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Abstract
Background: Hepatocellular  carcinoma  (HCC)  patient- derived  xenograft 
(PDX) models hold potential to advance knowledge in HCC biology to help im-
prove  systemic  therapies.  Beside  hepatitis  B  virus- associated  tumors,  HCC  is 
poorly established in PDX.
Methods: PDX  formation  from  fresh  HCC  biopsies  were  obtained  and  im-
planted  intrahepatically  or  in  subrenal  capsule  (SRC).  Mouse  liver  injury  was 
induced  in  immunodeficient  Fah−/−  mice  through  cycling  off  nitisinone  after 
HCC biopsy implantation, versus continuous nitisinone as non- liver injury con-
trols. Mice with macroscopically detectable PDX showed rising human alpha1- 
antitrypsin (hAAT) serum levels, and conversely, no PDX was observed in mice 
with undetectable hAAT.
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1   |   INTRODUCTION

Hepatocellular  carcinoma  (HCC)  is  one  of  the  lead-
ing  causes  of  cancer  mortality  worldwide,  largely  asso-
ciated with chronic hepatitis B and C virus (HBV, HCV) 
infections.1 In the U.S. most HCC are caused by HCV infec-
tion and alcoholic liver disease (ALD) with a recently ris-
ing  incidence  in  HCC  secondary  to  non- alcoholic  fatty 
liver disease (NAFLD).2 The current treatment paradigm 
consists of curative surgical or radiological interventions 
for early stage HCC. Tumors that have spread or are not 
amenable to local interventions are treated with systemic 
therapies. Sorafenib was the first agent to show a modest 
benefit  for  locally  advanced  and  metastatic  HCC,  while 
other targeted therapies failed Phase 3 trials at the time of 
this  effort.3  More  recently,  several  agents  including  ty-
rosine  kinase  inhibitors4- 6  and  immune  checkpoint 
blockade- based therapies7- 9 have shown improvement in 
survival  outcomes.  Genomic  diversity  among  HCC  and 
intra- tumor heterogeneity challenge clinical trials target-
ing one or  few genomic alterations.10 HCC may develop 
multicentrically from different clones or arise from a single 
original tumor via intrahepatic metastasis. It is estimated 

that  22%– 79%  of  synchronous  HCC  vary  clonally,  and 
12%– 66%  of  single  tumors  contain  intratumor  heteroge-
neity.11 As a direct consequence of the tumor heterogene-
ity, biopsies are necessary for identifying valid biomarkers 
for HCC and better research models are needed that repre-
sent the heterogeneous nature of human HCC.

Human  HCC  cell  lines  have  been  utilized  for  re-
search, but their translational value has thus far remained 
limited.12  For  in vivo  studies,  many  mouse  models  are 
available  that develop murine HCC.13 However, existing 
mouse  HCC  models  poorly  recapitulate  the  human  het-
erogeneity resulting from the aberrant function of multiple 
molecular  pathways.14- 16  Poor  reproducibility  of  murine 
HCC models has further limited their use.17 Therefore, it 
is  imperative  to  develop  experimental  models  that  hold 
more  translational  potential,  can  increase  our  under-
standing of human HCC biology and serve as platforms 
for pre- clinical testing of novel therapies.

A different strategy to study tumor biology in labora-
tory animals is to engraft human cancers into immuno-
deficient mice, commonly referred to as patient- derived 
xenografts  (PDX).18,19  For  a  number  of  human  can-
cers,  PDX  models  have  been  useful  to  study  of  cancer 
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Results: Using rising hAAT as a marker  for PDX formation, 20 PDX were es-
tablished out of 45 HCC biopsy specimens (44%) reflecting the four major HCC 
etiologies most commonly identified at Memorial SloanKettering similar to many 
other institutions in the United States. PDX was established only in severely im-
munodeficient  mice  lacking  lymphocytes  and  NK  cells.  Implantation  under 
the  renal  capsule  improved PDX  formation  two- fold compared  to  intrahepatic 
implantation.  Two  out  of  18  biopsies  required  murine  liver  injury  to  establish 
PDX,  one  associated  with  hepatitis  C  virus  and  one  with  alcoholic  liver  dis-
ease. PDX tumors were histologically comparable to biopsy specimens and 75% 
of PDX lines could be passaged.
Conclusions: Using  cycling  off  nitisinone- induced  liver  injury,  HCC  bi-
opsies  implanted  under  the  renal  capsule  of  severely  immunodeficient 
mice  formed  PDX  with  57%  efficiency  as  determined  by  rising  hAAT  levels. 
These findings facilitate a more efficient make- up of PDX for research into subset- 
specific HCC.
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biology  in vivo  and  predict  patient  responses  to  che-
motherapeutic  regimens.20- 22  To  date,  PDX  have  ad-
vanced  insights  into  both  basic  biology  and  anti- tumor 
strategies  for  breast,  colorectal,  and  several  other  can-
cers.19  PDX  from  HCC  case  series  are  dominated  by 
HBV- associated  tumors.23- 27  Establishing  PDX  from 
HCC in Western populations has proved more challeng-
ing with low success rates.28- 30 With the exception of Zhu 
et al.30 these series compared patient and tumor charac-
teristics rather than animal variables to determine which 
HCC could establish PDX. We here aimed to quantify to 
what  extent  mouse  variables  influenced  PDX  forma-
tion  with  HCC  biopsy  materials  obtained  from  a  U.S. 
patient  population.  We  tested  the  effects  of  the  mu-
rine  immunodeficiency,  the  surgical  implantation  site, 
and whether mouse liver injury affected PDX formation.

2   |   MATERIALS AND METHODS

2.1  |  Human subjects

The  protocol  was  reviewed  and  approved  by  Memorial 
Sloan  Kettering  Cancer  Center  Institutional  Review 
Board,  and  by  the  Rockefeller  University  Institutional 
Review Board.

2.2  |  Biopsies

Adult  patients  of  both  genders  and  whose  liver  le-
sions  were  clinically  highly  suspicious  for  HCC,  re-
quired  a  diagnostic  biopsy  were  included  in  the  study 
and provided written  informed consent  for use of  tissue 
samples. Eligible HCC etiologies were HCV infection as 
determined by HCV serology and/or detectable HCV RT- 
PCR; HBV infection as determined by HBV core antibody 
and/or  surface  antigen  serology,  and/or  detectable  HBV 
PCR; alcoholic liver disease (ALD) as determined by the 
history  of  chronic  alcohol  use;  NAFLD  as  determined 
clinically by history, past or current fatty liver on imaging, 
previous  biopsy  confirmation  and  associated  metabolic 
conditions. Biopsies were performed at the interventional 
radiology department at MSKCC, tumor samples were ob-
tained by  image- guidance  technique  from primary HCC 
or  metastatic  site.  Biopsy  material  was  cut  into  small 
pieces (~0.5 mm3) for implantation.

2.3  |  Animals

Balb/c Rag2−/−, NOD Rag1−/− Il2rgnull (NRG) and Foxn
1nu mice were obtained from Jackson Labs (Bar Harbor, 

Maine). Mice with a targeted disruption in fumaryl ace-
toacetate  hydrolase  (Fah−/−)  were  kindly  provided  by 
M. Grompe (Oregon Health & Science University) and 
crossed  with  Rag2−/−  Il2rgnull  or  with  NRG  mice.31  Im
munodeficient Fah−/− were bred and maintained on ni-
tisinone  (Yecuris,  Tualatin,  OR)  to  prevent  liver 
damage.  To  induce  chronic  liver  injury  immunodefi-
cient Fah−/− mice were cycled off nitisinone after HCC 
biopsy  implantation  or  kept  on  continuous  nitisinone 
as  non- liver  injury  controls.  At  the  time  of  surgery 
mice were 6– 10 weeks of age with weight varying from 
20 g up  to 30 g. All procedures were reviewed and ap-
proved  by  Rockefeller  University  Institutional  Review 
Board and Committee on Use and Care of Animals under 
protocol number 18063.

2.4  |  Implantation and engraftment  
monitoring

For intrahepatic implantation, the upper abdomen of 
mice was shaved and sterilized with iodine. After mice 
had been anesthetized using isoflurane, a 10– 15 mm 
skin incision was made over the left subcostal margin 
after  which  the  peritoneum  was  mobilized.  Using  a 
cautery device, 10– 15 mm of peritoneum was opened, 
and the large lobe of the liver was exposed. An ~1 mm 
opening was created in the center of the lobe and two to 
three ~0.5 mm3 pieces of biopsy material were loaded 
into the liver. The outflow tract was cauterized to pre-
vent  bleeding  and  then  the  peritoneum  closed  with 
a  Vicryl  suture  and  the  skin  with  hemostat  wound 
clips.

For  subrenal  capsule  (SRC)  implantation  the  left 
flank  of  mice  was  shaved  and  sterilized  with  iodine. 
After  mice  were  anesthetized  using  isoflurane,  a 
5– 7 mm skin incision was made in the left midaxillary 
plane, after which the peritoneum was mobilized. Using 
a  cautery  device  7– 8  mm  of  peritoneum  was  opened, 
the  left  kidney  exposed  and  at  the  caudal  pole. 
A ~1 mm opening in the capsule was created. Two to 
three ~0.5 mm3 pieces of biopsy material were placed 
under  the  kidney  capsule  and  moved  cranially.  The 
kidney was mobilized back into the peritoneum, closed 
with  a  Vicryl  suture  and  the  skin  approximated  with 
hemostat wound clips.

Engraftment  growth  was  monitored  by  quantifica-
tion  of  human  HCC  markers  in  mouse  serum  every 
3– 4  weeks  by  using  commercially  available  human- 
specific  ELISA  antibodies  and  protocols  as  described 
previously.31  If  animal  health  were  adversely  af-
fected by tumor growth as shown by displaying lethargy, 
hunched  appearance,  ruffled  fur,  and/or  cachexia,  the 
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experiment  was  terminated  in  accordance  with  the 
Rockefeller  University  Institutional  Animal  Care  and 
Use Committee (IACUC) protocol.

2.5  |  Tissue harvest, passaging, and 
cryopreservation

Once  tumors  plateaued  as  assessed  by  serum  mark-
ers  or  imaging,  PDX  tissues  were  harvested  for  histol-
ogy and cryopreservation. After CO2 asphyxiation the liver 
and the left kidney were harvested. Tumors were weighed 
after  separation  from  the  liver  or  kidney.  For  tumors  in 
which the kidney could not be separated or identified the 
median  left  kidney  weight  for  that  strain  was  subtracted 
from total weight. Tumor tissue was collected in 10% buff-
ered formalin for histology. The remaining tissue was cut 
into small, 1– 2 mm3 pieces for immediate passaging or put 
in hepatocyte freezing medium containing 10% DMSO for 
long- term storage at −150ºC.

2.6  |  Histological comparison

Samples  were  formalin- fixed,  paraffin- embedded,  cut 
into 5.0 micron sections, and stained with hematoxylin and 
eosin  (H&E).  Histopathology  was  examined  under  light 
microscopy.

2.7  |  Statistical analysis

Pearson  correlation  coefficient  was  used  to  assess  the 
linear  correlation  between  tumor  weight  of  mice  with 
serum  hAAT  among  PDX1.  A  linear  mixed  model  was 
used  to  further  evaluate  the  association  between  tumor 
weight and serum hAAT from different PDX. At the biopsy 
level, Fisher's exact test was used to examine the associa-
tion between immunodeficiency status and implantation 
site on the success of PDX formation. To account the clus-
tering of repeated binary observations from mice within a 
PDX, the generalized estimating equations (GEE) logistic 
regression model was used to examine the association be-
tween  the  factors  mentioned  above  and  PDX  formation 
in  the  mouse  level.  To  look  at  the  association  between 
liver  injured  and  no  liver  injury  on  the  18  biopsies  im-
planted under both conditions, the exact McNemar's test 
was used. Biopsies that were implanted into Rag2- /-  mice 
were excluded.

All  analyses  were  carried  out  in  GraphPad  Prism 
Software and SAS 9.4 (SAS Institution, Cary, NC). All p- 
values were two- sided and p- value of 0.05 indicated statis-
tical significance.

3   |   RESULTS

3.1  |  Clinical HCC characteristics and 
overall PDX formation rate

Sixty- two  biopsies  were  obtained  from  60  patients  with 
presumed  HCC  enrolled  in  the  study.  Seventeen  sam-
ples  were  excluded  from  the  analysis  as  they  were  de-
termined  either  as  cirrhotic  liver  without  HCC  (n  =  4), 
a  non- HCC  cancer  (n  =  5)  or  because  there  was  no  or 
not  enough  tissue  for  implantation  (n  =  8).  Of  the  45 
HCC biopsy specimens that were implanted, 37 were ob-
tained  from  male  patients  (82%).  Patient  demographics 
and tumor characteristics are summarized in Table 1. Our 
biopsy  material  selection  highlights  the  HCC  etiologi-
cal  distribution  most  commonly  noted  in  the  United 
States.  The  underlying  liver  disease  etiologies  of  the  45 
HCC  biopsies  were  HCV  (n  =  15),  alcoholic  liver  dis-
ease (ALD) (n = 6), HBV (n = 8), NAFLD (n = 5), mixed eti-
ology (alcohol and HCV n = 2; alcohol and NAFLD n = 1; 
HCV and NAFLD n = 1), and no identifiable liver disease 
etiology or cryptogenic cirrhosis (n = 7).

We  found  that  20  out  of  45  HCC  biopsy  specimens 
could  establish  PDX  lines  for  an  overall  success  rate 
of  44%.  Expectantly,  the  majority  came  from  male  pa-
tients  (n  =  16;  80%).  These  were  equally  distributed 
among the four major HCC etiologies in the United States, 
with 8 (40%) from HCV, 6 (30%) from ALD, 1 (5%) from 
NAFLD, 2(10%)  from HBV, 2  (10%)  from alcohol with a 
secondary liver disease, and 1 (5%) with cryptogenic cir-
rhosis. These results on a small sample size suggest that 
HCC  biopsy  materials  from  a  patient  population  in  the 
United States can form PDX without a clear preference to-
ward certain liver disease etiologies.

3.2  |  Human alpha1- antitrypsin 
is a serum marker of HCC 
PDX formation in mice

Most  HCC  tumor  specimens  have  been  implanted 
under  the  skin  of  mice,  which  allows  for  the  detec-
tion of large PDX by palpation. When HCC are implanted 
into other anatomical sites palpation becomes insensitive 
for  small  tumors,  imaging  can  be  used  but  is  operator- 
dependent,  labor- intensive,  and  costly.  We  thus  set 
out  to  test  if  human  markers  in  mouse  serum  could 
identify  animals  that  grew  PDX.  This  would  allow 
for easier PDX monitoring in non- subcutaneous implan-
tation  sites  such  as  intrahepatic  (IH)  or  subrenal  cap-
sule  (SRC).  Serum  from  mice  that  were  implanted 
with  HCC  biopsies  were  screened  for  several  human 
markers  including  albumin  (hAlb),  α1- antitrypsin 
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T A B L E  1   Patients demographics and tumors characteristics of implanted HCC biopsies

Biopsy Race Ethnicity Sex Site of biopsy Etiology
Differentiation 
grade Growth

AFP,   
ng/ml

HCC 1 White Non- Hispanic Male Liver ALD Moderate Yes 4.2

HCC 2 White Non- Hispanic Male Liver ALD Well to moderate Yes 38.4

HCC 3 Asian Non- Hispanic Female Liver HBV Moderate Yes 1389

HCC 4 White Non- Hispanic Female Liver NAFLD Poor Yes 1062

HCC 5 N/A Non- Hispanic Male Liver ALD moderate Yes 10.1

HCC 6 Asian Non- Hispanic Male Peritoneum ALD Moderate Yes 27.6

HCC 7 White Unknown Male Liver NAFLD N/A No 263

HCC 8 White Non- Hispanic Male Perirenal None N/A No 5

HCC 10 Other Hispanic Male Liver ALD, HCV Mostly necrotic Yes 14,121

HCC 13 White Non- Hispanic Male Liver HCV N/A Yes 949,118

HCC 14 White Non- Hispanic Male Liver ALD, NAFLD Poor Yes 2719

HCC 15 Asian Non- Hispanic Male Liver ALD Moderate Yes 208

HCC 16 White Non- Hispanic Male Liver HCV N/A Yes 1035

HCC 17 White Non- Hispanic Male Liver HCV Moderate Yes 15.4

HCC 18 White Non- Hispanic Male Liver HCV Well No 39.6

HCC 19 White Non- Hispanic Male Liver HBV, HIV Moderate No 6732

HCC 20 White Non- Hispanic Male Liver HCV Moderate Yes 43

HCC 21 N/A Non- Hispanic Male Liver HCV Well to moderate Yes 2.9

HCC 22 White Non- Hispanic Female Liver None Moderate No 42,323

HCC 24 White Non- Hispanic Male Liver HCV Well No 180

HCC 25 White Non- Hispanic Male Liver ALD N/A Yes 55,089

HCC 26 White Non- Hispanic Male Pancreas HCV Poor Yes 1470

HCC 27 White Non- Hispanic Male Liver ALD Moderate No 381,770

HCC 28 Black Non- Hispanic Male Liver HCV Moderate Yes 51,687

HCC 29 White Non- Hispanic Female Paracolic NAFLD Poor No 2293

HCC 31 White Non- Hispanic Female Abdominal HBV N/A No 16,469

HCC 31 (2) Peritoneal Node Poor Yes

HCC 32 Black Non- Hispanic Female Adrenal None Well Yes 355

HCC 32 (2) Adrenal N/A No

HCC 33 White Non- Hispanic Male Liver HBV N/A No 6

HCC 35 White Non- Hispanic Male Liver HCV N/A No 6

HCC 36 Other Hispanic Male Liver HCV Moderate Yes 1,249,574

HCC 40 White Non- Hispanic Female Liver Cirrhosis Moderate No 228

HCC 42 White Non- Hispanic Male Liver Crohns Poor No 52

HCC 46 Pacific Islander Non- Hispanic Female Liver HCV Moderate No 991

HCC 48 Black Non- Hispanic Male Liver HBV N/A No 143,236

HCC 49 White Non- Hispanic Male Liver HCV Well No 542

HCC 50 White Non- Hispanic Male Liver HCV, HIV Poor No 30

HCC 52 White Non- Hispanic Male Liver HBV Moderate No 4.4

HCC 53 Asian Non- Hispanic Male Liver HBV Moderate No 125

HCC 56 White Non- Hispanic Male Liver None Moderate No 2.2

HCC 57 White Non- Hispanic Male Liver HCV Poor No 74

HCC 59 White Non- Hispanic Male Liver HCV Well to moderate No 110

HCC 60 White Non- Hispanic Male Liver Unknown Well to moderate No 1227

HCC 62 White Non- Hispanic Male Lung Cirrhosis N/A No 263

Abbreviations: ALD, alcoholic liver disease; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; NAFLD, non- alcoholic fatty liver 
disease; N/A, not available.
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(hAAT),  transferrin,  and  α- fetoprotein  (hAFP).  As  il-
lustrated  by  PDX1  (Figure  1A),  hAAT  became  detect-
able  in  3  out  of  5  mice  shortly  after  HCC  implantation 
and  rose  over  time  along  with  hAlb,  while  hAFP  (not 
shown)  remained  undetectable.  PDX  that  released  mul-
tiple  human  markers  in  mouse  serum  typically  did  so 
with  similar  ratios  as  illustrated  by  PDX3  (Figure  1B). 
Of  the  first  3  HCC  biopsies  that  were  transplanted  into 
mice  and  that  resulted  in  the  rise  of  any  human  serum 
marker,  all  secreted  hAAT.  Other  markers  were  incon-
sistently  detectable.  From  then  on  serum  hAAT  was 
used as a marker  for  successful PDX formation.  Indeed, 
all mice  that contained macroscopic  tumors showed ris-
ing  hAAT  levels.  And  conversely,  of  mice  that  were 
transplanted with HCC  biopsy materials and that had un-
quantifiable (<50 ng/ml) hAAT levels for up to 6 months 

after  surgery,  none  were  found  to  have  a  macroscopic 
PDX.  This  suggests  that  serum  hAAT,  which  histori-
cally has been investigated as a clinical HCC marker,32 is 
an effective tool to monitor PDX formation.

Next,  sonographic  detection  of  PDX  was  ex-
plored  in  mice  with  rising  hAAT  serum  levels.  In  mice 
with high hAAT levels (e.g., >1 mg/ml for PDX1), PDX in 
the SRC could be visualized by ultrasound as a hypoechoic 
mass  adjacent  to  the  left  kidney  (Figure  1C).  However, 
PDX in mice with low serum hAAT levels could not con-
vincingly  be  visualized  by  ultrasound  either  for  SRC  or 
IH implanted biopsy materials.

Finally,  serum  hAAT  levels  were  compared  to 
tumor  size.  For  passaged  PDX1  there  was  a  correla-
tion  (r  =  0.8,  p  =  0.003  by  Pearson  correlation  co-
efficient)  between  hAAT  serum  levels  and  tumor 

F I G U R E  1  Human AAT is a serum 
marker for PDX formation. (A) After 
implantation of HCC1 biopsy materials 
mice were serially bled and human 
alpha1- antitrypsin (hAAT, grey circles) 
and human albumin (hAlb, white 
squares) were quantified in mouse serum. 
Three of five mice showed rising levels of 
both hAAT and hAlb over time. (B) For 
PDX3 that secreted hAAT, hAlb, and 
human alpha- fetoprotein 
(hAFP), hAAT levels correlated to the 
other proteins even though the ratio 
of hAlb and hAFP varied between mice. 
(C) A mouse that was transplanted 
with HCC1 under the SRC and had 
serum hAAT levels of 1.5 mg/ml was 
examined by ultrasound. The PDX could 
readily be visualized as a hypoechoic mass 
adjacent to the kidney. (D) Tumors from 
mice that received passaged PDX1 under 
the SRC were harvested, dissected, and 
weighed. Serum hAAT levels on the day 
of harvest correlated with the tumor 
weight. Pearson correlation coefficient. 
(E) Tumors from mice transplanted with 
various PDX lines were weighed and 
serum hAAT levels quantified. There was 
no association between tumor weights 
and hAAT levels across PDX lines
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weight  (Figure  1D).  After  accounting  for  the  cluster-
ing  serum  hAAT  and  tumor  weight  data  from  differ-
ent PDX lines did not show such correlation, which was 
in line with the highly heterogeneous nature of these tu-
mors (beta = −434.72, p = 0.258) (Figure 1E).

These  data  show  that  hAAT  quantification  in  mouse 
serum can serve as an effective tool to screen for PDX forma-
tion, and that for an individual PDX line hAAT serum lev-
els correlate with tumor weight.

3.3  |  Only severely immunodeficient 
mice allow for PDX formation from HCC 
biopsy material

Innate,  humoral  and  T  cell- mediated  rejection  all  form    
major  immune  barriers  to  xenotransplantation,33  which 

has led to the widespread use of T and B cell- deficient mice 
such as the severe combined immunodeficient (SCID) and 
recombination activating gene knockout (Rag−/−) strains to 
establish PDX.34 We here aimed to test to what extent the 
immunodeficient background of recipient mice influenced 
PDX  formation.  Three  immunodeficient  strains  were 
used for PDX formation1: T and B cell deficient Rag2−/− an-
imals2; Rag2−/− mice additionally lacking the interleukin-
 2 receptor gamma chain (Rag2−/− Il2rgnull), which results 
in  the  absence  of  natural  killer  and  innate  lymphoid 
cells and some impaired myeloid functions3; animals that in 
addition  to  Rag1−/−  Il2rgnull  were  on  the  non- obese  dia-
betic background (NOD Rag1−/− Il2rgnull or NRG), which 
impairs  macrophage  xenorejection.35  Forty- five  bi-
opsy  specimens  were  implanted  in  these  three  immu-
nodeficient  strains  and  rising  serum  hAAT  levels  were 
used  as  a  marker  for  PDX  formation.  Not  a 

F I G U R E  2  Murine 
immunodeficiency affects PDX 
formation. (A) HCC biopsy materials 
were implanted into groups of mice with 
three levels of immunodeficiency. PDX 
formation was counted as positive if 
at least one mouse per HCC biopsy 
showed rising hAAT levels. PDX 
formation rates contrasted sharply 
between Rag2−/− animals and mice 
that also lacked the IL- 2Rγ chain, 
whereas there was no statistically 
significant difference with NRG mice. 
Numbers in bars indicate successful 
PDX formation number over total 
biopsies implanted, t- test between 
groups. (B) HCC biopsy materials 
were implanted in mice with different 
immunodeficiencies and individual 
mice with rising hAAT levels were 
counted positive. Rag2−/− Il2rgnull mice 
were not statistically better than NRG 
mice in facilitating PDX formation. 
T- test between groups after accounting 
for clustering. (C) Example of 
serial hAAT measurements in Rag2−/− 
Il2rgnull and NRG mice transplanted 
with HCC3 biopsy material. PDX were 
established in three out of 5 NRG and 
6/10 Rag2−/− Il2rgnull mice based on 
rising hAAT levels
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single  mouse  generated  rising  hAAT  levels  with  20  bi-
opsies  implanted  into  Rag2−/−  animals.  This  con-
trasted  with  9  out  of  12  (75%)  forming  a  PDX  in  mice 
on  the  Rag2−/−  Il2rgnull  and  7  out  of  12  (63%)  in  NRG 
mice (Figure 2A). The penetrance of PDX formation, defined 
as the number of mice that showed rising hAAT levels after 

HCC  biopsy  implantation,  was  higher  in  animals  on 
the  Rag2−/−  Il2rgnull  (32%)  than  NRG  (25%)  immuno-
deficient  background,  which  was  not  statistically  differ-
ent  (p  =  0.564)  after  accounting  for  the  clustering  from 
the  different  tumors  (Figure  2B).  Given  the  limited 
numbers  of  PDX  there  was  no  association  between  the 
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immunodeficiency and HCC disease etiology. Mildly  im-
munodeficient  Rag2−/−  mice  prevented  PDX  formation 
from  all  four  major  HCC  etiologies  in  the  U.S.  (HCV, 
ALD,  NAFLD,  and  HBV)  whereas  Rag2−/−  Il2rgnull  and 
NRG mice allowed for PDX establishment from these four 
etiologies (Table 1). Of the 20 HCC specimens that could 
form  PDX,  five  biopsy  specimens  were  implanted  in 
both Rag2−/− Il2rgnull and NRG mice. Four grew PDX in both 
(HCC3  is  an  example  of  these  four,  Figure  2C)  whereas 
one formed PDX only in the NRG immunodeficient back-
ground.  These  data  show  that  the  Rag2−/−  Il2rgnull  im-
munodeficiency  is  minimally  required  to  successfully 
establish PDX from HCC biopsy materials with no benefit 
of the NOD background.

3.4  |  The HCC biopsy implantation site 
affects PDX formation rate

Most PDX have been established by implanting HCC tis-
sues  subcutaneously23- 29  while  only  Zhu  et  al.30  com-
pared  intrahepatic  (IH)  engraftment  to  subcutaneous 
implantation. Because of HCC’s arterial blood supply, we 
hypothesized  that  the  subrenal  capsule  (SRC)  that  has 
historically  been  used  for  rapid  revascularization  of  im-
planted  tissue  would  improve  PDX  formation  rates.  To 
test  this  hypothesis  HCC  biopsy  materials  were  im-
planted SRC and IH, and rising hAAT serum levels were 
used as a marker for successful PDX formation. Less im-
munodeficient  Rag2−/−  mice  were  excluded  from  these 
analyses  since  this  recipient  strain  precluded  all  PDX 
formation.  Thirty  HCC  biopsy  specimens  were  trans-
planted  SRC  and  22  biopsy  specimens  IH  into  mice  on 
the  Rag2−/−  Il2rgnull  and  NRG  immunodeficient  back-
grounds.  Overall  PDX  formation  rates  appeared  higher 
with  SRC  (57%)  than  IH  (30%)  implantation,  which 
did  not  reach  statistical  significance  (Figure  3A). 
Penetrance, defined as how many mice formed PDX after 
HCC  implantation,  was  indeed  higher  SRC  (28%)  than 
IH  (9%)  (Figure  3B).  Twenty- two  biopsy  specimens 
were  transplanted  SRC  in  mice  and  side- by- side  IH  in 

other  mice.  Like  the  overall  numbers,  the  SRC  location 
trended to be superior for PDX formation (Figure 3C,D) 
while only four established PDX in both anatomical loca-
tions (Figure 3E). For the HCC biopsies that formed PDX 
in  both  locations  no  differences  in  hAAT  kinetics  were 
observed  (not  shown).  Given  the  small  number  of  PDX 
lines,  there  was  no  clear  pattern  between  HCC  disease 
etiology and location. These data show that HCC biopsy 
material forms PDX at a 2- fold higher rate under the renal 
capsule than in the liver, resulting in an overall 57% suc-
cess rate in severely immunodeficient mice.

3.5  |  Few HCC require murine liver 
injury for PDX formation

Human hepatocytes can proliferate in response to signals 
provided by the damaged and/or failing mouse liver, which 
facilitates  the  creation  of  liver  chimeric  mice.  We  hy-
pothesized that moderately and well- differentiated HCC, 
which are more associated with HCV and ALD than with 
HBV, would benefit from murine liver injury to form PDX. 
To test this hypothesis, we implanted HCC biopsy mate-
rial  into  immunodeficient  Fah−/−  mice  that  underwent 
liver injury by intermittent withdrawal of the protective 
drug nitisinone.36 These liver injury mice were compared 
to immunodeficient Fah−/− mice maintained on stable ni-
tisinone or NRG mice without liver injury. We here ana-
lyzed the 18 HCC biopsies were implanted both in mice 
with and without liver injury, excluding Rag2−/− recipi-
ents and combining SRC and IH implantation sites. PDX 
formed in 13/18 (72.2%) in mice with liver injury and 11/18 
(61.1%) in animals without liver injury (p = 0.21) as de-
fined  by  rising  hAAT  serum  levels  (Figure  4A).  The 
penetrance was also numerically but not statistically sig-
nificantly  higher  in  mice  with  liver  injury  (38%)  than 
mice  without  liver  injury  (25%)  (Figure  4B).  Two  biop-
sies,  one  from  a  moderately  differentiated  HCC  caused 
by  HCV  and  another  from  a  moderately  differenti-
ated ALD- associated HCC formed PDX in mice with liver 
injury but not in the same immunodeficient Fah−/− mice 

F I G U R E  3  Implantation site affects PDX formation. (A) HCC biopsy materials were implanted subrenal capsule or intrahepatic 
in groups of mice. PDX formation was counted as positive if at least one mouse per HCC biopsy showed rising hAAT levels. PDX 
formation rates were numerically higher in the subrenal capsule than intrahepatic location. Numbers in bars indicate successful PDX 
formation number over total biopsies implanted, t- test between groups. (B) HCC biopsy materials were implanted in subrenal capsule 
or intrahepatic individual mice with rising hAAT levels were counted as positive. On a per- mouse basis, PDX formed three- fold better 
in the subrenal capsule than intrahepatic. T- test between groups after accounting for clustering. (C) Twenty- two HCC biopsies were 
implanted in groups of mice in the subrenal capsule (SRC) or side- by- side in groups of mice intrahepatic (IH), and if at least one mouse per 
group showed rising hAAT it was counted as positive. The SRC location trended toward higher PDX formation rates than IH location, while 
only four HCC biopsies established PDX in both anatomical locations. T- test between groups. (D) Example of serial hAAT measurements 
in Rag2−/− Il2rgnull and NRG mice transplanted with HCC16 biopsy material. PDX were established in three out of four subrenal capsule 
(SRC) mice while none of the five intrahepatic (IH) mice showed rising hAAT levels. (E) Example of macroscopic tumors that grew after 
HCC1 biopsy material was implanted intrahepatic as well as in the subrenal capsule
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kept  on  continuous  nitisinone  to  prevent  liver  injury 
(Figure 4C). A third biopsy from a well- to- moderately dif-
ferentiated HCC caused by ALD formed PDX in two out 
of  four mice with  liver  injury and, only 4 months  later, 
in a syngeneic mouse kept on continuous nitisinone with-
out liver injury (Figure 4D).

These  findings  show  that  there  is  little  overall  ben-
efit using  Fah−/−  liver  injury mice  to establish PDX, yet 
some  moderately  and  well- differentiated  HCC  may  bet-
ter form PDX using this approach.

3.6  |  Passaged PDX are less sensitive 
to anatomical and immunodeficiency 
restrictions

Once  PDX  have  formed  from  HCC  tissues  they  gen-
erally  can  readily  be  passaged  into  larger  cohorts 
of  animals,23,28,30  likely  because  subsets  of  tumor 
clones  have  been  selected  that  are  better  adapted  to 
the  mouse  environment.37  We  serially  transplanted  12 
PDX  lines,  9  of  which  resulted  in  rising  hAAT  serum 

F I G U R E  4  Only two HCC require murine liver injury to establish PDX. (A) HCC biopsy materials were implanted 
in groups of immunodeficient Fah−/− mice cycled off the drug nitisinone (liver injury) and compared to groups of 
immunodeficient Fah−/− mice kept on continuous nitisinone or mice without liver injury (no liver injury). PDX formation 
was counted as positive if at least one mouse per HCC biopsy showed rising hAAT levels. Liver injury resulted in the 
formation of only 2 (11%) additional PDX lines. Numbers in bars indicate successful PDX formation number over total biopsies 
implanted, Exact McNemar's test between groups. (B) HCC biopsy materials were implanted in mice with or without liver injury 
and individual mice with rising hAAT levels were counted as positive. On a per- mouse basis, PDX formed 1.6- fold better in mice with 
liver injury than without liver injury. T- test between groups after accounting for clustering. (C) Example of serial hAAT measurements 
in Fah−/− Rag2−/− Il2rgnull mice transplanted with HCC14 biopsy material and cycled off (liver injury) or kept on continuous 
nitisinone (no liver injury). All three liver injury mice showed rising hAAT levels and none of the mice without liver injury. 
(D) Example of serial hAAT measurements in Fah−/− NODRag1−/− Il2rgnull mice transplanted with HCC2 biopsy material and 
cycled off (liver injury) or kept on continuous nitisinone (no liver injury). Three months after transplantation two liver injury 
mice displayed rising hAAT levels followed by one mouse without liver injury four months later
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F I G U R E  5  Passaging PDX lessens dependence on location and immunodeficiency. (A) Of the 9 PDX lines that had been established 
in the subrenal capsule (SRC) and that could be passaged, implantation in the subrenal capsule resulted in a higher number of mice with 
rising hAAT levels than when these PDX were passaged intrahepatic. T- test between groups. (B) Example of serial hAAT measurements 
in NRG mice that were transplanted intrahepatic (IH) or subrenal capsule (SRC) with passaged PDX4 material that had been established 
SRC. Whereas all four animals that received passaged PDX in the SRC showed rising hAAT levels this tumor could be passaged in only 
one out of three IH implanted animals. (C) PDX1 that had been established SRC was passaged fresh or after cryopreservation and recovery 
(cryo) into SRC of NRG mice. On day 36 after transplant, the hAAT levels were 19- fold higher in animals that received fresh compared 
to cryopreserved tumor. Symbols individual mice, bars are median, t- test between groups. (D) Example of serial hAAT measurements 
in FoxN1nu (nude) and NRG mice transplanted intrahepatic with passaged PDX3 material. All mice showed rising hAAT levels with similar 
kinetics irrespective of their relative immunodeficiency. (E) Example of a solid tumor that grew after passaged PDX3 was implanted in the 
liver of an FoxN1nu (nude) mouse
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levels (75%). The penetrance, defined as the number of 
mice with rising hAAT levels after receiving a passaged 
PDX,  was  85/146  (58%)  and  contrasted  with  the  lower 
penetrance  of  HCC  biopsy  materials  (Figure  2B).  We 
mostly passaged SRC- derived PDX lines, that showed a 
modest  preference  for  implantation  site.  Of 
the 9 PDX lines that could be passaged, SRC- derived tu-
mors that were implanted SRC showed rising hAAT lev-
els in 63/77 mice (82%) compared to 12/29 mice (41%) in 
which these were implanted IH (Figure 5A). This higher 
penetrance SRC was illustrated by PDX4, in which 4/4 
SRC  passaged  PDX  and  only  1/3  IH  passaged  tumors 
resulted  in  rising  hAAT  levels  (Figure  5B).  Only  3 
PDX  that  grew  IH  were  passaged  into  new  recipi-
ents.  These  PDX  could  be  passaged  in  2/6  mice 
(33%) SRC and in 4/18 mice (22%) IH. These data show 
that  PDX  established  SRC  were  more  efficiently  pas-
saged  by  SRC  than  IH  implantation,  while  the  reverse 
may not hold true.

For other cancers, serial PDX passage resulted in the 
selection  of  clones  that  increasingly  lose  the  genetic 
complexity  of  the  original  tumor.38  To  create  a  reposi-
tory  of  low- passage  PDX  that  will  be  useful  for  future 
translational  studies,  non- passaged  PDX  would  need 
to  be  cryopreserved  in  a  way  that  allows  for  efficient 
engraftment  after  cryo- recovery.  To  test  how  cryopres-
ervation  affected  engraftment  efficiency  and  kinetics, 
we transplanted PDX1 that had been cryopreserved for 
6 weeks  in  liquid nitrogen. Cryo- recovered PDX pieces 
were  implanted  in  the  SRC  of  14  NRG  mice  and  com-
pared to 20 NRG mice that had received the same PDX 
in  the  SRC  without  cryopreservation.  Thirty- six  days 
after  the  respective  surgeries  hAAT  levels  in  freshly 
transplanted PDX were 19- fold higher than in mice that 
received  cryopreserved  tissues  of  comparable  weight 
(Figure  5/span  >  C).  Nevertheless,  all  cryopreserved 
tissues showed rising hAAT levels with minimal varia-
tion, illustrating that despite cryopreservation this PDX 
was able to survive the passaging process.

Finally,  we  tested  whether  PDX  could  be  pas-
saged  into  less  immunodeficient  recipients.  Having 
failed  to  establish  any  PDX  from  HCC  biopsy  in  T  and 
B  cell- deficient  Rag2−/−  mice,  we  passaged  one  PDX 
into Rag2−/− and four PDX lines into Foxn1nu (nude) mice 
that  lack  only  T  cells.  Interestingly,  one  out  of 
four  Rag2−/−  mice  showed  rising  hAAT  levels.  Two 
of  four  PDX  lines  could  be  successfully  passaged  in 
nude  mice.  PDX3,  which  had  been  passaged  through 
the  liver  of  an  NRG  mouse,  was  subsequently  able 
to  grow  in  livers  of  nude  mice  with  similar  hAAT  ki-
netics  as  in  NRG  animals  (Figure  5D).  Upon  harvest, 
solid  tumors  were  observed  in  the  livers  of  these  nude 
animals  (Figure  5E).  When  these  PDX3  from  nude 

livers  were  further  passaged  into  wild- type  Balb/c  mice 
no  rising  hAAT  levels  were  observed  in  any  recipients, 
suggesting that murine T cells retained the ability to reject 
this tumor.

These  combined  data  show  that  a  majority  of  PDX 
can be passaged with a persistent preference for the SRC 
space. Furthermore,  some passaged PDX  lines can grow 
in less immunodeficient mouse strains.

3.7  |  PDX morphologically resemble the 
HCC biopsy

We  finally  set  out  to  compare  PDX  histology  to  clinical 
histology. Eight PDX lines were recovered and processed 
for H&E staining. We found that 10 out of 10 (100%) PDX 
tumors  retrieved  from  8  HCC  primary  tumors  re-
sembled  histopathological  characteristics  of  original 
human  tumor.  All  tumors  were  conventional  HCC,  be-
longing to the following WHO histologic types: trabecular 
(2/8 cases), macro- trabecular (3/8), and solid or compact 
(3/8).  Comparative  evaluation  of  the  paired  biopsy  and 
PDX samples revealed that the key histological character-
istics seen in the biopsies for each individual tumor were 
recapitulated by the PDX (Figure 6). Specific histological 
traits seen in paired biopsy and PDX samples are outlined 
in Table 2. These data show that PDX faithfully recapitu-
late histological features of the original HCC.

4   |   DISCUSSION

We  identified a human serum marker, hAAT,  to  screen 
for PDX formation. It was detectable in all mice that con-
tained tumors upon dissection and no tumors were found 
in mice that had undetectable hAAT in their serum. We 
then  used  rising  hAAT  as  a  surrogate  marker  for  PDX 
formation.  This  approach  comes  with  some  advantages 
and  caveats.  hAAT  could  be  detected  early  after  HCC 
biopsy  implantation  in  many  animals  (e.g.  Figure  4D) 
even  when  it  disappeared  over  time,  suggesting  that 
some  HCC  biopsy  material  may  have  survived  after  im-
plantation  but  did  not  grow.  In  our  presented  herein 
experiments,  rising  hAAT  was  more  sensitive  to  deter-
mine  tumor  growth  than  ultrasonography,  which  was 
inconsistent  between  measurements,  operator- 
dependent,  time- consuming  and  costly.  Several  animals 
with rising hAAT that underwent early ultrasonography 
and in which no tumor could convincingly be visualized 
eventually  grew  macroscopically  identifiable  PDX.  The 
major caveat of using hAAT as a marker for PDX growth 
is that it can be expressed by other cell types than HCC. 
In  healthy  individuals,  hepatocytes  are  the  main  source 
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F I G U R E  6  PDX retain the HCC tumor morphology. (A) H&E histology from the patient biopsy. It showed primarily solid growth 
with vague acinar formation, presence of multinucleated giant cells, mild degree of nuclear pleomorphism, conspicuous mitotic activity, 
and presence of cytoplasmic granules. Scale bar 200 μm. (B) H&E histology from PDX that was established SRC from patient biopsy 
shown in (A). PDX maintained the morphology of the original tumor. Scale bar 200 μm. (C) H&E histology from patient biopsy. This 
tumor showed trabecular growth, prominent sinusoidal rimming and dilated sinusoidal spaces, relatively uniform cytology, and presence 
of cytoplasmic granules. (D) H&E histology from PDX that was established SRC from patient biopsy shown in (C). PDX maintained similar 
morphology as seen on patient biopsy

(A) (B)

(C) (D)

T A B L E  2   Common histological 
features between HCC tumors and 
biopsies from PDX models

PDX Etiology Common histological features

PDX1 ALD Trabecular growth
Prominent sinusoidal rimming and dilated sinusoidal spaces
Relatively uniform cytology
Presence of cytoplasmic granules

PDX3 HBV Macro- trabecular growth (focally solid)
Moderate degree of nuclear pleomorphism
Presence of cytoplasmic inclusions and globules

PDX4 NAFLD Primarily solid grow with vague acinar formation
Presence of multinucleated giant cells (red arrows)
Mild degree of nuclear pleomorphism
Conspicuous mitotic activity
Presence of cytoplasmic granules

PDX6 NAFLD Macrotrabecular growth
Conspicuous sinusoidal rimming with dilated sinusoidal 

spaces
Mild degree of nuclear pleomorphism
Conspicuous mitotic activity
Presence of cytoplasmic inclusions and vacuoles

PDX10 HCV Solid growth (focally macro- trabecular)
Moderate degree of nuclear pleomorphism
Focal presence of multinucleated tumor cells
Focal presence of cytoplasmic inclusions

PDX13 HCV Solid growth (focally macrotrabecular)
Mild degree of nuclear pleomorphism
Presence of cytoplasmic inclusions and vacuoles

PDX13 HCV Solid and focal macrotrabecular growth
High- grade cytology with conspicuous mitotic activity

PDX21 HCV Trabecular growth with small acinar formation
Relatively uniform cytology with smaller than usual nuclei 

and small/ inconspicuous nucleoli



   | 615ZOU et al.

of AAT but it can be secreted by other cell types of myeloid 
lineage. It is conceivable that non- HCC human tissues pro-
duced hAAT in our mice, as has been shown for certain 
non- Hodgkin  lymphoma  subclasses.39  Importantly,  the 
PDX that were harvested in our series all matched patient 
HCC  histology  and  we  did  not  observe  B  cell  lympho-
mas  as  reported  by  others.29  However,  it  is  conceivable 
that some of our mice with rising hAAT contained unde-
tected lymphomas or other non- HCC xenografts.

The molecular analysis of large numbers of HCC has al-
lowed definitions of distinct classes. One proposed classifi-
cation divides HCC into two broad phenotypes. The first is 
associated with cell cycle progression and proliferation and 
termed the “proliferative” class, which is associated with 
HBV  infection.  A  second  phenotype  has  retained  many 
features resembling normal hepatocyte physiology, termed 
“non- proliferative”  class,  which  are  enriched  for  HCV 
and  ALD  patients.40,41  These  two  classes  correspond  to 
previously  well- recognized  clinical  phenotypes.  High 
AFP,  EpCAM  positive,  poorly  differentiated  tumors  pre-
dominantly  cluster  in  the  proliferative  subclass. The  low 
AFP, well- to- moderately differentiated tumors are enriched 
in the non- proliferative class.42 Until recently most PDX se-
ries were created with HBV- associated HCC materials, sug-
gesting that non- proliferative class HCC poorly established 
PDX. Our results confirm recent studies28,30 that the liver 
disease etiology in Western populations does not strongly 
predict  whether  HCC  can  form  PDX.  We  found  that  the 
major  histological  subtypes  could  all  establish  PDX,  and 
patient  biopsies  corresponded  with  PDX  histology.  This 
is  in  line  with  observations  by  others  and  further  sup-
ported by transcriptomic profiling where gene expression 
of PDX was closer to the original HCC rather than between 
different PDX lines.23,24,28,30 These and our data  illustrate 
that Western population HCC of all four etiologies can es-
tablish  PDX  that  retain  the  original  tumor  histology  and 
transcriptome profile.

Based on rising hAAT levels we were able to establish 
PDX at higher rates than have thus far been reported, par-
ticularly  for  non- proliferative  HCC  in  Western  patient 
populations.28,30  This  may  be  due  to  a  combination  of 
factors. We  combined  a  high- volume  clinical  practice  at 
Memorial  Sloan  Kettering  Cancer  Center  with  a  labo-
ratory  at  Rockefeller  University  that  has  long- standing 
experience  with  human  hepatocyte  xenotransplanta-
tion into mice. The proximity of both centers allowed for 
transport and transplantation of HCC material into mice 
within 1– 2 hours following the clinical biopsy procedure. 
Our  prior  experience  with  human  hepatocytes  taught 
us  that  prolonged  storage  on  ice  impaired  engraftment 
and  that  cryopreservation  resulted  in  ~90%  lower  hu-
manization.  Although  HCC  tissue  may  be  more  ro-
bust  than  primary  human  hepatocyte  suspensions,  the 

short  extracorporeal  time  may  have  benefited  PDX  for-
mation rates. Another difference that clearly contributed 
to a higher success rate was the use of the subrenal cap-
sule  (SRC)  as  an  implantation  site.  Other  HCC  PDX  se-
ries  exclusively  used  subcutaneous  implantation  and 
only Zhu et al.30 compared subcutaneous to intrahepatic 
implantation. For other cancers, PDX formation rates var-
ied across different anatomical sites. For example, implan-
tation under the renal capsule yielded a 90% engraftment 
rate  for  non- small  cell  lung  cancers  as  opposed  to  25% 
engraftment  subcutaneously.43  Our  original  hypothesis 
that orthotopic, that is, mostly intrahepatic, implantation 
would improve PDX formation rates proved false. Although 
some HCC could form intrahepatic PDX, SRC implanta-
tion was twice as successful. Because of its arterial blood 
supply  in patients, we speculate  that some HCC require 
a  highly  perfused  SRC  microenvironment  to  establish 
PDX. This cannot consistently be achieved by  randomly 
inserting  biopsy  material  into  the  mouse  liver.  Our  re-
sult  contrasts  with  breast  cancer  implantation  in  the 
mouse  mammary  fat  pad  resulting  in  37%  PDX  forma-
tion,  which  was  higher  than  had  been  historically  ob-
served after subcutaneous implantation.20

Non- proliferative  subclass  HCC  share  gene  expres-
sion pathways with hepatocytes. Normal hepatocytes  in 
a  healthy  liver  have  a  low  mitotic  rate  but  during  liver 
injury  go  through  repeated  cell  divisions.  The  factors 
that drive hepatocyte proliferation as part of physiolog-
ical  liver  regeneration  are  complex  and  involve  many 
growth factors, inflammatory cytokines, and other path-
ways.44  The  majority  of  HCC  develop  in  patients  with 
cirrhosis, which  typically occurs after decades of  injury 
and  compensatory  hepatocyte  proliferation.  The  mech-
anisms  for  the  association  between  cirrhosis  and  HCC 
development are poorly understood and may involve the 
release of growth factors and cytokines that are normally 
involved  in  liver  regeneration,  e.g.,  fibroblast  growth 
factors and hepatocyte growth factor (HGF). We hypoth-
esized  that  even  though  they  have  acquired  mutations 
for malignant transformation during years of hepatocyte 
proliferation,  non- proliferative  subclass  HCC  would  re-
main  dependent  on  growth  factors  from  a  failing  liver 
to  establish  PDX.  The  clinical  observations  that  more 
advanced  liver  failure  correlates  with  more  aggressive 
HCC growth45 and  that patients with HCC have higher 
serum HGF levels  than cirrhotic control patients46  sup-
ported  this  hypothesis.  Yet  our  results  suggest  that 
murine  liver  injury  is  not  required  for  the  majority  of 
HCC  to  establish  PDX.  As  such  these  tumors  have  lost 
their  dependence  on  growth  factors  to  continue  prolif-
erating. These results confirm recent data by Zhu et al. 
who  found  no  statistically  significant  enhancement  of 
HCC  PDX  formation  in  immunodeficient  Fah−/−  liver 
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injury animals.30 Interestingly they observed faster PDX 
growth in mice that had undergone partial hepatectomy, 
which suggests that in their first weeks after HCC implan-
tation growth signals from failing mouse liver can benefit 
PDX establishment. Given the additional costs and tech-
nical  challenges  working  with  liver  injury  models,  it 
will be important to better characterize which HCC sub-
classes require such an approach to form PDX.

Xenografts  can  be  rejected  through  hyper- 
acute,  acute  and  chronic  mechanisms  orchestrated  by 
humoral,  NK  cell  and  T  cell- mediated  immunity.  It  is 
for these reasons that most PDX studies use broadly se-
verely  immunodeficient  mice,  typically  NRG  or  sim-
ilar  NOD  SCID  Il2rgnull  animals.34,47  For  HCC  PDX 
there has been no comparison between immunodeficient 
mouse  strains,  and  our  observation  that  Rag2−/−  an-
imals  were  able  to  prevent  PDX  formation  cautions 
against the use of mice with intact NK and other innate 
immune  cell  populations.  Serial  passaging  of  PDX  can 
select  for  clones  that  are  more  resistant  to  murine  re-
jection  as  illustrated  by  our  PDX3  passaging  into  nude 
mice.  Whether  such  an  approach  is  more  meaningful 
for  immuno- oncology  research  than  combining  PDX 
models  with  mice  reconstituted  with  human  cells  will 
require further investigations.48,49 Both approaches come 
with  important  immunological  limitations,  in  addition 
to  the  technical  challenges  associated  with  harvest-
ing hematopoietic stem cells from patients with advanced 
HCC and the short lifespan of mice that are transplanted 
with patient- derived lymphocytes. For these reasons, sub-
stantial effort and innovation will be required to advance 
PDX studies for routine immuno- oncology research.

In  conclusion,  our  work  is  a  major  advance  based 
on the high (57%) PDX formation rate when fresh HCC 
biopsy material is implanted in the SRC of severely immu-
nodeficient mice. This protocol can readily be replicated 
with commercially available mouse strains and thus cre-
ates  opportunities  to  advance  human  HCC  research  in 
several  directions.  It  will  facilitate  the  creation  of  large 
numbers  of  PDX  lines  from  non- proliferative  HCC  for 
studies  into  the numerous pathways  that have been  im-
plicated in tumor growth. It will advance long- term goals 
to combine PDX with autologous human immune system 
mice, or with costly human liver chimeras infected with 
viral hepatitis or with fatty liver disease. And in the longer 
term, it will help advance the promise of creating person-
alized tumor models to test therapies for patients.
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