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Fig.4. MS/MS analysis of mucin-type glycans derived from HCT116 cells. (A) Polylactosaminyl mucin-type glycan observed at m/z 1233, (B) Sulfated mucin-type glycan

observed at m/z 1604.

could easily discriminate these cells. K562 cells contained AdiCS-
4S as the major component. In contrast, AdiHS-0S was the major
component in U937 cells. U937 cells also contained AdiCS-4S,
but the relative abundance of this unsaturated disaccharide was
low. Jurkat cells expressed extremely large amount of Tn antigen.
GAGs in Jurkat cells showed profiles similar to those observed in
U937 cells. HL-60 cells expressed core 2 mucin-type glycans abun-
dantly. In addition, polylactosaminyl and fucosylated mucin-type
glycans were also observed in HL-60 cells. A feature of HL-60 cells
is that the cells express elongated mucin-type glycans in compar-
ison with other leukemia cells. AdiCS-0S was the major component
in HL-60 cells. This means that low-sulfated GAGs were abundant
in HL-60 cells.

Fig. 8 shows the results on the characterization of six epithelial
cancer cell lines. Mucin-type glycan profiles in epithelial cancer
cell lines except PANC1 cells are generally more complex than
those of leukemia cancer cells. This means that characterization
of mucin-type glycans on epithelial cancer cells will be a powerful
tool for correlating with their biological characteristics such as

tumorigenesis ability. Sialyl-T and disialyl-T antigens were com-
monly observed in all cancer cells, although their relative abun-
dances were diverse among cells. However, all cancer cells
scarcely expressed core 3 and core 4 structures. These data are well
correlated with the reports on down-regulation of these glycans in
various tumor tissues [21,22]. Profiles of GAGs also gave interest-
ing results. Relative abundances of HA in epithelial cancer cells
were commonly higher than those in leukemia cells. In addition,
relative abundances of AdiHS-0S also showed higher values than
those observed for leukemia cells. These data indicate that sulfa-
tion level of HS is significantly low in cancer cell lines. Recently,
some research groups reported that HS sulfatases (SULF) are over-
expressed in subsets of multiple tumors [41-43]. SULF2 overex-
pressed in tumor tissues was associated with tumor prognosis
[42,44]. These reports indicate that sulfation level of HS is de-
creased in certain cancer cell lines. Our results are well correlated
with these observations. PANC1 cells (poorly differentiated pancre-
atic cancer cells) expressed sialyl-T and disialyl-T as the major mu-
cin-type glycans. The elongated mucin-type glycans were not
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Fig.5. Analysis of unsaturated disaccharides from GAG fractions. 2AA-labeled unsaturated disaccharides of HA and CS (A) and of HS (B) in HCT116 cells were analyzed by CE.
Analytical conditions: capillary, fused silica (40 cm x 50 pm i.d); running buffer, 100 mM Tris-phosphate (pH 3.0); applied voltage, 25 kV; injection, pressure method (1.0 psi
for 10's); temperature, 25 °C; detection, He-Cd laser-induced fluorescent detection (excitation 325 nm, emission 405 nm). Abbreviations of unsaturated disaccharide:
(A) Unsaturated chondroitin and hyaluronic acid disaccharide: 0S, AdiCS-0S (12.8 min); HA, AdiHA (12.3 min); 4S, AdiCS-4S (7.4 min); 65, AdiCS-6S (6.8 min); 2S, AdiCS-2S
(6.5 min); SD, AdiCS-diSp (4.8 min); SE, AdiCS-diSg (5.2 min); SB, AdiCS-diSg (5.0 min); TriS, AdiCS-triS (4.1 min). (B ) Unsaturated heparan sulfate disaccharide: 0S, AdiHS-0S
(15.3 min); NS, AdiHS-NS (7.2 min); 6S, AdiHS-6S (6.8 min); S1, AdiHS-diS1 (5.0 min); S2, AdiHS-diS2 (4.9 min); S3, AdiHS-diS3 (4.8 min); TriS, AdiHS-TriS (4.0 min).
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observed in PANCT1 cells. Because PANCI1 cells lack core 2 B-1,6-N- the mucin-type glycans [45], these observations suggest that
acetylglucosaminyltransferase, which is required for elongation of tumor-associated epitopes on mucin core proteins expressed on
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Fig.7. Characterization of four leukemia cell lines. The contents of mucin-type glycans and GAGs are displayed as black bars and gray bars, respectively. Relative abundances
of mucin-type glycans and unsaturated disaccharides were calculated from the peak areas observed by NP-HPLC and CE, respectively. Abbreviations: Tn, Tn antigen; STn,
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unsaturated disaccharides of HS.

PANCT1 cells are exposed to the external environment. Mucin-type
glycans of BxPC3 cells were obviously different from those of
PANCT1 cells. Core 2 structure was the major glycan in BXPC3 cells,
and its modified structures (i.e., polylactosaminyl structure and
fucosylated glycans) were also observed in BXPC3 cells. Mare and
Trinchera reported that BxPC3 cells expressed polylactosamine-
type glycans [46]. The profiles of GAGs of PANC1 cells are quite
interesting, and only HA and low-sulfated HS (HSOS) were
observed. HA and HS were also the major GAGs in BxPC3 cells
(moderately differentiated pancreatic cancer cell lines), and pro-
files similar to those of PANC1 cells were reported. The expression
level of HA was increased in pancreatic cancer cells [35], and its in-
crease was a risk factor for tumor proliferation and metastasis
[36,47]. In addition, BxPC3 cells obviously expressed CS, which
was not observed in PANC1 cells. Sulfated mucin-type glycans
were characteristically observed in colon cancer cell lines, HCT15
and LS174T. HCT15 cells expressed core 2 and polylactosamine-
type glycans as the major mucin-type glycans. In addition,
sialyl-T and disialyl-T were abundant in HCT15 cells. Most of the
abundant mucin-type glycans in LS174T cells were fucosylated.
LS174T cells also expressed large amounts of Tn antigen and
polylactosamine-type glycans. This is a specific feature of LS174T

cells in which both truncated and extended glycans were present.
Both HCT15 and LS174T cells contained low-sulfated HS (HSOS) as
the major GAGs. In contrast, the level of HS sulfation in HCT15 cells
was a little bit higher than that observed in LS174T cells. However,
relative abundance of AdiCS-6S in LS174T cells was higher than
that in HCT15 cells. We previously reported that the profiles of mu-
cin-type glycans were dramatically changed with differentiation
stages of gastric cancer cell lines [38]. Poorly differentiated gastric
cancer cells (MKN45 cells) expressed large amounts of extended
polylactosamine-type glycans with molecular masses greater than
6000 [38]. In addition, trisialylated mucin-type glycans were char-
acteristically observed in MKN45 cells. In contrast, polylactos-
amine-type glycans were not observed in well-differentiated
gastric cancer cells (MKN7 cells). In MKN7 cells, glycans of core 2
structure were observed abundantly. This means that elongation
of core 2 structure to polylactosamine-type glycan is suppressed
in MKN7 cells, although further studies on the related synthetic
enzymes are required. Profiles of GAGs in these two gastric cancer
cells were quite different. HA and low-sulfated HS (HSOS) were
abundant, but CSs were scarcely observed in MKN45 cells. In
contrast, CSs were the major GAGs in MKN7 cells. Relative
abundance of AdiCS-4S was especially distinct in MKN7 cells.
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Fig.8. Characterization of six epithelial cancer cell lines. The contents of mucin-type glycans and GAGs are displayed as black bars and gray bars, respectively. Calculation of
relative abundances and abbreviations are the same as in Fig. 7.

Although further studies are required, these results may indicate As described above, it was revealed that our methods are useful
that GAGs play an important role in differentiation of gastric to characterize the various cancer cell lines. In the future, we will
cancer cells. apply these methods to compare O-glycan profiles between cancer
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cells and normal cells and to reveal the tumor-specific alterations
of O-glycan profiles.

Conclusion

We have developed an automatic system for releasing O-gly-
cans from glycoproteins and applied the methods to the analysis
of the released mucin-type glycans. In the current study, we devel-
oped methods for one-pot analysis of mucin-type glycans and
GAGs. Serotonin affinity chromatography for group separation of
mucin-type glycans based on the number of sialic acid residues
[38] is also useful for collection of GAGs. As shown in Fig. 1, GAGs
were strongly retained on the serotonin-immobilized column, and
group separation of GAGs and mucin-type glycans was easily
achieved. After collection of these glycans, mucin-type glycans
were conveniently analyzed by MALDI-TOF MS and HPLC, and
GAGs could be analyzed by CE as a mixture of unsaturated disac-
charides after digestion with specific eliminases.

Two leukemia cancer cell lines (U937 and K562) showed similar
profiles of mucin-type glycans and could not be discriminated only
by comparing mucin-type glycans. However, GAG profiles showed
obviously distinct characteristics (Fig. 7). In contrast, pancreatic
cancer cel]l lines (PANC1 and BxPC3) showed similar GAG profiles
but quite different mucin-type glycan profiles (Fig. 8). We also
revealed that the profiles of GAGs as well as mucin-type glycans
were dramatically altered at different differentiation stages of can-
cer cells, as determined by the analysis of MKN45 and MKN7 cells.

Based on these results, the current techniques will be useful to
discover the novel biomarkers for diseases. However, the relation-
ship between biological characteristics and O-glycan profiles
observed in cancer cells might not be the same with that observed
in actual physiological conditions. Therefore, to discover the prac-
tical glycan biomarkers for diagnosis of tumors, our method needs
to be applied to the clinical samples such as serum or tissue sam-
ples. We are now applying the current methods to various kinds of
biological samples. Furthermore, we are also developing methods
for identification of proteins carrying specific glycans. These results
will be shown in future publications.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ab.2011.12.017.
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Although it is expected that hepatocyte-like cells differentiated from human embryonic stem (ES) cells or
induced pluripotent stem (iPS) cells will be utilized in drug toxicity testing, the actual applicability of
hepatocyte-like cells in this context has not been well examined so far. To generate mature hepatocyte-
like cells that would be applicable for drug toxicity testing, we established a hepatocyte differentiation
method that employs not only stage-specific transient overexpression of hepatocyte-related transcrip-
tion factors but also a three-dimensional spheroid culture system using a Nanopillar Plate. We succeeded
in establishing protocol that could generate more matured hepatocyte-like cells than our previous
protocol. In addition, our hepatocyte-like cells could sensitively predict drug-induced hepatotoxicity,
including reactive metabolite-mediated toxicity. In conclusion, our hepatocyte-like cells differentiated
from human ES cells or iPS cells have potential to be applied in drug toxicity testing.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Hepatocyte-like cells that are generated from human embryonic
stem cells (hESCs) [1] or human induced pluripotent stem cells
(hiPSCs) [2] are expected to be used in drug screening instead of
primary (or cryopreserved) human hepatocytes (PHs). We recently
demonstrated that stage-specific transient transduction of tran-
scription factors, in addition to treatment with optimal growth
factors and cytokines, is useful for promoting hepatic differentia-
tion [3—6]. The hepatocyte-like cells, which have many hepatocyte
characteristics (the abilities to uptake low-density lipoprotein and
Indocyanine green, store glycogen, and synthesize urea) and drug
metabolism capacity, were generated from hESCs/hiPSCs by
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combinational transduction of FOXA2 and HNFla [6]. However,
further maturation of the hepatocyte-like cells is required because
their hepatic characteristics, such as drug metabolism capacity, are
lower than those of PHs [6].

To promote further maturation of the hepatocyte-like cells, we
subjected them to three-dimensional (3D) spheroid cultures. It is
known that various 3D culture conditions (such as Algimatrix
scaffolds [7], cell sheet technology [8], galactose-carrying substrata
[9], and basement membrane substratum [10]) are useful for the
maturation of the hepatocyte-like cells. Nanopillar Plate technology
[11] used in the present study makes it easy to control the config-
uration of the spheroids. The Nanopillar Plate has an arrayed pm-
scale hole structure at the bottom of each well, and nanopillars
were aligned further at the bottom of the respective holes. The
seeded cells evenly drop into the holes, then migrate and aggregate
on top surface of the nanopillars, thus likely to form the uniform
spheroids in each hole. Not only 3D spheroid cultures [12] but also
Matrigel overlay cultures [13] are useful for maintaining the
hepatocyte characteristics of PHs. Therefore, we employed both 3D
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spheroid culture and Matrigel overlay culture systems to promote
hepatocyte maturation of the hepatocyte-like cells.

The hepatocyte-like cells generated from hESCs/hiPSCs are ex-
pected to be used in drug development. To the best of our knowl-
edge, however, few studies have tried to predict widespread drug-
induced cytotoxicity in vitro using the hepatocyte-like cells. To
precisely determine the applicability of the hepatocyte-like cells to
drug screening, it is necessary to investigate the responses of these
hepatocyte-like cells to many kinds of hepatotoxic drugs.

In this study, 3D spheroid and Matrigel overlay cultures of the
hepatocyte-like cells were performed to promote hepatocyte
maturation. The gene expression analysis of cytochrome P450
(CYP) enzymes, conjugating enzymes, hepatic transporters, and
hepatic nuclear receptors in the 3D spheroid-cultured hESC- or
hiPSC-derived hepatocyte-like cells (3D ES-hepa or 3D iPS-
hepa), were analyzed. In addition, CYP induction potency and
drug metabolism capacity were estimated in the 3D ES/iPS-hepa.
To determine the suitability of these cells for drug screening, we
examined whether the drug-induced cytotoxicity is induced by
treatment of various kinds of hepatotoxic drugs in 3D ES/iPS-
hepa.

2. Materials and methods
2.1. hESCs and hiPSCs culture

A hESC line, H1 and H9 (WiCell Research Institute), was maintained on a feeder
layer of mitomycin C-treated mouse embryonic fibroblasts (Millipore) with Repro

Stem medium (Repro CELL) supplemented with 5 ng/ml fibroblast growth factor 2 -

(FGF2) (Sigma). Both H1 and H9 were used following the Guidelines for Derivation
and Utilization of Human Embryonic Stem Cells of the Ministry of Education,
Culture, Sports, Science and Technology of Japan and furthermore, and the study was
approved by Independent Ethics Committee.

Three human iPSC lines were provided from the JCRB Cell Bank (Tic, JCRB
Number: JCRB1331; Dotcom, JCRB Number: JCRB1327; Toe, JCRB Number: JCRB1338)
[14,15]. These human iPSC lines were maintained on a feeder layer of mitomycin C-
treated mouse embryonic fibroblasts with iPSellon (Cardio) supplemented with
10 ng/ml FGF2. Other three human iPSC lines, 201B6, 201B7 and 253G1 were kindly
provided by Dr. S. Yamanaka (Kyoto University) [2]. These human iPSC lines were
maintained on a feeder layer of mitomycin C-treated mouse embryonic fibroblasts
with Repro Stem supplemented with 5 ng/ml FGF2.

2.2. Invitro differentiation

Before the initiation of cellular differentiation, the medium of hESCs was
exchanged into a defined serum-free medium, hESF9, and cultured as previously
reported [16]. The differentiation protocol for the induction of definitive endoderm
cells, hepatoblasts, and hepatocytes was based on our previous reports with some
modifications [3—5,17]. Briefly, in mesendoderm differentiation, hESCs were
dissociated into single cells by using Accutase (Millipore) and cultured for 2 days
on Matrigel (BD Biosciences) in differentiation hESF-DIF medium which contains
100 ng/ml Activin A (R&D Systems) and 10 ng/ml bFGF (hESF-DIF medium was
purchased from Cell Science & Technology Institute; differentiation hESF-DIF
medium was supplemented with 10 pg/ml human recombinant insulin, 5 pg/ml
human apotransferrin, 10 pum 2-mercaptoethanol, 10 pum ethanolamine, 10 pm
sodium selenite, and 0.5 mg/ml bovine fatty acid free serum albumin [all from
sigma]). To generate definitive endoderm cells, the mesendoderm cells were
transduced with 3000 vector particle (VP)/cell of Ad-FOXA2 for 1.5 h on day 2 and
cultured until day 6 on Matrigel in differentiation hESF-DIF medium supplemented
with 100 ng/ml Activin A and 10 ng/ml bFGF. For induction of hepatoblasts, the DE
cells were transduced with each 1500 VP/cell of Ad-FOXA2 and Ad-HNF1a for 1.5 h
on day 6 and cultured for 3 days on Matrigel in hepatocyte culture medium (HCM)
(Lonza) supplemented with 30 ng/ml bone morphogenetic protein 4 (BMP4) (R&D
Systems) and 20 ng/m] FGF4 (R&D Systems). In hepatic expansion, the hepatoblasts
were transduced with each 1500 VP/cell of Ad-FOXA2 and Ad-HNF1a for 1.5 h on
day 9 and cultured for 3 days on Matrigel in HCM supplemented with 10 ng/ml
hepatocyte growth factor (HGF), 10 ng/ml FGF1, 10 ng/ml FGF4, and 10 ng/ml FGF10
(all from R&D Systemns). To perform hepatocyte maturation on Nanopillar Plate (a
prototype multi-well culturing plate for spheroid culture developed and prepared
by Hitachi High-Technologies Corporation) shown in Fig. 1B, the cells were seeded
at 2.5 x 10° cellsjem? (Fig. S1) in hepatocyte culture medium (Fig. S2) supple-
mented with 10 ng/ml HGF, 10 ng/ml FGF1, 10 ng/ml FGF4, and 10 ng/ml FGF10 on
day 11. In the first stage of hepatocyte maturation (from day 12 to day 25), the cells
were cultured for 13 days on Matrigel in HCM supplemented with 20 ng/ml HGF,

20 ng/ml oncostatin M (OsM), 10 ng/ml FGF4, and 10-% M dexamethasone (DEX). In
the second stage of hepatocyte maturation (from day 25 to day 35), Matrigel was
overlaid on the hepatocyte-like cells. Matrigel were diluted to a final concentration
of 0.25 mg/m! with William's E medium (Invitrogen) containing 4 mwm L-glutamine,
50 ug/ml gentamycin sulfate, 1 x ITS (BD Biosciences), 20 ng/ml OsM, and 10°%M
DEX. The culture medium was aspirated, and then the Matrigel solution (described
above) was overlaid on the hepatocyte-like cells. The cells were incubated over-
night, and the medium was replaced with HCM supplemented with 20 ng/ml OsM
and 1078 M DEX.

2.3. Adenovirus (Ad) vectors

Ad vectors were constructed by an improved in vitro ligation method [18,19]. The
human EF-1¢a promoter-driven LacZ-, FOXA2-, or HNFla-expressing Ad vectors (Ad-
LacZ, Ad-FOXA2, or Ad-HNF1g, respectively) were constructed previously [3,4,20].
All of Ad vectors contain a stretch of lysine residue (K7) peptides in the C-terminal
region of the fiber knob for more efficient transduction of hESCs, hiPSCs, and DE
cells, in which transfection efficiency was almost 100%, and purified as described
previously [3—5]. The vector particle (VP) titer was determined by using a spectro-
photometric method [21].

24. Flow cytometry

Single-cell suspensions of hESC/hiPSC-derived cells were fixed with 2% para-
formaldehyde (PFA) at 4°C for 20 min, and then incubated with the primary anti-
body (described in Table S1), followed by the secondary antibody (described in
Table S1). Flow cytometry analysis was performed using a FACS LSR Fortessa flow
cytometer (BD Biosciences).

2.5. RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from hESCs or hiPSCs and their derivatives using 1SO-
GENE (Nippon Gene). cDNA was synthesized using 500 ng of total RNA with
a Superscript VILO cDNA synthesis kit (Invitrogen). Real-time RT-PCR was performed
with Tagman gene expression assays (Applied Biosystems) or SYBR Premix Ex Taq
(TaKaRa) using an ABI PRISM 7000 Sequence Detector (Applied Biosystems). Relative
quantification was performed against a standard curve and the values were
normalized against the input determined for the housekeeping gene, glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH). The primer sequences used in this
study are described in Table S2.

2.6. Immunohistochemistry

The cells were fixed with 4% PFA. After incubation with 1% Triton X-100, blocking
with Blocking One (Nakalai tesque), the cells were incubated with primary antibody
(describe in Table S1) at 4°C for over night, followed by incubation with a secondary
antibody (described in Table S1) at room temperature for 1 h.

2.7. ELISA

The hESCs or hiPSCs were differentiated into hepatocytes as described in Fig. 1A.
The culture supernatants, which were incubated for 24 h after fresh medium was
added, were collected and analyzed for the amount of ALB secretion by ELISA. ELISA
kits for ALB were purchased from Bethyl. ELISA was performed according to the
manufacturer's instructions. The amount of ALB secretion was calculated according
to each standard followed by normalization to the protein content per well.

2.8. Urea secretion

The hESCs or hiPSCs were differentiated into hepatocytes as described in Fig. 1A.
The culture supernatants, which were incubated for 24 h after fresh medium was
added, were collected and analyzed for the amount of urea secretion. Urea
measurement kits were purchased from BioAssay Systems. The experiment was
performed according to the manufacturer's instructions. The amount of urea
secretion was calculated according to each standard followed by normalization to
the protein content per well.

2.9. Canalicular secretory assay

At cellular differentiation, the hepatocyte-like cell spheroids were treated with
5 mm choly-lysyl-fluorescein (CLF) (BD Biosciences) for 30 min. The cells were
washed with culture medium, and then observed by fluorescence microscope. To
inhibit the function of BSEP, the cells were pretreated with Cyclosporin A 24 h before
of the CLF treatment.

2.10. Assay for CYP activity and CYP induction

To measure the cytochrome P450 2C9 and 3A4 activity of the cells, we per-
formed lytic assays by using a P450-GloTM CYP2C9 (catalog number; V8791) and
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Fig. 1. Hepatocyte-like cells were differentiated from hESCs/hiPSCs by using Nanopillar Plate. (A) The procedure for differentiation of hESCs into 3D ES/iPS-hepa via mesendoderm
cells, definitive endoderm cells, and hepatoblasts is presented schematically. In the differentiation, not only the addition of growth factors but also stage-specific transient
transduction of both FOXA2- and HNFla-expressing Ad vector (Ad-FOXA2 and Ad-HNF1o, respectively) was performed. The cellular differentiation procedure is described in detail
in the materials and methods section. (B) Photograph display of a 24-well format Nanopillar Plate and its microstructural appearances of the hole and pillar structure. (C) Phase-
contrast micrographs of the hESC-hepa spheroids on the Nanopillar Plate are shown, Scale bar represents 100 pm.

3A4 (catalog number; V9001) Assay Kit (Promega), respectively. We measured the
fluorescence activity with a luminometer (Lumat LB 9507; Berthold) according to
the manufacturer’s instructions. The CYP activity was normalized with the protein
content per well.

To measure CYP2C9 and 3A4 induction potency, the CYP activity was measured
by using a P450-GloTM CYP2C9 and 3A4 Assay Kit, respectively. The cells were
treated with rifampicin, which is known to induce both CYP2C9 and 3A4, at a final
concentration of 10 um for 48 h. The cells were also treated with Ketoconazole
(Sigma) or Sulfaphenazole (Sigma), which are inhibitors for CYP3A4 or 2C9, at a final
concentration of 1 pum or 2 pwm, respectively, for 48 h. Controls were treated with
DMSO (final concentration 0.1%). Inducer compounds were replaced daily.

2.11. Cell viability tests

Cell viability was assessed by the WST-8 assay kit (Dojindo) in Fig. 2D. After
treatment with test compounds, such as Acetaminophen (Wako), Allopurinol
(Wako), Amiodaron (Sigma), Benzbromarone (Sigma), Clozapine (Wako), Cyclizine
(MP bio), Dantrolene (Wako), Desipramine (Wako), Disufliram (Wako), Erythro-
mycin (Wako), Felbamate (Sigma), Flutamide (Wako), Isoniazid (Sigma), Labetalol
(Sigma), Lefunomide (Sigma), Maprotiline (Sigma), Nefazodone (Sigma), Nitro-
furantoin (Sigma), Sulindac (Wako), Tacrine (Sigma), Tebinafine (Wako), Tolcapone
(TRC), Troglitazone (Wako), and Zafirlukast (Cayman) for 24 h, the cell viability was
measured. The cell viability of the 3D iPSC-hepa were assessed by WST-8 assay after
24 h exposure to different concentrations of Aflatoxin B1 (Sigma) and Benz-
bromarone in the presence or absence of the CYP3A4 or 2C9 inhibitor, Ketoconazole
(1 nm) or Sulfaphenazole (10 uwm), respectively. The control refers to incubations in
the absence of test compounds and was considered as 100% viability value. Controls
were treated with DMSO (final concentration 0.1%). ATP assay (BioAssay Systems),
Alamar Blue assay (Invitrogen), and Crystal Violet (Wako) staining assay were per-
formed according to the manufacturer’s instructions.

2.12. Primary human hepatocytes

Three lots of cryopreserved human hepatocytes (lot Hu8072 [CellzDirect], HC2-
14, and HC10-101 [Xenotech]) were used. These three lots of crypreserved human
hepatocytes were cultured according to our previous report [5].

2.13. Statistical analysis

Statistical analysis was performed using the unpaired two-tailed Student's t-
test. All data are represented as means =+ SD (n = 3).

3. Results

The 3D ES/iPS-hepa were generated from hESCs/hiPSCs as shown
in Fig. 1A. Hepatocyte differentiation of hESCs/hiPSCs was efficiently
promoted by stage-specific transient transduction of FOXA2 and
HNF1e in addition to the treatment with appropriate soluble factors
(growth factors and cytokines) [6]. On day 11, the hESC-derived cells
were seeded at 2.5 x 10° cellsjcm? (Fig. S1) on Nanopillar Plate
(Fig. 1B), in hepatocyte culture medium (Fig. S2) to promote hepa-
tocyte maturation. In addition, Matrigel was overlaid on the 3D ES-
hepa to promote further hepatocyte maturation. The 3D ES-hepa
with compact morphology that were adhesive to the substratum
and had an optimal size (approximately 100 um in diameter) were
formed by using the Nanopillar Plate (Fig. 1C). The spheroids seem to
be stable because they could be cultured for more than 20 days. We
have confirmed that more than 90% of the cells that constitute the
spheroids were alive, indicating that the necrotic centers are absent.

To investigate whether or not a 3D spheroid culture could
promote hepatocyte maturation of the hepatocyte-like cells,
various hepatocyte characteristics of the 3D ES/iPS-hepa were
compared with those of the monolayer-cultured hESC- or hiPSC-
derived hepatocyte-like cells (mono ES-hepa or mono iPS-hepa).
The gene expression level of ALB peaked on day 20 in the mono
ES-hepa, and then it was dramatically decreased after day 25
(Fig. 2A). In contrast, the gene expression level of ALB was
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Fig. 2. Hepatocyte functions in hESC-derived hepatocyte-like cells were enhanced by using Nanopillar Plate. (A) The gene expression levels of ALB were measured by real-time RT-
PCR on day 15, 20, 25, 30, and 35. On the y axis, the gene expression levels in PHs (three lots of PHs were used in all studies), which were cultured for 48 h after plating (PHs-48hr),
were taken as 1.0. (B, C) The amount of ALB (B) and urea (C) secretion were examined in the mono ES-hepa (day 20), the 3D ES-hepa (day 35), and PHs-48hr. (D—H) The gene
expression levels of CYP enzymes (D), conjugating enzymes (E), hepatic transporters (F), hepatic nuclear receptors (G), and bile canaliculi transporters (H) were examined by real-
time RT-PCR in the mono ES-hepa, the 3D ES-hepa, and PHs-48hr. On the y axis, the expression levels in PHs-48hr were taken as 1.0. (I) The ability of bile acid uptake and efflux was
examined in the mono ES-hepa and 3D ES-hepa. Choly-lysyl-fluorescein (CLF) (5 um) was used for the observation of bile canaliculi uptake and efflux. To inhibit transportation by
BSEP, the cells were pretreated with 1 um Cyclosporin A. *P < 0.05; *™*P < 0.01.
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moderately increased in the 3D ES-hepa until day 35 (Fig. 2A).
These results suggest that the hepatocyte functions of the 3D ES-
hepa are sustained for more than 2 weeks on the Nanopillar
Plate, although those of the mono ES-hepa are rapidly devitalized
(Fig. 2A and Fig. S4). Other hepatocyte characteristics, such as
ability of ALB and urea secretion and gene expression levels of
hepatocyte-related markers in the 3D ES-hepa were compared with
those of the mono ES-hepa (Fig. 2B—H). Because the gene expres-
sion level of ALB in the 3D ES-hepa was the highest on day 35 and
that in mono ES-hepa was the highest on day 20, various hepato-
cyte characteristics were compared on day 35 or day 20, respec-
tively. The amount of ALB (Fig. 2B) and urea (Fig. 2C) secretion in
the 3D ES-hepa was higher than those of the mono ES-hepa. The
gene expression levels of CYP enzymes (Fig. 2D), conjugating
enzymes (Fig. 2E), hepatic transporters (Fig. 2F), hepatic nuclear
receptors (Fig. 2G), and hepatic transcription factors (Fig. S5) in the
3D ES-hepa were higher than those in the mono ES-hepa. The
expression levels of most of the genes in the 3D ES-hepa were
higher than those in the mono ES-hepa. Because the previous study
[11] showed that hepatocyte spheroids expressed hepatocyte
transporters similar to those of the bile canaliculi in native liver
tissue, the gene expression levels of bile canaliculi transporters
(Fig. 2H), as well as the ability of bile acid uptake and efflux, (Fig. 21)
were examined in the 3D ES-hepa. The gene expression levels of
bile canaliculi transporters were increased in the 3D ES-hepa
compared with those of mono ES-hepa and PHs (Fig. 2H). The
bile canaliculi formation was visualized by BSEP fluorescent
substrate: Cholyl-lysyl-fluorescein (CLF), which is inhibited by BSEP
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Fig. 3. Comparison of the hepatic differentiation capacities of various hESC and hiPSC
lines hESCs (H1 and H9) and hiPSCs (201B6, 201B7, 253G1, Dotcom, Tic, and Toe) were
differentiated into the 3D ES/iPS-hepa as described in Fig. 1A. (A) On day 20, the gene
expression level of ALB was examined by real-time RT-PCR. On the y axis, the gene
expression level of ALB in PHs-48hr was taken as 1.0. (B) On day 20, the amount of ALB
secretion was examined by ELISA. The amount of ALB secretion was calculated
according to each standard followed by normalization to the protein content per well.
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inhibitor Cyclosporin A [22,23]. More CLF was accumulated in the
3D ES-hepa than in the mono ES-hepa (Fig. 21 upper panel). More-
over, CLF accumulation was inhibited by Cyclosporin A treatment
only in the 3D ES-hepa (Fig. 2 lower panel), demonstrating that the
functionality of BSEP transporter in 3D ES-hepa was greater than
that in mono ES-hepa. These results suggested that hepatocyte
maturation was promoted by the culture on the Nanopillar Plate. It
is likely that, compared to the monolayer culture condition, the 3D
spheroid-culture condition is more similar to the in vivo condition.

It is important to select an hESC/hiPSC line that has a strong
ability to differentiate into hepatocyte-like cells in the case of
medical applications such as drug screening. In this study, two hESC
lines and six hiPSC lines were differentiated into the hepatocyte-
like cells, and then their gene expression levels of ALB (Fig. 3A)
and ALB secretion levels (Fig. 3B) were compared. These results
suggest that the iPSC line, Dotcom, was the suitable cell line for
hepatocyte maturation. Therefore, the iPSC line, Dotcom, was used
to examine the possibility of the 3D iPS-hepa for drug screening.
The drug metabolism capacity and the CYP induction potency of the
3D iPS-hepa were compared with those of the mono iPS-hepa. We
confirmed the expression of ALB and CYP3A4 protein in the 3D ES-
hepa (Fig. 4A). The activity levels of CYP enzymes in the 3D iPS-
hepa were measured according to the metabolism of the CYP2C9
or CYP3A4 substrates (Fig. 4B); the levels were higher than those of
the mono iPS-hepa (Fig. 4B). We further tested the induction of
CYP2(9 and CYP3A4 by chemical stimulation (rifampicin was used
as a CYP2C9 or CYP3A4 inducer). Compared with mono iPS-hepa,
the 3D iPS-hepa produced more metabolites in response to
chemical stimulation (Fig. 4C). In addition, the CYP induction was
inhibited by using CYP2C9 or CYP3A4 inhibitor (Sulfaphenazole or
Ketoconazole, respectively). These results indicated that drug
metabolism capacity and CYP induction potency in 3D iPS-hepa
were higher than those in mono iPS-hepa.

Many researchers have tried to predict the drug-induced cyto-
toxicity in vitro using hepatocarcinoma-derived cells such as HepG2
cells [24,25]. HepG2 cells are less expensive than PHs and the
reproducible experiments are easier to perform than they are with
PHs, although 30% of the compounds were incorrectly classified as
nontoxic [24,25]. To overcome these problems, hESC/hiPSC-derived
hepatocyte-like cells are expected to be used to predict drug-
induced cytotoxicity. To examine its applicability to drug
screening, the 3D iPS-hepa were treated with various drugs, that
cause hepatotoxicity. WST-8 assay was performed to evaluate cell
viability (Fig. S6). The susceptibility of the 3D iPS-hepa to most of
the hepatotoxic drugs was higher than that of the mono iPS-hepa
(Fig. S7). Compared to the mono iPS-hepa, the 3D iPS-hepa were
more suitable tools for drug screening. Next, the susceptibility of
the 3D iPS-hepa to the hepatotoxic drugs was compared with that
of the 3D spheroid cultured HepG2 cells (3D HepG2; the hepatocyte
functions of 3D HepG2 cells are higher than those of monolayer
cultured HepG2 cells [Fig. S8]). With most of the drugs, the cell
viability of the 3D iPS-hepa was lower than that of the 3D HepG2
(Fig. 5A). These results indicated that the 3D iPS-hepa are more
valuable tools for drug screening than the 3D HepG2. However, the
susceptibility of the 3D iPS-hepa to Acetaminophen and Troglita-
zone was lower than that of the PHs which were cultured for 48 h
after the cells were plated (Fig. 5B). These results might be due to
the lower activity levels of CYPs in 3D iPS-hepa as compared as
those in PHs. Taken together, 3D iPS-hepa are more valuable tools
for drug screening than the 3D HepG2, although further maturation

of 3D iPS-hepa is still required for 3D iPS-hepa to be an alternative
cell source of PHs in the drug screening.

To examine whether drug-induced cytotoxicity is caused by CYP
metabolites in 3D iPS-hepa, Aflatoxin B1 (mainly metabolized by
CYP3A4 [26]) and Benzbromarone (mainly metabolized by CYP2C9
[27]) were treated in the presence or absence of a CYP3A4 and a 2C9
inhibitor, Ketoconazole and Sulfaphenazole, respectively (Fig. 6).
The cell viability of 3D iPS-hepa was partially rescued by treatment
with the CYP inhibitor. These results indicated that drug-induced
cytotoxicity was caused by CYP metabolites of Aflatoxin B1 and
Benzbromarone.

4. Discussion

Recently, it has been expected that human pluripotent stem cells
and their derivatives, including hepatocyte-like cells, will be
utilized in applications for the safety assessment of drugs. We have
previously reported that combinational overexpression of SOX17,
HEX, and HNF4q, or combinational overexpression of FOXA2 and
HNFla could promote hepatocyte differentiation [5,6]. However,
the drug metabolism capacity of the hepatocyte-like cells gener-
ated by our previous protocol was still lower than that of primary
human hepatocytes [6]. To generate more matured hepatocyte-like
cells as compared with our previous protocol, we established
a hepatocyte differentiation method employing not only stage-
specific transient overexpression of hepatocyte-related transcrip-
tion factors but also a 3D culture systems using a Nanopillar Plate,
was established. Although the use of hepatocyte-like cells gener-
ated from hESCs/hiPSCs in application for drug toxicity testing has
begun to be focused, to the best of our knowledge, there have been
few studies that have investigated whether hepatocyte-like cells
could predict many kinds of drug-induced toxicity.

3D culture spheroids were generated from hESCs/hiPSCs by using
a Nanopillar Plate. The diameter of the spheroids was approximately
100 um on day 35 of differentiation (Fig. 1C). Because it is known that
the no-oxygen limitation would take place in spheroids up to 100 um
in diameter [28], the size of the spheroid might be important to
generate spheroids with high viability. A Nanopillar Plate has
a potential to regulate the spheroid diameter simply by culturing
under optimized seeding condition, on its suitably designed pillar and
hole structure [11]. Therefore, a Nanopillar Plate would be a suitable
environment for the generation of 3D ES/iPS-hepa that show high
viability and possess high level of hepatocellular functions.

The levels of many hepatocyte functions, such as ALB secretion
ability (Fig. 2B), urea secretion ability (Fig. 2C), hepatocyte-related
gene expressions (Fig. 2D—H), drug metabolism capacity (Fig. 4B),
and CYP induction potency (Fig. 4C), of 3D ES/iPS-hepa were higher
than those of mono ES/iPS-hepa. This might have been because the
structural and functional polarity, which can be seen in the naive
environment of hepatocytes, of the hepatocyte-like cells was
configured by a 3D culturing condition. Previous studies have
shown that a 3D culture condition is suitable to maintain the
hepatic characteristics of the isolated hepatocytes because this
condition mimic in vivo environment [29,30]. These facts indicated
that the 3D culture condition is a more suitable condition for the
hepatocyte-like cells than the monolayer culture condition.

Two hES cell lines and six hiPS cell lines were differentiated into
the hepatocyte-like cells in this study. The hiPS cell line, Dotcom,
seemed to be a suitable cell line for hepatic differentiation (Fig. 3).
Because the hepatic differentiation propensity differs among the

Fig. 5. The possibility of applying 3D iPS-hepa to drug testing was examined. (A} The cell viability of the 3D HepG2 (black) and 3D iPSC-hepa (red) were assessed by WST-8 assay
after 24 h exposure to different concentrations of 22 test compounds. (B) The cell viability of the 3D HepG2 (black), 3D iPSC-hepa (red), and PHs-48hr (green) were assessed by WST-
8 assay after 24 h exposure to different concentrations of Acetaminophen and Troglitazone. Cell viability is expressed as a percentage of cells treated with solvent only. *P < 0.05;

**P < 0.01
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Fig. 6. Drug-induced cytotoxicity in the 3D iPS-hepa is mediated by cytochrome P450.
(A, B) The cell viability of the 3D iPSC-hepa was assessed by WST-8 assay after 24 h
exposure to different concentrations of (A) Aflatoxin B1 and (B) Benzbromarone in the
presence or absence of the CYP3A4 or 2C9 inhibitor, Ketoconazole or Sulfaphenazole,
respectively. Cell viability was expressed as the percentage of cells treated with solvent
only. *P < 0.05; **P < 0.01.

hES/hiPS cell lines, it would be important to select an appropriate
cell line for medical applications such as drug screening. However,
the dominant reason for this hepatic differentiation propensity is
not been well known. It would be interesting study to elucidate the
mechanism of this propensity.

Although the drug metabolism capacity and CYP induction
potency of 3D iPS-hepa were higher than those of mono iPS-hepa
(Fig. 4B and C), they were still lower than those of primary
human hepatocytes. The hepatic nuclear factors are known to be
key molecules in the CYP induction of hepatocytes [30]. Therefore,
overexpression of hepatic nuclear factors, which are not abun-
dantly expressed in the hepatocyte-like cells (such as PXR), might
upregulate the CYP induction potency of the hepatocyte-like cells.

3D iPS-hepa were more sensitive for detection of the drug-
induced cytotoxicity than HepG2 cells that are widely used to
predict hepatotoxicity [31,32] (Fig. 5). In addition, the decrease of
cell viability, which was caused by hepatotoxic drugs, of 3D iPS-
hepa was partially rescued by treatment with a CYP inhibitor
(Fig. 6). These data suggest that the hepatocyte-like cells could
detect the toxicity of the reactive metabolites that were generated
by drug metabolizing enzymes such as CYP enzymes. Because in
many cases, drug-induced hepatotoxicity is caused by the reactive

metabolites produced by drug metabolizing enzymes [33], our
finding that the hepatocyte-like cells could detect the toxicity of
reactive metabolites should be of great potential for toxicological
screening. Moreover, it might be possible to predict idiosyncratic
liver toxicity by using hepatocyte-like cells generated from hiPSCs
that were established from a patient with a rare CYP poly-
morphism. However, some compounds did not show any cytotox-
icity (such as Cyclizine, Felbamate, and Sulindac) (Fig. 5). To apply
the hepatocyte-like cells for wide-spread drug screening, genera-
tion of the hepatocyte-like cells are required to detect hepatotoxity
in more sensitive manner. Previous studies showed that the
depletion of conjugating enzymes [32] or knockdown of Nrf2 {34]
expression are useful to upregulate the sensitivity to hepatotoxic
drugs. Therefore, these approaches would be useful to generate
more sensitive hepatocytes to toxic drugs.

5. Conclusions

In this study, we established the efficient hepatocyte differen-
tiation method which employs not only stage-specific transient
overexpression of hepatocyte-related transcription factors but also
3D spheroid culture systems by using Nanopillar Plate. To the best
of our knowledge, this is the first study in which the hepatocyte-
like cells, having enough hepatocyte functions, mediate drug-
induced cytotoxicity against many compounds. Our hepatocyte-
like cells differentiated from hESCs or hiPSCs have potential to be
applied in drug toxicity testing.
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Abstract

Purpose The purpose of this study was to evaluate the
morphology of transplanted triple-bundle anterior cruciate
ligament (ACL) grafts by second-look arthroscopy.
Methods The subjects were 41 patients with a mean age
of 25.5 £ 8.5 years who underwent second-look arthros-
copy at between 6 and 22 months after the anatomical
triple-bundle ACL reconstruction using semitendinosus
tendon autograft. Lachman test was negative in 38 knees
and mildly positive with a firm endpoint in 3 knees.
Arthroscopic evaluation of grafts was performed for the
anteromedial graft (AM), the intermediate graft (IM), and
the posterolateral graft (PL), focusing on tension and graft
damage.
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Results  All grafts showed “fan-out” shape approaching
the tibial attachment, which looked closer to the natural
ACL compared to the double-bundle grafts. As to graft
tension, 93% of AM, 90% of IM, and 88% of PL grafts
were evaluated as taut, respectively. As to graft damage,
there was no apparent rupture in the AM and IM grafts,
while complete or substantial rupture was observed in 10%
of PL grafts around the femoral tunnel aperture. The
incidence of graft rupture in PL grafts was significantly
greater than those in the AM and IM grafts. As to synovial
coverage, 76% of AM, 78% of IM, and 59% of PL grafts
were evaluated as “Good,” while 41% of PL grafts were
not fully covered with synovium. All of the synovial
defects were observed around the femoral tunnel aperture.
Conclusion The morphology of the triple-bundle grafts
resembled that of the natural ACL, while complete or
substantial rupture was observed in 10% of the PL grafts.
Level of evidence  Study of case series with no compar-
ison group, Level IV.

Keywords Triple-bundle ACL reconstruction -
Semitendinosus tendon autograft - Second-look
arthroscopy - Graft morphology

Introduction

Anterior cruciate ligament (ACL) reconstruction using
hamstring tendon has become popular because of less
donor site morbidity [4, 6, 14]. In addition, recent
improvement in operative technique has made it possible to
perform anatomical double-bundle ACL reconstruction,
superior in biomechanical performances [13, 26] to
the traditional Rosenberg’s 1 or 2 femoral sockets
(“bi-socket”) procedure. This could have resulted in more
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favorable clinical results [15] while the results remain
controversial [19, 20].

According to the previous reports on the functional
anatomy of the ACL, it could be divided into three bundles:
the anteromedial (AM), the intermediate (IM), and the
posterolateral (PL) [1, 17]. Additionally, it is well known
that the natural ACL forms a crescent-shaped footprint on
the femur and a triangular one on the tibia. Furthermore, in
the double-bundle ACL reconstruction, the authors have
found no graft implanted into the anterolateral portion of
the tibial footprint (Fig. 1a). To closely mimic this normal
structure and restore normal knee function, we have
developed the triple-bundle ACL reconstruction [23]. As
previously described, we have divided the “anteromedial
graft” in the anatomical double-bundle ACL reconstruction
into further two bundles (the AM and the IM grafts) to
form a triangular shape in the tibial attachment (Fig. 1b)
[23]. The aim of this study was to evaluate the morphology
of the transplanted triple-bundle grafts by second-look
arthroscopy.

Materials and methods

Between 2004 and 2006, the anatomical triple-bundle ACL
reconstruction using semitendinosus tendon autograft was
performed on 172 knees. Of those, second-look arthros-
copy was performed on 42 knees in 42 patients who gave
their informed consent. It has been our policy to recom-
mend patients to undergo second-look arthroscopy as well
as hardware removal. As the clinical record of one patient
was incomplete, the other 41 patients were included in this
study. Patients included 16 men and 25 women, with a
mean age of 25.5 + 8.5 years. The mean duration of fol-
low-up was 11.4 £ 3.9 months. At the time of second-look
arthroscopy, none of the patients complained of subjective
instability. Lachman test was negative in 38 knees and
mildly positive with a firm endpoint in 3 knees. Positive
pivot shift test of +1 was found in one patient. The mean
side-to-side difference with the KT-1000 arthrometer at
maximum manual force was 0.7 + 1.2 mm (Fig. 2).

Fig. 1 Arthroscopic
appearance of transplanted
grafts in the left knee at the
primary reconstruction.

a Double-bundle reconstruction.
Note the graft defect in the
anterolateral portion of the tibial
footprint (arrowheads).

b Triple-bundle reconstruction.
The intermediate graft occupies
the anterolateral space (arrows)
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Fig. 2 The distribution of side-to-side differences in anterior laxity
measured with the KT-1000 in 27 patients and the average value was
0.7 £ 1.2 mm

Surgical procedure

The procedure of triple-bundle ACL reconstruction was
previously described in 2005 [23]. Briefly, two 2.4-mm
guide pins were inserted to the points between the Resi-
dent’s ridge and the posterior margin of the notch at 2, 3
o’clock for the left or at 9, 10 o’clock for the right knee
using the anterolateral entry femoral aimer (Smith &
Nephew Endoscopy, MA). For the tibia, three parallel
guide pins were inserted using the offset parallel pin guide
(Smith & Nephew Endoscopy, MA). Then, each wire was
overdrilled with a drill bit of appropriate diameter
(5-6 mm in diameter) (Fig. 3). After introducing the
anteromedial and posterolateral grafts into each femoral
tunnel, both the grafts were fixed with Endo-button CLs
(Smith and Nephew Endoscopy, MA). For the tibial fixa-
tion, two double-spike plates (DSP; MEIRA Corp.,
Nagoya, JAPAN; US Patent No. 6117,139,21) and the
tensioning boot were used as described [22, 23]. After
the posterolateral graft and the two anterior graft sutures
(the AM and IM) were tied to the DSPs, the tensioning
sutures, which were applied to the bottom of the DSPs,
were connected to the tensioners. The tensioners were
mounted on the tensioning boot, which was affixed to the
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Fig. 3 Tunnel locations in the original ACL footprints (a femoral;
b tibial): AM anteromedial, /M intermediate, PL posterolateral tunnel

tibia with a bandage. The 0.5 MPa of stress (approximately
10-15 N for each graft) was applied as the initial tension,
and the knee was moved through a passive flexion and
extension movement several times. After retighten ten-
sioning suture by repetitive manual pulling to remove

Fig. 4 Arthroscopic
classification of transplanted
grafts based on graft tension.

a Taut AM, IM, and PL grafts.
b Lax AM, IM, and PL grafts

Fig. 5 Arthroscopic
classification of transplanted
grafts based on graft damage.
a No rupture in all the grafts.
b Complete rupture in the PL
graft (arrows)

stress relaxation, each graft was fixed at 15-20° of knee
flexion with DSPs and cancellous screws.

Postoperative rehabilitation

Postoperatively, the knee was immobilized with a brace for
a week. Partial weight bearing was allowed at 3 weeks,
followed by full weight bearing at 5 weeks. Jogging was
allowed at 3 months and running was permitted at
4 months, followed by return to previous sports activity at
6-9 months.

Arthroscopic evaluation of the transplanted grafts

Arthroscopic evaluation of the grafts was performed by
meticulous probing as described, focusing on tension and
graft damage [10, 18, 25]. Tension of the graft was clas-
sified as taut or lax by probing at 20-90° of knee flexion.
The grafts as tense as normal ACL throughout the range of
motion were evaluated as taut, while those with grafts
looser than the normal were evaluated as lax (Fig. 4). Graft
damage was evaluated in each bundle and classified
according to whether there was a substantial tear (Fig. 5).
In addition, synovial coverage of the grafts was classified
into the following 3 categories: “good,” when the whole
length of the graft was covered with the synovium; “fair,”
when more than 50% of the entire surface of the graft was
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Fig. 6 Arthroscopic
classification of transplanted
grafts based on synovial
coverage over the grafts.

a “Good” synovial coverage in
the AM and “Fair” in the IM.
b “Poor” synovial coverage in
the PL around the femoral
tunnel aperture

covered with synovium; and “poor,” when less than 50%
of the graft showed synovial coverage (Fig. 6).

Correlation between morphological defects and clinical
results

We examined whether these morphological defects in the
PL grafts, including graft damage and incomplete synovial
coverage, have an effect on clinical results at 2 years
postoperatively.

Statistical analysis

The chi-square test and the Mann—Whitney U test were
used for statistical analysis; a difference of P < 0.05 was
considered significant.

Results

Graft morphology

All of the grafts showed more broad or “fan-out” shape
approaching the tibial attachment (Fig. 7a). As to graft

tension, 93% of the AM, 90% of the IM, and 88% of PL
grafts were evaluated as taut, respectively. Significant

differences in graft tension were not found among the three
bundles (Table 1).

In terms of graft damage, there was no apparent rupture
in the AM and IM grafts, while complete or substantial
rupture was observed in 10% of the PL grafts around the
femoral tunnel aperture (Fig. 5b). There was a significant
difference in the incidence of graft damage among the
three bundles (P < 0.05) (Table 1).

As to synovial coverage in the AM, thirty one grafts
(76%) were evaluated as “Good,” while five other grafts
(12%) were evaluated as “Fair” and five (12%) as “Poor”.
In the IM grafts, 32 grafts (78%) were evaluated as
“Good,” five (12%) as “Fair,” and four (10%) as “Poor”.
As to the PL, twenty-four grafts (59%) were evaluated as
“Good,” ten (24%) as “Fair,” and seven (17%) as “Poor,”
respectively (Table 1). As a result, 41% of the PL grafts
were not fully covered with synovium, while significant
differences in the condition of synovial coverage were not
found among the three bundles. In these cases, all of the
synovial defects were observed around the femoral tunnel
aperture, showing poor graft-tunnel integration (Fig. 6b).

Correlation between morphology of the PL graft
and clinical results

After the arthroscopic evaluation, 22 of the patients could
be followed up for 2 years after the reconstruction post-
operatively and directly examined the correlation between

Fig. 7 Arthroscopic views of the multi-bundle ACL grafts. a A
triple-bundle graft. Note the “fan-out” morphology approaching to
the tibial attachment (double-headed arrows). b A double-bundle
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graft. Its anterior portion around the tibial attachment looks narrower
(double-headed arrows). The white arrows show boundary between
the anterior portion and the posterolateral of the graft



Knee Surg Sports Traumatol Arthrosc (2012) 20:95-101

99

Table 1 Arthroscopic morphology of each graft

Tension Graft damage  Synovial coverage

Taut  Lax - + Good Fair  Poor
AM graft 38 3 41 0 31 5 5

(93%) (%) (100%) (0%) (76%) (12%) (12%)
IM graft 37 4 41 0 32 5 4

90%) (10%) (100%) (0%) (78%) (12%) (10%)
PL graft 36 5 37 4 24 10 7

(88%) (12%) (90%) (10%) (59%) (24%) (17%)
Pvalue NS 0.016 NS

morphology of the PL graft and clinical results among
them.

According to IKDC subjective evaluation, 14 patients
(64%) were graded as “normal” and the other eight patients
(36%) as “nearly normal”. There was no obvious deterio-
ration throughout the follow-up period in the grade of
Lachman test and pivot shift test in all of them. While three
had showed apparent damage in the PL at the second-look
arthroscopy, it did not make significant differences in the
results of a subjective evaluation, Lachman test, pivot shift
test, or KT measurement (Table 2). In terms of the synovial
coverage of the PL, although those with incomplete synovial
coverage at second-look arthroscopy revealed less favorable
results in the subjective evaluation than those with complete
coverage, no significant difference was found (Table 3).
Similarly, the incomplete synovial coverage has not yet led to
inferior results in Lachman and pivot shift tests at least
2 years postoperatively (Table 3).

Table 2 Correlation between graft damage of the PL graft and
clinical results

PL graft damage P value
- +
n=19) m=3)
IKDC subjective evaluation NS
A (normal) 12 2
B (nearly normal) 7 1
C (abnormal) 0
D (severely abnormal) 0 0
Lachman test NS
Normal 18 3
1+ 1
24 0 0
Pivot shift test NS
Negative 18 3
Gliding 1 0
Positive 0 0
KT side-to-side difference (mm) 1.0 £1.3 0.0+ 00 NS

Table 3 Correlation between synovial coverage of the PL graft and
clinical results

Synovial coverage P value
Good Fair/poor
nm=13) m=9)
IKDC subjective evaluation NS
A (normal) 9 5
B (nearly normal) 4 4
C (abnormal) 0 0
D (severely abnormal) 0 0
Lachman test NS
Normal 12 9
1+ 1 0
24 0 0
Pivot shift test NS
Negative 12 9
Gliding 1 0
Positive 0 0
KT side-to-side difference (mm) 1.0=x15 0.7£1.0 NS

Discussion

The most important finding of the present study was that the
morphology of the triple-bundle grafts resembled that of the
natural ACL. The natural ACL is composed of multiple
fascicles, the basic unit of which is collagen. Each fascicle
is composed of 3-20 subfasciculi that consist of groups of
subfascicular unit [24]. It has been also described to be a
complex anatomical structure where straight collagen
bundles are formed by a complex network of interlacing
fibrils [3]. To reproduce or mimic this multi-fascicular
complex structure, current ACL reconstruction procedures
are performed using multiple-bundle grafts.

Some authors have increasingly reported on an ana-
tomical double-bundle ACL reconstruction, for it has
several advantages to restore normal knee functions and to
achieve successful results [13, 26]. Biomechanical study by
Yagi et al. [26] revealed the importance of the anatomical
reconstruction of both the anteromedial and the postero-
lateral bundle. Mae et al. [13] reported the study focusing
on the laxity match pretension in which comparison was
made in it between the anatomical double-bundle technique
and the isometric bi-socket procedure and concluded that
the former might restore the anterior stability more effec-
tively than the latter.

In addition, it has been reported that the natural ACL
consists of multiple bundles that share tensile force during
knee motion [1, 2, 17]. Amis and Dawkins divided the
ACL into three functional bundles (AM, IM, and PL
bundles) and showed force distribution among these bun-
dles [1]. The IM bundle shared approximately 30% of the
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