multi-
kinase inhibitor therapy and targeted therapy.

Results
Cirrhotic Patient-Derived Xenograft

Nineteen consecutive HCC specimens in cirrhotic livers
were used for transplantation intrahepatically into chemi-
cally induced cirrhotic livers (Figure 1). Sixteen of the 19
(84.2%) individuals were male, with a median age of 53.5
(44.0–62.0) years (Table 1). All individuals had cirrhosis
and were Child-Pugh A. Eight out of 19 (42.1%) successfully
engrafted in xenografts that could be serially maintained for
more than 5 generations over 6 months. There was a higher
proportion of poorly differentiated histology among human
HCC that engrafted into the cirrhotic model versus HCC that
did not engraft (87.5% [7 out of 8] vs 18.2% [2 out of 11];
P ¼ .003) (Table 1). In comparison, the HCC that did not
engraft into the cirrhotic model had a higher proportion of
moderately differentiated histology (72.7% [8 out of 11] vs
12.5% [1 out of 8]; P ¼ .009) compared with HCC that
engrafted. Only 1 of the HCC that did not engraft into the
cirrhotic model was well differentiated, compared with
none in the HCC that engrafted. The engrafted tumors
showed thick trabeculae with marked nuclear pleomor-
phism and paucity of albumin, a-fetoprotein, or EPCAM
staining; instead they showed colabelling of both the
mesenchymal marker vimentin and the epithelial marker E
cadherin within the same cells in 6 out of 8 tumors and
staining for vascular endothelial growth factor receptor 2
(VEGFR2) in 3 out of 8 tumors. In comparison, the non-
engrafted tumors did not display similar colabelling of
vimentin and E cadherin and were negative for VEGFR2. The
engrafted tumors showed similar morphologic features to
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Figure 1. Flowchart of
the cirrhotic patient-
derived xenograft
program.
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the human tumor tissue, comprising markedly thickened
trabeculae and solid nests of cells with conspicuous nuclear
pleomorphism, occasional multinucleation, and frequent
bizarre mitoses (Figure 2A).

Metastasis in the Cirrhotic Xenograft Was
Associated With Hepatocellular Carcinoma
Recurrence

Of the 8 human HCC that engrafted into the cirrhotic
PDX, 3 of the poorly differentiated engrafted HCC developed
pulmonary metastasis in the cirrhotic PDX (Figure 2B).
Metastasis in the cirrhotic PDXs was associated with early
clinical recurrence in all 3 corresponding patients (100%).
In comparison, in the absence of metastasis or engraftment
in the cirrhotic PDX, only 5 out of 16 (31.2%) corresponding
patients developed clinical recurrence (P ¼ .027).

Noncirrhotic Xenograft: Subcutaneous and
Orthotopic

Three out of 19 (15.8%) HCCs engrafted into the
subcutaneous, noncirrhotic model. These were all poorly
differentiated and only 1 patient developed clinical
recurrence. The engrafted tumors in the subcutaneous
noncirrhotic xenograft model appeared sarcomatoid and
even more poorly differentiated compared with the hu-
man HCC tissue, with a more solid appearance and loss of
the sinusoidal-trabecular architecture (Figure 2A). None of
the engrafted subcutaneous PDX models developed
metastasis.

To test the criticality of cirrhosis on xenograft HCC
biology, we selected a single PDX line (derived from 1 of the
19 patients with HCC) that developed metastasis in the
cirrhotic PDX model. We transplanted this human HCC PDX
line intrahepatically into 3 noncirrhotic NOD Scid Gamma
(NSG) mice. The tumors in the noncirrhotic orthotopic
xenograft model displayed a sarcomatoid appearance with
vague fascicles of somewhat spindled cells, differing in
appearance to the human HCC tissue that was used for
implantation (Figure 2A). Although the same PDX line was
transplanted into the orthotopic noncirrhotic PDX model
and the cirrhotic PDX model, 2 out of 3 cirrhotic PDX mice
developed metastasis, whereas none of the orthotopic
noncirrhotic mice developed metastasis.



Table 1.Clinicopathologic Features of Patients With HCC

Patient demographics and tumor
characteristics

Patients
(N ¼ 19)

Age, median (IQR) 53.5 (44.0–
62.0)

Male/female, n 16/3

HBV/NASH/HCV/alcohol 10/5/3/1

Child Pugh Score, A/B/C 19/0/0

MELD, median (IQR) 7 (7–9)

AFP, median (IQR), ng/mL 25.0 (6.0–
639.0)

Tumor total diameter, >5/<5 (cm), n 14/5

Vascular invasion, n 9

BCLC stage, 0 or A/B or C, n 10/9

Tumor grade among engrafted human HCC:
well differentiated, moderately differentiated,
poorly differentiated, n

0/1/7

Tumor grade among nonengrafted human HCC:
well differentiated, moderately differentiated,
poorly differentiated, n

1/8/2

AFP, a-fetoprotein; BCLC, Barcelona Clinic Liver Cancer
staging; HBV, hepatitis B virus; HCC, hepatocellular carci-
noma; HCV, hepatitis C; IQR, interquartile range; MELD,
model for end-stage liver disease; NASH, nonalcoholic
steatohepatitis.
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Preservation of Tumor Vasculature in Cirrhotic,
But Not Noncirrhotic Xenograft

To evaluate tumor angiogenesis within the xenograft
models, the same PDX line (derived from 1 of the 19 pa-
tients with HCC) was transplanted into the cirrhosis and
noncirrhosis models, and tumor vasculature was assessed
by CD34 antibody fluorescence. Tumor vasculature was
preserved in the cirrhotic PDX model, but the noncirrhotic
models (subcutaneous and orthotopic) were almost avas-
cular (Figure 2C). CD34 immunofluorescence was similar
between the human HCC and the cirrhotic PDX by both in-
tensity (P ¼ .24) and area (P ¼ .54) quantification
(Figure 2D). However, when compared with human HCC,
CD34 immunofluorescence was diminished in the ortho-
topic and subcutaneous noncirrhotic models by intensity
(both P < .001) and area (both P < .01) (Figure 2D). Of note,
mouse-specific but not human-specific CD34 and VEGFR2
antibody fluorescence was present in the cirrhotic PDX
model, suggesting that the murine endothelial cells
contributed to ingrowth of blood vessels to support tumor
growth.
The Cirrhotic Xenograft Model Predicted Clinical
Response to Lenvatinib

To evaluate if the cirrhotic PDX model could predict
response to multikinase inhibitors, we treated 3 cirrhotic
PDX derived from a patient with hepatitis C cirrhosis and
HCC (Patient A) with lenvatinib and compared this against
treatment of 3 cirrhotic PDX with control (Figure 1). We
selected this xenograft line because the cirrhotic PDX line
had developed lung metastases and the patient had also
developed clinical HCC recurrence. Magnetic resonance
imaging (MRI) after 16 days of treatment showed a decrease
in mean tumor volume in the lenvatinib group versus an
increase in mean tumor volume of the control group (-12.06
mm3 vs 485.3 mm3; P ¼ .031), respectively (Figure 3A). The
waterfall plot for change in tumor volume (%) is shown in
Figure 3B.

To demonstrate the criticality of the cirrhotic microen-
vironment in prediction of clinical response to lenvatinib,
we treated 3 noncirrhotic PDX derived from the same pa-
tient with hepatitis C cirrhosis and HCC (Patient A) with
lenvatinib; we then compared this against treatment of 3
noncirrhotic orthotopic PDX with control. MRI after 16 days
of treatment showed an increase in mean tumor volume in
both the lenvatinib group and control group (162.11 mm3

vs 84.12 mm3; P ¼ .21), respectively (Figure 3C and D).
Response to lenvatinib in the cirrhotic xenograft corre-

lated with clinical response to lenvatinib in Patient A. A
repeat MRI 2 months after initiation of lenvatinib demon-
strated partial response according to modified Response
Evaluation Criteria in Solid Tumors (mRECIST) (Figure 3E).
The Cirrhotic Xenograft Model Predicted
Nonresponse to Sorafenib

We selected a second PDX line derived from a patient
with hepatitis B cirrhosis (Patient B) because the PDX model
had also developed metastases. Three cirrhotic PDX derived
from Patient B were treated with sorafenib and compared
against treatment of 3 cirrhotic PDX with control (Figure 1).
MRI done 16 days apart showed no significant difference in
tumor volume changes between sorafenib and control arms
(an increase of 88.68 mm3 vs 147.50 mm3, respectively; P ¼
.59) (Figure 4A). The waterfall plot for change in tumor
volume (%) is shown in Figure 4B.

Patient B developed early HCC recurrence postsurgery
with metastases in the liver and lung. A computed tomog-
raphy scan 2 months after Patient B started sorafenib
revealed progressive disease with enlargement of the HCC
and extrahepatic metastases, correlating with poor response
to sorafenib in the cirrhotic model (Figure 4C).
Response to Multikinase Inhibitor Is Associated
With Diminished Tumor Vasculature

Administration of lenvatinib to the cirrhotic xenograft
established from Patient A resulted in reduced CD34,
VEGFR2, and C-type lectin superfamily 4 member G
(CLEC4G; Abcam, Cambridge, UK) antibody fluorescence by
both intensity (P ¼ .002, P ¼ .001, and P ¼ .03, respectively)
and area (P ¼ .0008, P ¼ .002, and P ¼ .02, respectively)
when compared with administration of control (Figure 5).
There was no significant change in CD34, VEGRF2, and
CLEC4G antibody immunofluorescence by intensity or area
after administration of sorafenib to the cirrhotic xenograft
established from Patient B, all P > .30 (Figure 5).
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Discussion
Compared with other cancers, systemic therapy in HCC

has modest efficacy and objective response rates of less than
30%.10,19 This is in part because of the heterogeneity of HCC
and the intrinsic complexity of HCC pathogenesis in a
microenvironment that is still poorly understood. With the
technical challenges of a reliable in vitro culture system, an
in vivo xenograft model represents the most practical plat-
form for studying liver cancer biology and testing drugs for
personalized therapy.20 In this study, we establish a novel
cirrhotic PDX model that predicts response to multikinase
inhibitors by preserving tumor vasculature.

HCC typically occurs in cirrhotic livers where attempted
self-regenerating hepatocytes or progenitors become
transformed in a pro-inflammatory and profibrotic envi-
ronment. Current animal models of genetically modified
spontaneous HCC models, or chemically induced (dieth-
ylnitrosamine) models do not recapitulate this natural
carcinogenesis process. Traditional xenograft models, such
as the subcutaneous or intrahepatic models, also lack the
cirrhotic fertile microenvironment that plays a key role in
driving the HCC biology.18 The fact that until recently, only
the multikinase inhibitors have been found to be efficacious
in the treatment of advanced HCC, and the lack of under-
standing of their mechanism of action underlines the com-
plex interplay between epithelial-stromal and vascular
components within the oncogenic milieu of cirrhotic
liver.21,22

Neoangiogenesis is a key feature of HCC, with VEGFR
driving endothelial cell proliferation and survival.23 Sor-
afenib and lenvatinib are inhibitors of VEGFR, and reduction
of tumor blood supply is a key mode of action of these
drugs.24,25 In this study, we demonstrate how the cirrhotic
microenvironment is critical to neoangiogenesis. It is not
surprising that existing noncirrhotic HCC animal models
have not been able to predict response to multikinase in-
hibitors.26 In a subcutaneous PDX model with noncirrhotic
NSG mice attempting to predict HCC response to sorafenib,
Hu et al14 identified 2 xenografts that showed poor
response to sorafenib, and the 2 corresponding patients
developed progressive disease. However, the authors were
not able to predict a positive response to sorafenib. Gu
et al13 established a cohort of subcutaneous PDXs derived
from patients with HCC using BALB/c athymic or SCID mice,
Figure 2. (See previous page). A cirrhotic microenvironmen
vasculature. (A) Hematoxylin and eosin of a representative hu
mouse with thioacetamide-induced cirrhosis; the same human H
treated with control instead of thioacetamide, and subcutaneou
cirrhotic PDX model had a closer resemblance to human HCC as
eosin of a representative cirrhotic PDX that developed lungmetas
confirmed that the metastases were of human origin. The noncirr
fluorescencewasdemonstrated in theoriginal humanHCC.After
and the 2 noncirrhoticmodels, CD34 (mouse specific) fluorescenc
in the orthotopic and subcutaneous noncirrhotic models. (D) Qua
compared against the corresponding orthotopic cirrhotic PDX, ort
derived from the same human HCC using sum stained intensit
Olympus, Tokyo, Japan) (n ¼ 3 for each PDX group). *P < .01;
compatibility complex 1; hCD34, human-specific CD34; mCD34
and described differential responses to sorafenib and len-
vatinib, but similarly were not able to predict clinical
response. Wu et al17 treated PDXs established in NSG mice
with sorafenib, but did not correlate this with patient
treatment response. In comparison, our cirrhotic PDX model
was able to preserve tumor biology and predict response
and nonresponse to multikinase inhibitors in humans. We
note that an orthotopic mouse model of HCC with under-
lying cirrhosis has been previously reported by Reiberger
et al27; the authors in this study induced cirrhosis using
carbon tetrachloride and either implanted mouse HCC cell
lines or induced de novo HCC using genetically engineered
mice. Our study builds on this concept by using cirrhotic
PDX to predict response to multikinase inhibitors.

Interestingly, the vascular component of our xenograft
seems to be mainly mouse derived rather than human HCC
derived. This highlights the crucial role of the nascent liver
vascular component and microenvironment in supporting
HCC and predicting outcome in patients after treatment.
Although no biomarkers in clinical practice have been found
to predict sorafenib response, VEGFR2 levels have been
reported to correlate with tumor response again high-
lighting the key role of the supporting vascular stroma in a
cirrhotic model for testing drug efficacy.28

Our engraftment rate of 40% is comparable or better
than most reported studies of xenograft induction.17,29,30 An
interesting finding was that the cirrhotic model selects
aggressive HCC subtype with mesenchymal features.
Although the well-differentiated HCCs are not represented
in our xenografts, in real world clinical practice, the less
aggressive HCCs tend to respond well to standard ther-
apy.31,32 In contrast, it is precisely the aggressive HCC that
are picked up by our xenotransplant models that tends to
recur after surgery or transplantation and would potentially
benefit from targeted therapy. Although limited by a small
sample size, the presence of metastasis in our cirrhotic
xenograft models correlates closely with actual clinical
recurrence. Our findings warrant further studies for clinical
validation. More studies are required to evaluate if post-
resection patients with HCC that engraft and develop me-
tastases in the cirrhotic model will benefit from adjuvant
therapy with personalized systemic therapy.

To our knowledge, this is the first reported cirrhotic PDX
model that predicts response to multikinase inhibitors.
t allows better preservation of tumor characteristics and
man HCC that was transplanted intrahepatically into an NSG
CC was also transplanted intrahepatically into an NSG mouse
sly into an NSG mouse treated with control. The tumor in the
compared with the noncirrhotic models. (B) Hematoxylin and

tasis.Arrows indicate lungmetastases.MHC1 immunolabelling
hotic subcutaneous PDX did not develop metastasis. (C) CD34
transplantation of the samehumanHCC into the cirrhoticmodel
e was present in the cirrhotic xenograft model but wasminimal
ntitative analysis of CD34 fluorescence of the human HCCwas
hotopic noncirrhotic PDX, and subcutaneous noncirrhotic PDX
y and sum stained area value (cellSens Dimension software,
**P < .001. H&E, hematoxylin and eosin; MHC1, major histo-
, mouse-specific CD34; ns, not significant.
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Figure 3. Prediction of clinical response to lenvatinib using the cirrhotic PDX model. (A) Cirrhotic PDX derived from
Patient A underwent treatment with 16 days of lenvatinib (30 mg/kg or control for 16 days [n ¼ 3 in each group]). Repre-
sentative MRIs of cirrhotic PDX derived from Patient A are shown before and immediately after completing treatment with
lenvatinib or control. (B) The waterfall plot of cirrhotic PDX tumor response to lenvatinib and control determined by tumor
volume on MRI immediately before and at the end of treatment. (C) The waterfall plot of noncirrhotic PDX tumor response to
lenvatinib and control determined by tumor volume on MRI immediately before and at the end of treatment. (D) Representative
MRIs of noncirrhotic PDX derived from Patient A are shown before and immediately after completing treatment with lenvatinib
or control. (E) MRI scan of Patient A before and 2 months after treatment with lenvatinib.
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However, limitations of this study include the fact that
intratumoral heterogeneity of HCC may result in varying
biologic behavior within the cirrhotic PDX model, depending
on which portion of the human HCC was sampled for im-
plantation. Second, our study is limited by the small sample
size and these findings should be validated in further
studies. Third, the engraftment rate of the cirrhotic model
was only 40%, which is an intrinsic limitation of patient-
derived animal models for HCC. However, patients with
HCC that did not engraft into the cirrhotic PDX had more
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Figure 4. Prediction of clinical nonresponse to sorafenib using the cirrhotic PDX model. (A) Cirrhotic PDX derived from
Patient B underwent treatment with 16 days of sorafenib (50 mg/kg for 4 days and then 100 mg/kg for a further 12 days or
control for 16 days [n ¼ 3 in each group], respectively). Representative MRIs of cirrhotic PDX derived from Patient B are shown
before and immediately after completing treatment with sorafenib. (B) The waterfall plot of cirrhotic PDX tumor response to
sorafenib and control determined by tumor volume on MRI immediately before and at the end of treatment. (C) Computed
tomography scan of Patient B before treatment with sorafenib and repeated 2 months after treatment initiation. CT, computed
tomography.

1320 Huang et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 5
differentiated HCC with a better prognosis than those with
HCC that engrafted, with less than 33% developing
recurrence.

Conclusions
Inhibition of angiogenesis in HCC is a key mode of action

of multikinase inhibitors, and current animal models lack
the proangiogenic tumor microenvironment to predict tu-
mor response. We demonstrate how the cirrhotic microen-
vironment allows preferential engraftment of aggressive
HCC and prediction of response to multikinase inhibitors by
preserving tumor angiogenesis. Our findings, if further
validated, may identify patients at high risk for HCC recur-
rence and allow preemptive drug testing to select effica-
cious systemic therapy options before HCC recurrence. The
ability to predict the natural biology and personalize ther-
apy using a clinically relevant cirrhotic model holds
tremendous implications for treatment of HCC.

Materials and Methods
Animals

We have previously reported an immune-permissive
murine model of liver fibrosis using thioacetamide in male
NSG NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice that captures the
full clinical picture of structural and functional cirrhosis.18

The mice were housed in individually ventilated caging
systems in groups of 5 (Allentown, NJ) in CeLS Vivarium,
Centre for Life Sciences, National University of Singapore.
Environmental conditions were regulated to a temperature
of 21�C–25�C, humidity of 40%–70%, and a 12:12 light/
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dark cycle with lights on at 0700 and off at 1900. The mice
were provided with rodent maintenance food (#2918
Teklad Irradiated Global, 18% Protein rodent diet, Envigo,
Hackensack, NJ) and bedding from BioCOB. Animals were
monitored once daily for health status and no adverse
events were observed. Mice with body weight less than 30 g
were excluded from the experiment. The mice received care
according to the criteria outlined in the Guide for the Care
and Use of Laboratory Animals prepared by the National
Academy of Sciences33 and approval for procedures was
obtained from the Institutional Animal Care and Use Com-
mittee (Protocol no: R17-0888). This study was performed
in accordance with the ARRIVE guidelines.

Induction of Cirrhosis
The mice were assigned randomly to thioacetamide and

control arms. Thioacetamide (200 mg/L; Sigma-Aldrich, St.
Louis, MO) was dissolved in drinking water for adminis-
tration to NSG mice (starting at age 3 months) for 4 months
as previously described.18 Control mice were fed with plain
drinking water.

Creation of Patient-Derived Xenograft
Fresh tumor tissue was obtained from 19 patients who

underwent liver resection for HCC. Written informed con-
sent was obtained according to the criteria of the Institu-
tional Review Board of National University Hospital,
Singapore (NHG-DSRB Ref: 2011/01580). A portion of the
harvested tumor tissue from each patient was processed
immediately by direct mincing before being transplanted
intrahepatically into the left lobe of 3 NSG cirrhotic mice,
and subcutaneously into 3 noncirrhotic NSG mice that were
fed with control instead of thioacetamide. In addition to the
subcutaneous transplants in noncirrhotic mice mentioned
previously, a single PDX line derived from 1 of the previ-
ously mentioned 19 patients with HCC was transplanted
intrahepatically into the left lobe of 3 noncirrhotic NSG mice
and compared against the corresponding cirrhotic ortho-
topic PDX derived from the same human HCC to test the
criticality of cirrhosis on xenograft HCC biology. Each mouse
was transplanted with small human HCC tissue fragments of
3�3� 3 mm (containing approximately 2–3 � 106 cells)
Figure 5. (See previous page). Response to multikinase inhib
in the cirrhotic PDX model. (A) Mouse-specific CD34 fluoresce
was evaluated after treatment with lenvatinib/control and soraf
images are shown. (B) Quantitative analysis of CD34 fluorescen
was performed using sum stained intensity and sum stained area
after treatment with lenvatinib/control and sorafenib/control, res
reduction in average intensity and area of CD34 after treatment w
as compared with control. (C) Mouse-specific VEGFR2 fluoresce
was evaluated after treatment with lenvatinib/control and soraf
images are shown. (D) Quantitative analysis of VEGFR2 fluoresce
was performed using sum stained intensity and sum stained are
control, respectively (n ¼ 3 each group). (E) CLEC4G fluorescen
was evaluated after treatment with lenvatinib/control and soraf
images are shown. (F) Quantitative analysis of CLEC4G fluoresce
was performed using sum stained intensity and sum stained are
control, respectively (n ¼ 3 each group). *P < .05; **P < .01
VEGFR2; ns, not significant.
either subcutaneously or intrahepatically. For intrahepatic
transplant, the mice were anesthetized with isoflurane, and
the livers were located through a small midline incision. The
human HCC tissue was suspended in Corning Matrigel Ma-
trix HC (Corning, Cat NO: 354248) before injection into the
mice livers. The livers were returned to the abdominal
cavity and the incision sites were closed with sutures.

After 1 month, the mice were sacrificed, and their livers
were harvested. Tissues from the nonimplanted human
HCC, cirrhotic orthotopic xenograft, and noncirrhotic sub-
cutaneous xenograft were formalin-fixed and embedded in
paraffin. Hematoxylin and eosin slides of the harvested
human HCC and xenograft tissue were reviewed by a liver
pathologist. The flow of the study is shown in Figure 1.

Immunofluorescence
To evaluate the immunofluorescence profile of the tu-

mors, 4-mm-thick tissue sections were stained with anti-
bodies with immunofluorescence for a-fetoprotein (Cell
Signaling, Danvers, MA), albumin (MP Biomedicals, Santa
Ana, CA), EPCAM (Cell Signaling), CD34 (Abcam for both
mouse- and human-specific antibody; Cambridge, UK), E
cadherin (Cell Signaling, Cambridge, UK), mouse-specific
VEGFR2 (Abcam), human-specific VEGR2 (R&D Systems,
Minneapolis, MN), CLEC4G,34 and vimentin (DAKO, Santa
Clara, CA).

Sorafenib and Lenvatinib Administration
Two cirrhotic PDX lines were selected for treatment with

lenvatinib (Eisai, Bunkyo-ku, Japan) or sorafenib (Bayer,
Leverkusen, Germany). One month after transplantation of
human HCC into the liver of mice, MRI of the mice livers was
performed before administration of sorafenib/lenvatinib or
control (Figure 1). Lenvatinib (Eisai) was dissolved in 3
mmol/L HCl and administered orally to cirrhotic PDX (n ¼
3) derived from a patient with hepatitis C cirrhosis and HCC
(Patient A), once daily at a dose of 30 mg/kg for 16 days.
This was compared against administration of control (3
mmol/L HCL) against 3 cirrhotic PDX. One member of the
study team was assigned to provide either drug or control
treatment; another team member was blinded to the treat-
ment provided and performed the outcome assessment.
itor is associated with reduction in HCC tumor vasculature
nce of the cirrhotic PDX tumors derived from Patients A and B
enib/control, respectively (n ¼ 3 each group). Representative
ce of the cirrhotic PDX tumors derived from Patients A and B
value (cellSens Dimension software, Olympus, Tokyo, Japan)
pectively (n ¼ 3 each group). This demonstrated a significant
ith lenvatinib as compared with control, but not with sorafenib
nce of the cirrhotic PDX tumors derived from Patients A and B
enib/control, respectively (n ¼ 3 each group). Representative
nce of the cirrhotic PDX tumors derived from Patients A and B
a value after treatment with lenvatinib/control and sorafenib/
ce of the cirrhotic PDX tumors derived from Patients A and B
enib/control, respectively (n ¼ 3 each group). Representative
nce of the cirrhotic PDX tumors derived from Patients A and B
a value after treatment with lenvatinib/control and sorafenib/
. mCD34, mouse-specific CD34; mVEGR2, mouse-specific



2021 Cirrhotic PDX for Personalized HCC Therapy1323
Sorafenib (Bayer) or control (cremophor EL/ethanol)
was administered to additional cirrhotic PDX (n ¼ 3 in each
group) derived from a patient with hepatitis B cirrhosis and
HCC (Patient B). Sorafenib was administrated orally, once
daily at a dose of 50 mg/kg for 4 days and then 100 mg/kg
for a further 12 days. Sorafenib was suspended in cremo-
phor EL/95% ethanol (50:50; Sigma Cremophor EL, 95%
alcohol).

The mice were sacrificed after 16 days of treatment and
the livers were harvested. A repeat MRI was performed
immediately before sacrifice. Tumor volumes in 3 di-
mensions were determined from MRI images using the
formula tumor volume ¼ height � length � width � p/6.
Quantitative analysis of immunofluorescence was per-
formed using sum stained intensity and sum stained area
(cellSens Dimension software, Olympus, Tokyo, Japan)
comparing treatment with multikinase inhibitor versus
control. Six random areas for each sample at �20 magnifi-
cation were analyzed.

Statistical Analysis
Categorical values between groups were compared using

chi-square tests, and continuous variables between groups
were analyzed using Student t tests and rank sum test. Error
bars represent standard error of n ¼ 3 biologic samples. A
2-sided P value of < .05 was considered as a threshold for
statistical significance. SPSS version 20.0 (IBM, Armonk, NY)
and GraphPad Prism version 6.0 (GraphPad Software, La
Jolla, CA) were used to perform statistical analysis.
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