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Abstract

Here, we present a versatile method for detecting human tumor xenografts in vivo, based on the enhanced permeability
and retention (EPR) effect, using near-infrared (NIR) fluorochrome-conjugated macromolecule probes. Bovine serum
albumin (BSA) and two immunoglobulins—an anti-human leukocyte antigen (HLA) monoclonal antibody and isotype
control IgG,,—were labeled with XenoLight CF770 fluorochrome and used as NIR-conjugated macromolecule probes to
study whole-body imaging in a variety of xenotransplantation mouse models. NIR fluorescent signals were observed in
subcutaneously transplanted BxPC-3 (human pancreatic cancer) cells and HCT 116 (colorectal cancer) cells within 24 h of
NIR-macromolecule probe injection, but the signal from the fluorochrome itself or from the NIR-conjugated small molecule
(glycine) injection was not observed, The accuracy of tumor targeting was confirmed by the localization of the NIR-
conjugated immunoglobulin within the T-HCT 116 xenograft (in which the orange-red fluorescent protein tdTomato was
stably expressed by HCT 116 cells) in the subcutaneous transplantation model, However, there was no significant difference
in the NIR signal intensity of the region of interest between the anti-HLA antibody group and the isotype control group in
the subcutaneous transplantation model. Therefore, the antibody accumulation within the tumor in vivo is based on the EPR
effect. The liver metastasis generated by an intrasplenic injection of T-HCT 116 cells was clearly visualized by the NIR-
conjugated anti-HLA probe but not by the orange-red fluorescent signal derived from the tdTomato reporter. This result
demonstrated the superiority of the NIR probes over the tdTomato reporter protein at enhancing tissue penetration, In
another xenograft model, patient-derived xenografts (PDX) of LC11-JCK (human non-small cell lung cancer) were
successfully visualized using the NIR-conjugated macromolecule probe without any genetic modification, These results
suggested that NiR-conjugated macromolecule, preferably, anti-HLA antibody probe is a valuable tool for the detection of
human tumors in experimental metastasis models using whole-body imaging.

Citation: Suemizu H, Kawai K, Higuchi Y, Hashimoto H, Ogura T, et al. {2013) A Versatile Technique for the In Vivo Imaging of Human Tumor Xenografts Using
Near-infrared Fluorochrome-Conjugated Macromolecule Probes. PLoS ONE 8(12): 82708, doi:10.1371/journal.pone.0082708

Editor: Joseph Najbauer, University of Pécs Medical School, Hungary
Received April 1, 2013; Accepted October 26, 2013; Published December 17, 2013

Copyright: © 2013 Suemizu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: A part of this work was supported by a Grant-in-Aid for Scientific Research (21240042) to HS from the Ministry of Education, Culture, Sports, Science,
and Technology (MEXT) of Japan: the Project for the Realization of Regenerative Medicine from MEXT of Japan. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist,

* E-mail: suemizu@ciea.orjp

Introduction

Human tumor xenograft (subcutancous) models have been very
popular i wve models m oncology rescarch. However, these
models may not adequately reflect the pathophysiological envi-
ronments in which cancer cells exist [1]. Liver metastasis xenograft
models in relevant orthotopic locations, such as colorectal tumors
metastasized to the liver, have been developed by intrasplenic (isf7)
injection of tumor cells into immunodeficient mice [2]. We have
previously developed a reliable model system for assaying
hematogenous liver metastases of pancreatic and colorectal
cancers in NOG mice [3,4]. The efficacy of farnesyl wansferase
inhibitors (FTIs) against HCT 116 (colorectal cancer) cells was
evaluated in this model, and the effectiveness of this treatment was
demonstrated by the prolonged survival times of mice treated with
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FTTs [4]. In most cases, treatment effectiveness is assessed in terms
of survival or gross findings in the liver, as animal sacrifice is
usually required. Therefore, novel and less invasive approaches for
preclinical studies are required to evaluate the effectiveness of anti-
tumor drugs in vito.

In particular, optical bioimaging without radioactive tracers or
ionizing radiation is suitable for such preclinical studies and
facilitates serial measurements of xenografts, even when located
intraperitoneally or in other orthotopic locations [5]. However,
optical probes labeled with fluorochromes that emit light in the
400--700 num range, such as green fluorescent protein (GFP), have
limited tissue penctration and high tissue autofluorescence [6].
Hence, fluorescent proteins (FPs) that have much longer wave-
lengths than GIP have been developed; these proteins fluoresce as
orange-red and far-red, avoiding absorption by hemoglobin at
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wavelengths below 600 nm [7,8]. The major bottleneck in most
bioimaging experiments using fluoroproteins is the requirement to
have previously transfected the corresponding gene into the target
cells,

It is known that macromolecules such as albumin, transferrin,
immunoglobulin, and a2-macroglobulin  accumulate in  solid
tumors through the enhanced permeability and retention (EPR)
effect caused by leaky vasculature within the tumor [9,10]. This
effect can facilitate binding between receptors and ligands, such as
antibodies and adhesion molecules. Recently, Keereweer et al.
reported the detection of oral cancer in an orthotopic mouse
model using near-infrared (NIR) fluorescence agents that targeted
cither the avP3 integring or the EPR effect {11]. In mice xenograft
models, human and mouse cells display different major histocom-
patibility complex (MHC) surface antigens [12]. Therefore, these
antigens are good target molecules for distinguishing between
human cells and recipient mouse cells in xenograft tissue sections
[13,14]. Because of this, antibodies against the MHC class I
antigens (HLA-A, -B, and -C in humans) such as the anti-HLA-
ABC antibody, have been used as *“Kenograft markers” for the
detection of human cells by flow cytometry, immunoblotting, and
immunohistochemical staining. Gurrently, there are no reports
describing the use of this anti-HLA antibody as an i vize imaging
probe. Therefore, we sought to develop a versatile method using
anti-FILA antibody for the detection of human tumors in wive
without the need for fluoroprotein expression. The ant-HLA-
ABC antibody was conjugated witly molecules that fluoresce in the
NIR optical spectrum  (650-900 nm), reducing background
fluorescence and enhancing tissue penetration compared with
fluorescent probes of shorter wavelengths. We assessed the
feasibility of tumor detection in various xenotransplantation
models using an NIR-conjugated anti-HLA antibody that targeted
either the EPR effect or antigen—antibody binding. We showed
that the NIR-probe was superior to the tdTomato reporter protein
at enhancing tissue penetration in vivo. These results suggested that
NIR-conjugated anti-IILA antibody probe is a valuable tool for
the detection of human tumor xenografts in experimental mouse
models using whole-body optical imaging.

Materials and Methods

Cell Culture

The human colorectal cancer cell line HCT 116 and the human
pancreatic cancer cell line BxPG-3 were obtained from the
American Type Gulture Collection (Manassas, VA, USA) and
were maintained in McCoy’s 5A and RPMI-1640 medium (Sigma,
St. Louis, MO, USA), respectively, supplemented with antibiotics
and 10% fetal bovine serum. Cells were incubated in a humidified
incubator (37°Ci, 3% CO,) and were passaged upon reaching 80%
confluence. To establish HCT 116 cell expressing the orange-red
fluorescent protein tdTomato (Abs/Em =554/581 nm) (T-HCT
116) as a control for fluorcimaging, HCT 116 cells were
transfected with the ptdTomato-N1 vector (Clontech Laborato-
ries, Inc. Mountain View, CA, USA) using magnetofection (Oz
Biosciences, France) according to the manufacturer's instructions.
Two days after transfection, 500 pg/ml of neomycin (Invitrogen
Corp., Carlshbad, CA) was added, and the cultures were
maintained until cell death ceased.

NIR fluorescent agents

For the direct detection of human tumors in wive, the near-
nfrared (NIR)-conjugated ant-HLA antibody (NIR-oHLA) was
prepared as follows. The mouse monoclonal anti-human HLA-
ABC antibody clone W6/32 (IgGy,; Cedarlane Laboratories USA
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Inc., Builington, NC, USA) and an isotype-matched mouse IgGy,
antibody (SouthernBiotech, Birmingham, AL, USA) were conju-
gated to the IVIS I‘«ienoLigh{I M CF770 (Abs/Em = 770/797 nm)
fluorachrome using the Fluorescent Dye kit for v Fieo Imaging
(Caliper Life Sciences, Hopkinton, MA, USA) according to the
manufacturer’s mstructions. The absorbance of the NIR-conju-
gated antibodies was measured at 280 and 770 nm using a
SmartSpccTM 3000 spectrophotometer (BioRad Laboratories,
Hercules, CA, USA). The final concentration of the antibody
conjugate and the degree of labeling (DOL) were calculated using
the following formulae:

[Conjugatel(mg /mL)={|Azo — (A0 x CF)}/1.4}

x dilutionfactor;

CF is the absorbance correction factor (0.06 for Xenolight
CF770), and the value 1.4 is the extinction coefficient of whole
(H+L) IgG.

[DOL)(dye/protein) =
(A7 > Mwt x dilutionfactor) [ (s x [Conjugate])

Muwt is the molecular weight (150,000 for 1gG), and € is the
molar extinction coefficient (220,000 for XenoLight CF770).
Bovine serum albumin (BSA; Nacalai, Kyoto, Japan) was also
conjugated to the XenoLight' " CF770 fluorochrome (NIR-BSA),
and the DOL was calculated using the extinction coefficient (0.66)
and Mwt (67,000) of BSA. The DOL in the NIR-0HLA (0.89 mg
protein/mL), the NIR-conjugated mouse isotype control IgGy,
immunoglobulin (NIR-Isotype; 0.60 mg protein/mlL), and BSA
(0.73 mg protein/mL) were 1.34, 1.42, and 0.72 dye/protein,
respectively. Iree fluorochrome (Free NIR) and fluorochrome-
glycine (NIR-Glycine), which is produced when the conjugation
procedure is quenched by the addition of excess glycine (Nacalai,
Kyoto, Japan), were used as negative control probes.

Animals

All mice studies were conducted in strict accordance with the
Guide for the Care and Use of Laboratory Animals from the
Central Institute for Experimental Animals. All experimental
protocols were approved by the Animal Care Committee of the
CIEA (Permit Number: 11029A). All surgeries were performed
under isoflurane anesthesia, and all efforts were made to minimize
animal suffering. For whole-body optical imaging, we established
an immunodeficient hairless mouse strain, the BALB/cA Rag2™
12i8"™" nude (C.Cg-Rag2™' H2ig™"™™ Foxnl™/Jic; abridged name:
BRG nude) strain. This strain was created by crossing the BALB/
eA Rag2™" 112rg™" (C.Cig-Rag2™ 1i21g™ ¢/ Jic; abridged name:
BRG) strain [15) and the BALB/cA nude (CG.Cg-Foxnl™/Jic;
abridged name: nude) strain [16]. To produce an orthotopic
pancreatic cancer model, immunodeficient NOG (NOD.Cg-
Prkde™ I121g™ ¢/ Shific) mice were used as transplantation hosts

[17].

Xenograft Models

To generate xenograft models and liver and hematogenous
metastasis models, 1 x10> HCOT 116 and T-FICT 116 cells were
suspended in 0.1 mL of serum-free medium and then subcutane-
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Figure 1. Reactivity of the NIR-¢HLA probe with HCT 116 (human colorectal cancer) cells in vitro and in vivo, (A) HCT 116 cells were
incubated with various NIR-probes, and the in vitro fluorescence signals were specifically detected at wavelengths of 745/800 nm, which were
overlaid onto a bright-field image. (B) In vivo fluorescence images of HCT 116 tumor-bearing BRG nude mice. Dose-related effects of the NIR
fluorescence intensities after jv injection of various amounts of NIR-gHLA probe can been observed. Fluorescent signal from the NIR-oHLA probe was
specifically detected at wavelengths of 720/790 nm. The bright-field image is shown in the top panel, the fluorescent image is shown in the middle
panel, and the overlay image is shown in the bottom panel. (C) The time course of the NIR fluorescence intensity of BRG nude mice that had received
an fv injection of the NIR-oHLA probe. (D) Fluorescence intensities were quantified using ROIs of equivalent-sized areas from the lower abdominal
regions at the indicated time points. Data are presented as the mean % SD of three individual mice {Student’s ¢ test, p value of 40 min and 60
min =0.0390, for 40 min and 24 hr=0.0151, and for 60 min and 24 hr=0.0313).

doi:10.137 1/journal.pone.0082708.g001

ously (s ransplanted into the left flank of 7-9 week-old BRG In vivo animal imaging

nude mice (n=10 and 8, respectively). To generate tumor Spectral fluorescence images were obtained using the Kodak fn
xenografts in both the subcutancous spaces of 7-9 week-old Fivo Imaging System FX (Carestream Health, Inc. Rochester, NY,
BRG nude mice (n=35), 1x10° HCT 116 and BxPC-3 cells were USA) and the TVIS SpectrumCT (Caliper Life Sciences,
suspended in 0.1 mL of serum frec medium and were s Hopkinton, MA, USA). After an intravenous injection with
transplanted into the left and right flank, respectively. Liver 100 pL of the NIR fluorochrome-conjugated probes, whole-body
metastases of human colorectal cancer cells were generated by fluorescence images were obtained under isoflurane anesthesia.

illff‘aSIJIC"liC (isp) injections of 1x10” T-HCT 116 cells and 1x10° The NIR-conjugated macromolecule probes (including NIR-BSA,
HCT 116 cells into BRG nude mice (n=3 and 3, respectively), NIR-Isotype, and NIR-oHILA) were detected at wavelengths of

followed by splenectomy under isoflurane anesthesia [4]. Hema- 720 nm (excitation) and 790 nm (emission); the tdTomato
togenous metastases of HCT 116 cells were generated by an fluoroprotein was detected at an excitation wavelength of 533
intravenous (i) injection of 1x10” cells into BRG nude mice nm and an emission wavelength of 600 nm using the Kodak In-
(n=3). To generate an orthotopic implantation model of Fivo Imaging System FX. The NIR fluorescent signal was detected
pancreatic cancer, BxPC-3 cells (1 x10° cells/head) were injected at a 745 nm excitation wavelength and an 800 nm emission
intrasplenically (isp) into splenic vein-ligated 9 week-old NOG wavelength using the IVIS SpectrumCT. Bright-field photographs
mice, and a splenectomy was then performed (n = 2). Human non- were obtained for each mngulg time. The merged bright-field

small cell lung cancer (NSCLC) xenografts [18] were created by photographs and fluorescence images were geners ated using the
the sc implantation of LC11-JCK cells by trocar cannula into the Kodak Molecular Imaging software SE5.0 (Carestream Health,
left flank of BRG nude mice (n=4). Inc.) and the Living Image software 4.1.3 (Caliper Life Sciences).
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Figure 2. Proof of concept experiments for the /n vive imaging of human tumors with the NIR-probes. {A) In vivo fluorescence images of
BxPC-3 and HCT 116 tumor-bearing BRG nude mice {left and right flank, respectively) were taken 1, 2, and 9 days after iv injections with various NIR-
probes, (B) Ex vivo fluorescence images of the BxPC-3 and HCT 116 xenografts and tissues of recipient BRG nude mice. The bright-field photograph is
shown in the left panel, the fluorescence image is shown in the center panel, and the overlay image is shown in the right panel. The fluorescent signal
from the NiR-probes were specifically detected at 745/800 nm using an VIS SpectrumCT.

doi:10.1371/journal.pone.0082708.9002

Fluorescent intensity was quantified in the region of interest (ROI). exposure time (f/stop=2) and displayed in the same scale of
Identical illumination settings lamp voltage, filters, {/stop, field of fluorescent intensity. Mice were sacrificed by exsanguination
views, binning) were used for acquiring all images, and the under isoflurane anesthesia immediately after the completion of
fluorescence emission was normalized to ;)hotons per second per the imaging. Abdominal surgery was then conducted to clearly
centimeter square per steradian (p/s/cm’™/sr) in the quantitative show the cancer cell engraftments and to enable i sity and ex zive
analysis, All NIR fluorescent images were acquired using 1 second- optical imaging using the same system.
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Figure 3. Validation of /n vive imaging of human tumors with the NIR-conjugated macromolecule probes. (A) Bright-field images and
fluorescence images of the T-HCT 116 cells {(which express tdTomato) and HCT 116 cells in vitro. Fluorescent signal from the orange-red fluorescent
protein tdTomato and the NIR-aHLA probe were specifically detected at wavelengths of 535/600 nm and 720/790 nm, respectively. The absence or
presence of the NIR-uHLA antibody is indicated as NIR-uHLA (-) or (+), respectively. (B} In vivo fluorescence images of T-HCT 116 and HCT 116 tumor-
bearing BRG nude mice. The NIR fluorescence intensity 2 days after iv injection of the NIR-oHLA probe can be observed. Fluorescent signal from
tdTomato and NIR-uHLA probe were specifically detected at wavelengths of 535/600 nm and 720/790 nm, respectively, using the Kodak In-Vivo
Imaging System FX. The absence or presence of the NIR-oHLA probe is indicated as NIR-aHLA (~) or (+), respectively. The red and yellow arrows
indicate engraftment sites of T-HCT 116 cells and HCT 116 cells, respectively. (C) Fluorescent signal of the NIR-conjugated macromolecule probes co-
localized with tdTomato in T-HCT 116 cells in tumor-bearing BRG mice. The fluorescent signals at 535/600 nm and 745/800 nm were overlaid
(composite) using Living Image software 4.1.3. Li; liver, Sp; spleen. (D) Immunohistochemical staining of dissected tumors; anti-RFP (RFP; left), anti-
mouse lgGy, (MIgG,,; center), and anti-CD31 (CD31; right); Enlarged view of boxed area shown below. Arrowheads indicate same position the on

serial section, Scale bar, 200 pm.
doi:10.1371/journal.pone.0082708.g003

Immunohistochemical staining

Mice were euthanized by exsanguination under anesthesia, and
xenograft tumors were excised and embedded in OCT compound
(Sakura Finetek Japan Co., Ltd., Tokyo, Japan) and frozen in
liquid nitrogen. Five-micron-thick serial frozen sections were
prepared and fixed with 4% {(v/v) paraformaldehyde (Wako Pure
Chemical Industries, Ltd., Osaka, Japan). Nonspecific peroxidase
activity was quenched by incubation with 0.3% hydrogen peroxide
for 5 min. Sections were incubated primarily with rabbit
polyclonal anti-red fluorescent protein (RFP; Abcam, Cambridge,
UK), goat polyclonal mouse anti-IgG,, (Bethyl Laboratories,
Montgomery, TX, USA) antibodies, and rat monoclonal mouse
anti-CD31 (PECAM-1) (Dianova, Hamburg, Germany) antibodies
for ovemight at 4C. Signals were detected using a immune-
enzyme polymer method (Nichivei, Tokyo, Japan) using a 3,3'-
diaminobenzidine tetrahydrochloride (DAB; Dojindo Laborato-
ries, Kumamoto, Japan) substrate as a chromogen. Sections were
counterstained with hematoxylin.

Statistical Analyses
Statistical analyses were performed with the Prism 5 software
(GraphPad Software, CA, USA).

Results

Confirmation of NIR-aHLA specificity for human cancer
cells

To confirm the specificity of the fluorochrome-conjugated
probes @ wiro, HCT 116 (human colorectal cancer) cells were
treated with Free NIR, NIR-Glycine, NIR-BSA, NIR-Isotype
(isotype control), or NIR-oHLA. Fluorescence imaging of the
NIR-probes was then conducted using the excitation/emission
7457800 nm filter sets. Only the cells treated with NIR-oHLA
fluoresced, and fluorescence were not ohserved in the cells treated
with the other NIR-probes (Figure 1A).

To assess whether the NIR-¢HHLA probe could be used to
visualize human tumors in viwe, BRG nude mice were s¢
wransplanted with HCT 116 cells and were imaged after w
injection with different amounts of the NIR-oHLA probe. The
niice were injected with the NIR-oHLA probe (90, 30, 9, or 3 pg/
mouse) and were imaged on day | (Figure 1B). The NIR signal
was observed in the tumor regions of the mice that had received an
injection of more than 30 pg NIR-oHLA probe. The rapid
clearance of the NIR-oHLA probe was confirmed by fluorescence
imaging (Figure 1C). The accumulation of fluorescence in the
bladder peaked at 40 min, and the NIR fluorescence disappeared
within 24 hr after NIR-oHLA probe injection (Figure 1D).

PLOS ONE | www.plosone.org

Specificity of NIR-conjugated macromolecule probe

accumulation in tumor xenografts

As seen in an in vitro study of HCT 116 cells, fluorescence was
observed in BxPC-3 (human pancreatic cancer) cells in vitro only
when the cells were treated with the NIR-oHLA probe (data not
shown). To validate the NIR-oHLA probe specificity for tumor
cells n wivo, BRG nude mice were s¢ transplanted with BxPC-3
cells and HCT 116 cells on the left and right flanks, respectively,
and were imaged after 7z injection of the different NIR-probes with
equivalent amounts of fluorochrome. The mice were imaged on
days 1, 2, and 9 after NIR-probe injection (Figure 2A), On day 1
after probe injection, the mice injected with NIR-BSA, NIR-
Isotype, or the NIR-HLA probe accumulated fluorescent signals
in the tumor regions. However, the mice injected with the small
molecular probes (Free NIR and NIR-Glycine) did not show any
flnorescent signal accumulation, These results implied that the
NIR-conjugated macromolecules (BSA and  immunoglobulin
(IgG)) accumulated in the tumors mainly as a result of the EPR
effect. Nine days after NIR-probe injection, the fluorescent signals
in the tumor regions were decreased in the mice that had been
injected with NIR-BSA and NIR-Isotype; overall, a decrease in
background fluorescence was also observed. In contrast, the
fluorescence signals derived from the NIR-0¢HLA probe seemed to
be retained in the tumor region despite the disappearance of the
background fluorescence. This specificity and prolonged retention
of the NIR-oHILA probe coincided with the ex 2ivo imaging (Figure
2B). The strongest NIR signals were observed in the tumors
excised from mice that had been injected with the NIR-oHLA
probe.

To confirm the specificity of the NIR-conjugated macromole-
cule probe in witro, orange-red f{luorescent protein tdTomato-
expressing HGT 116 cells (T-HCT 116 cells) and HCT 116 cells
were treated with the NIR-oHLA probe (Figure 3A). Fluorescence
imaging of tdTomato and the NIR-oHILA probe was then
conducted using the excitation/emission filter sets of 535/600
and 720/790 nm, respectively. The cells treated with the NIR-
oHLA probe showed fluorescent signals with the 720/790 nm
filter set; however, the fluorescent signals were not observed in the
cells in the absence of the NIR-oHLA probe. Fluorescence of the
accumulated tdTomato protein was detected only in T-HCT 116
cells, using the 535/600 nm filter set. When transplanted cancer
cells became visible and palpable, the mice were injected with the
NIR-oHLA probe (90 pg/mouse). The mice were imaged 2 days
after NIR-oHLA probe injection (Figure 3B). Fluorescence of the
NIR signal was observed in the tumor regions within 1 day of
probe injection, was optimal at 2 days, and remained visible for up
to 14 days afier antibody injection (data not shown). The T-HCT
116 cells were used as a fluorescence imaging control. Fluores-
cence of the accumulated tdTomato protein was detected using
the 535/600 nm filter set, but the fluorescent signals were not
detected with the 720/790 nm filter set. These results indicated
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Figure 4. Time course of fluorescence intensities in human tumor xenografts after iv injection of NIR-conjugated macromolecule
probes. (A) The fluorescent signal from the tdTomato (left panels) and NiR-probes (right panels) in subcutaneous T-HCT 116 tumor-bearing BRG
nude mice (left and right flank, respectively) were detected at 1, 7, and 14 days after v injection with NIR-probes, at wavelengths of 535/600 nm and
745/800 nm, respectively, using an VIS SpectrumCT. (B) Fluorescence intensities of the tdTomato signal were quantified using ROIs of equivalent-
sized areas from the tumor regions at the indicated time points, {Student's t test, NIR-Isotype probe mjected "p value for 1 day and 14 days=0.0216
and for 7 days and 14 days=0.0126; NIR-aHLA probe injected: p value for 1 day and 7 days=0.0299). (C) Fiuorescence intensities of the NIR-probe
signal were quantified using ROls of equivalent-sized areas from the tumor regions at the indicated time points (Studem s t test, NiR-Isotype probe
injected: “p value for 7 days and 14 days =0.0176; NIR-xHLA probe injected: p value for 1 day and 14 days=0.0172, and " p value for 7 days and 14
days<0.0001). Data were presented as the mean = SD of four individual tumors (two individual tumors in case of day1-#4 mouse. (D) The signal-to-
background ratio {5/B) at 1, 7, and 14 days post-administration of the NIR-probes was calculated using the following formula: S/B = (fluorescence
intensity of RON/{(background intensity) ~ (fluorescence intensity of ROI)). In each case, the background was derived from equivalently sized areas
containing the same number of pixels,

doi:10.1371/journal.pone.0082708.g004

that this optical imaging system could detect both fluoroprobes and ex vizo (right panels) fluorescence images that were obtained 24
simultaneously with no cross-interference. Figure 3C shows a Iy after the administration of the NIR-Isotype or NIR-2HLA
series of whole-body {left panels), dermabrasion (center panels), probes (90 pug/mouse). The specificity of the NIR-conjugated
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Figure 5. /n vivo imaging of the liver metastasis model with the NIR-uHLA probe. (A) In vivo fluorescence images of T-HCT 116 tumor-
bearing BRG nude mice. The NIR fluorescence intensity 24 hr after iv injection of the NIR-aHLA probe can be observed using an IVIS SpectrumCT. The
fluorescent signal from tdTomato and the NIR-aHLA probe were specifically detected at wavelengths of 535/600 nm and 745/800 nm, respectively.
Nontransplant indicates that the BRG mouse had not received the T-HCT 116 cell transplant. Li; liver, Pa; pancreas. (B) Immunohistochemical staining
of dissected livers; anti-RFP (RFP; left), and anti-mouse 19G,, (MIgG,,; right); Enlarged view of boxed area shown below. Scale bar, 200 um.

doi:10.137 /journal.pone.0082708.¢4005

macromolecule probe for human tumors was demonstrated by the
co-localization of the NIR and orange-red flaorescence signals
within engrafted T-HCT 116 cells in vizo and ex vivo. The specific
accumulation of the NIR-conjugated macromolecule probes
within the T-HCGT 116 xenograft was confirmed by immunohis-
tochemical staining with anti-RFP antibody and anti-mouse
immunoglobulin antibody. The injected NIR-conjugated macro-
molecule probes (mouse immunoglobulin Gy,) were localized
around blood wvessels, which were stained by the specific
endothelial marker CD31 (Figure 3D).

The human tumors engrafted in BRG nude mice were
successfully visualized by the NIR-Isotype prohe and NIR-oHLA
probes. To compare the NIR-Isotype and NIR-oHLA probes in
terms of their ability to detect human tumor cells i vivo, the ROls
of that the fluorescence intensities of T-HCT 116 tumor and of
background signal were quantified at different time points after
probe administration (Figure 4). In contrast to the increasing
orange-red fluorescent signals in T-HCT 116 cells (Figure 4B),
both NIR fluorescent signals decreased over time {(Figure 4C). The
fluorescence intensity ratio between the tumor and background for
NIR-probes is defined as the signal-to-background (S/B) ratio.
The S/B ratio of NIR-Isotype and NIR-oHLA did not show
significant ditferences between time points (Figure 4D). This result
indicates that fluorescence imaging with the NIR-conjugated
oHLA antibody was mainly based on the EPR effect.

NIR-conjugated macromolecule probes facilitate
visualization of human tumors in various transplantation
models

Following these initial proof of principle experiments, the NIR-
conjugated macromolecule probes were used as imaging probes in
subsequent experiments using various types of xenotransplantation
models in BRG nude mice. We first attempted to detect the liver
metastasis of colorectal cancer generated by the isp injection of T-
HCT 116 cells. Three weeks after transplantation, the mice were
treated with the NIR-oHILA probe (90 pg/mouse). Figure 5A
shows a series of whole-body (left panels) and laparotomized body
(center panels) fluorescence images from mice inoculated with T-
HCT 116 cells, as well as ex vivo (vight panels) fluorescence images.
These pre- and post-mortem images were obtained 24 hr after
administration of the NIR-oHLA probe. The fluorescence
intensities observed in the mouse livers were higher than those
in the rest of the body using fluorescence imaging with the 745/
800 nm filter set in all T-HCT 116 cell-transplanted mice (3 out of
3). By contrast, we did not visualize the orange-red fluorescent
signal of the liver-metastasized T-FHICT 116 cells with the 535/600
nm filter set. Ex wvo imaging with the NIR-oHLA probe also
demonstrated a clear demarcation of the tumor f{rom the
surrounding healthy liver tissue (Figure 5A, bottom panels).
Furthermore, the NIR fluorescent signals were coincident with
the orange-red fluorescent signal of the T-HCGT 116 cells in ex vivo
imaging. This specific accumulation of the NIR-oHILA probe in
the liver-metastasized T-HCT 116 xenografts was confirmed by
immunohistochemical staining with anti-RFP antibody and anti-
mouse IgGy, antibody (Figure 5B). The NIR-oHLA probes, which
were detected by anti-mouse IgGy, antibody, were localized within

PLOS ONE | www.plosone.org

T-HCT 116 xenografl tumors, which were stained with anti-RFP
antibody.

In subsequent experiments, we attempted to detect LG1-JCK
xenograft tumors, which were established from human surgical
specimens by serial passage in the subcutaneous spaces of
immunodeficient BALB/cA nude mice. Recently, this type of
tumor resource has been called a “Patient-Derived tumor
Kenograft (PDX) model” [19]. To apply our versatile technique
for i wivo imaging to the PDX model, 9 pieces of'a 1-mm cubically
dissected LC11-JCK xenograft were implanted into the subcuta-
neous spaces of BRG nude mice. After 4 weeks, the mice were
treated with the NIR-oHLA probe or NIR-Isotype probes. Figure
6A shows a series of whole-body images that were obtained 2 days
after administration of the NIR-probes. A bright-field image is
shown in the top pancl. When the fluorescent signals are overlaid
onto the bright-field image, # wwo maintenance of the xenograft
tumors can be visualized using both the NIR-«FHILA and the NIR-
Isotype probes. Dermabrasion and ex viw {luorescence imaging
with the NIR-conjugated macromolecule probes confirmed
specific detection of the LG 11-JCK tumors in whole-body imaging
of the PDX model.

In the same manner as in the PDX model, we attempted to
detect non-genetically modified HCT 116 cells by using NIR-
conjugated macromolecule probes in various types of xenotrans-
plantation models. We attempted to detect the unpredictable
metastases of HCT 116 cells following iv injection of the cells. Four
weeks after inoculation, the mice were treated with the NIR-
oHLA probe (90 pg/mouse). Figure 6B shows a series of whole-
body (left panels) and ex wvo laparotomized body (right panels)
fluorescence images of mice inoculated with HCT 116 cells. These
pre- and post-mortem images were obtained 2 days after
administration of the NIR-oHLA probe. In the hematogenous
metastasis model, following & inoculation with HCT 116 cells, the
development of renal metastases was detected noninvasively using
this method. An orthotopic model of pancreatic cancer was
prepared through a modified intrasplenic transplantation of
BxPC-3 cells. Four weeks after transplantation, the mice were
treated with the NIR-oHLA probe. Figure 6C shows a series of
whole-body (left panels) and ex sizo laparotomized body (right
panels) fluorescence images from mice inoculated with 1x10°
BxPC-3 cells. Pre- and post-mortem images were obtained 2 days
after the administration of NIR-oHLA probe (90 pg/mouse). In
the whole-body imaging experiments, fluorescent signals were
observed in areas similar to those observed in the renal metastasis
model. However, the ex wvivo laparotomized body {luorescence
imaging revealed that the NIR fluorescent signals were located in
the pancreas.

Discussion

This study demonstrates that whole-body optical imaging using
NIR-conjugated macromolecule probes can detect human tumors
in immunodeficient mice.

In vivo analyses of the growth and metastases of xenografts are
crucial to the evaluation of new anti-cancer drugs and to the
identification of molecules that play key roles in tumor malignan-
cy. In experiments using subcutaneous xenograft models, measur-
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Figure 6. /n vivo imaging with the NIR-«MLA probe detected human tumors in various transplantation models. (A) In vivo fluorescence
images of BRG nude mice that had been implanted with small pieces of LC11-JCK xenograft tumors were taken 48 hr after jv injection with the NIR-
oHLA probe or the NiR-Isotype probe (left panels). In laparctomized body ex vivo fluorescence images (center panels) and ex vivo fluorescence images
(right panels), the fluorescent signal was specifically detected at wavelengths of 720/790 nm using the Kodak /m-Vivo Imaging System FX. Gl
gastrointestinal tract, Ki; kidney, Xe; LC11-JCK tumor xenograft, Li; liver. (B) In vivo fluorescence images of BRG nude mice that had received an
intravenous (via tail-vein) injection of 1x10% HCT 116 cells were taken 48 hr after jv injection with the NIR-oHLA probe (left panels). Laparotomized
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body ex vivo fluorescence images (right panels) are also shown. A bright-field image is shown in the top panel, a fluorescence image is shown in the
center panel, and the composite image is shown in the right panel. {C) An in vivo fluorescence image of a NOG mouse that had received an
intrasplenic injection of 1x10° BxPC-3 cells was taken 48 hr after iv injection with the NIR-uHLA probe {left panels). Laparotomized body ex vivo
fluorescence images {right panels) are also shown. The fluorescent signal from the NIR-probes was acquired using the Kodak In-Vivo Imaging System

FX.
doi:10.1371/journal.pone.0082708.g006

ing tumor volume can offer a clear evaluation of drug efficacy. In
contrast, although orthotopic implantations and hematogenous
metastasis models are more accurate [20], drug efficacy, partic-
ularly the tumor-suppressing effect of the drug, is evaluated only
by autopsy or overall survival. These methods are invasive and
time-consuming. In 2000, Yang et al, published a groundbreaking
report on whole-body optical imaging using green fluorescent
protein (GFP)-expressing cancer cells [21]. This work allowed
unprecedented continuous, noninvasive visual assessiments of
malignant growth and spread in live animals. Tracking the
GFEP-expressing cancer cells i vivo is far more sensitive and rapid
than cumbersome histological or immunohistochemical proce-
dures [22]. Recently, the use of near-infrared (NIR) wavelengths
(700-900 nm) instead of visible wavelengths (400-700 nm) was
found to be advantageous for in zive imaging, owing to the very low
autofluorescence of tissue and the high level of tissue penetration
of these wavelengths [23,24]. Although, we failed to visualize liver
metastasis of tdTomato-expressing HCGT 116 human colorectal
cancer (T-HCT-116) cells by orange-red fluorescent protein
tdTomato with the 535/600 nm filter set, the fluorescent signal
from liver-metastasized T-HCT 116 cells was clearly detected by
both NIR-oHLA (Figure 5A) and NIR-Isotype (data not shown)
probes with the 745/800 nm filter set. This result confirmed that
the NIR wavelength is superior to the orange-red fluorescence
wavelength in terms of tissue penetration. To overcome the
disadvantage of using tdTomato fluoroprotein, the spectra of the
fluorescent proteins should be shifted to longer wavelengths, The
infrared fluorescent protein alternative to GFP was originally
isolated from D. radiodurans and showed superior utility in whole-
body imaging of internal mammalian tissues [25,26]. However,
the issue of which fluorescent protein expressing cell lines need to
be established remains,

Solid tumors characteristically exhibit an accumulation of
macromolecules, as a result of the EPR effect, which arises from
the leaky vasculature within the tumors [9,10]. In this study, we
examined the uptake of NIR-probes of different molecular sizes by
conjugating the NIR {luorochrome to glycine (75 Da), BSA
(67 kDa), and immunoglobulins (150 kDa). The NIR-conjugated
macromolecules, including NIR-BSA, NIR-Isotype, and NIR-
oFHLA probe, accumulated in both BxPC-3 and HCT 116
xenograft tumors; in contrast, small molecular NIR-probes, such
as NIR-glycine and free NIR flucrochrome, could not be retained
in either the BxPC-3 or HCT 116 xenograft tumors (Figure 2).
These results indicate that the principal mechanism underlying
optical imaging with the NIR-conjugated macromolecule probes
may be due to the EPR effect. Immunochistochemical staining with
anti-mouse immunoglobulin Gy, revealed the localization of NIR-
oHILA probes that had leaked from blood vessels. This localization
supports the idea that the EPR effect, caused by leaky vasculature
within the tumor, is the underlying mechanism [9,10].

- In the subcutaneous transplantation model, all T-HCT 116
xenografts expressing orange-red fluorescence protein were
successfully detected at both the Ex/Em 535/600 nm (tdTomato
fluorescence reporter) and Ex/Em 745/800 nm (NIR-probe
fluorescence) wavelengths (6 out of 6). In addition, all visible and
palpable BxPC-3 and HCT 116 xenografts were also detected by
NIR-probes (3/3 and 3/53, respectively). In a liver metastasis
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model with T-HCT 116 reporter cells, whole-body imaging with
the 535/600 nm wavelength filter set failed to visnalize liver-
metastasized T-HCT 116 cells (0 out of 3). In contrast, the BRG
nude mice that received wp transplantation with T-HCT 116
reporter cells emitted sufficient NIR fluorescent signal from the
abdomen in whole-body imaging (3 out of 3). Ex vive imaging of
the liver metastasis model clearly demarcated tumors from the
surrounding liver cells during detection of the fluorescent signal
with both Ex/Em 535/600 nm and 745/800 nm wavelengths.

Using ev wivo imaging, but not whole-body imaging, we
identified a mouse in which the intrasplenically transplanted T-
HCT 116 cells had metastasized to the pancreas. Generally, it is
known that the EPR-eflect can be observed in almost all human
cancers with the exception of hypovascular tumors such as
prostate cancer or pancreatic cancer [27]. This characteristic
might explain the unsuccessful detection of an NIR fluorescent
signal in the tumor xenografts formed in the pancreas. Alterna-
tively, the NIR fluorescent signal in xenograft tumors formed in
the pancreas might be masked by the strong NIR fluorescent
signal of liver-metastasized tumors. This hypothesis is supported
by the successful whole-body imaging, using the NIR-oHLA
probe, of the human pancreatic cancer (BxPC-3) xenograft formed
in the pancreas(Figure 6C).

In human tumor xecnografls and human tissue or cell
transplantation models, anti-human HLA antibodies are powerful
tools for detecting and distinguishing human cells from recipient
mouse cells using immunchistochemical staining of tissue sections
[13,14]. In this study, we confirmed that in vitro, the human cancer
cell lines HCT 116 and BxPC-3 were specifically detected by NIR-
conjugated anti-lILA antibody (NIR-oHIA probe) but not by
NIR-conjugated isotype-matched immunoglobulin (NIR-Isotype
probe). However, both NIR-probes had a similar capacity to
detect the HCT 116 and BxPC-3 human cancer cells in vive. This
result indicates that fluorescence imaging with NIR-conjugated
anti-HLA antibody ¢ vive is mainly based on the EPR effect rather
than antigen—antibody binding. The BRG nude strain, which lacks
immunoglobulin [28], might have an EPR eflect-prone internal
environment. It is known that some cancer cells have lost the
surface expression of HLA molecules. However, the complete loss
of HLA class I molecules was found to occur in only 9% (6 of 70)
of a group of esophageal squamous cell carcinoma (ESCC)
patients and was not observed (0 of 34) in a group of head and
neck  squamous cell carcinoma (HINSCC) patients  [29,30].
Fortunately, our versatile method, which does not require any
genetic modilication of the target cancer cells, allows us to detect
tumor xenografts by using BRG nude mice as recipients, even for
cancers that have lost the surface expression of HLA class 1
antigen,

In this report, we demonstrated a simple method for detecting
human xenograft tumors in immunodeficient mice: using NIR-
conjugated macromolecule (immunoglobulin) probes. This versa-
tile method for the & vivo imaging of human tumor xenografts
should facilitate studies of cancer growth and metastasis and
accelerate the development of potential chemotherapeutic agents.
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Abstract. Clinically, *F-fluorodeoxyglucose positron emis-
sion tomography/computed tomography (*F-FDG-PET/CT) is
uscful in the evaluation of various types of human cancers.
While PET analysis has been established to evaluate subcu-
taneous lesions of human cancers in mice, its applications for
internal lesions are still being developed. We are currently
evaluating new PET approaches for the effective evaluation of
in vivo metastatic lesions in the internal organs of small exper-
imental animals. In this study, we analyzed in vivo hepatic
metastases of human colonic cancer in immunodeficient mice
(NOD/Shi-scid/IL-2Ry"", NOG) using PET tmaging. This
new PET approach has been proposed for the evaluation of
in vivo metastatic lesions in internal organs. The human colon
cancer line HCT116 (1.0x10° and 1.0x10° cells/mouse) was
transplanted by intrasplenic injection. *F-FDG-PET/CT scans
were performed 2 weeks after transplantation. After PET/CT
scans, histopathological examinations were performed. PET/
CT analysis disclosed multiple metastatic foci and increased
standardized uptake values (SUV) of FDG in the livers of NOG
mice (control, SUVmean 0.450+0.033, SUVmax 0.635+0.017,
1.0x10° cells, 0.853+0.087, 1.254+0.237, 1.0x10° cells,
1.211+0.108, 1.701£0.158). There were significant differences
in FDG uptakes between the three groups (ANOVA, P=0.017
in SUVmean; P=0.044 in SUVmax, n=2). We clearly and quan-

Correspondence to: Dr Tsuyoshi Chijiwa, Pathology Research
Department, Central Institute for Experimental Animals, 3-25-12
Tonomachi, Kawasaki-ku, Kawasaki. Kanagawa 210-0821, Japan
E-mail: chijiwa@cica.orjp

Key words: BF-FDG, PET, NOG mouse, colon cancer, tumor
Xenograft

titatively detected images of hepatic metastasis in the livers
of NOG mice by ®F-FDG-PET/CT in vivo. PET/CT analysis
of internal organ lesions of human cancerous xenografts is a
new reliable experimental system to simulate metastases. This
model system is uscful for analyzing metastatic mechanisms
and for developing new novel drugs targeting hepatic metas-
tases of cancer,

Introduction

Chemotherapy has contributed to improvements in the outcome
of colorectal cancer (1,2), yet the control of metastatic lesions
is crucial for improving outcomes, The metastatic mechanisms
of colon cancer are still not known in detail; however, previous
studies by us and others have identified the key molecules
related to liver metastasis in colon cancer (3-5), and patho-
logical findings of budding and venous invasion of tumors are
known to be important in predicting the outcome of colorectal
cancer (6,7). Clinically, ¥F-fluorodeoxyglucose positron emis-
sion tomography/computed tomography (*F-FDG-PET/CT)
fusion imaging is a useful tool for evaluating the stage, recur-
rence, outcome, and effectiveness of treatment in human
cancers (8-11). Some studies have reported that PET/CT is
useful in colon cancer (12-14). However, PET/CT imaging
has a limitation in revealing hepatic metastasis due to normal
uptake in the liver (15).

Many studies have shown that in vivo studies with
subcutaneous xenografts in nude mice and severe combined
immunodeficient (SCID) mice are useful for analyzing
human cancers (16-19), whereas they are limited in evaluating
internal organ metastases associated with human cancers.
Immunodeficient mice commonly show poor metastatic
lesions in vivo. We reported that distant metastatic lesions
were casily reproduced by human cancer cell lines in newly
developed NOD/Shi-scid/IL-2Ry"™" (NOG) mouse models
cmploying systemic injections (20-23). It was confirmed that
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the experimental metastasis model of human cancer using
NOG mice was more sensitive and casier to achieve than that
using SCID mice due to their multiple immunological dysfunc-
tions not only in cytokine production capability, but also in
the functional competence of T, B and NK cells (24,25). We
previously developed a reliable new model for assaying hepatic
metastasis with superimmunodeficient NOG mice (26,27).

Some in vivo studies have evaluated metastatic lesions of
internal organs in mice with conventional modalities such as
bio-luminescence imaging (BLI), but difficulties were found
in revealing the mechanisms of metastasis (28). Therefore, a
new in vivo system to detect internal organ metastatic lesions
is required to simulate the clinical situation of metastatic
lesions using reliable and quantitative approaches.

In this study, we examined whether *F-FDG-PET/CT
scans could semi-quantitatively reveal abnormal FDG uptakes
in hepatic metastasis of human colon cancer cell line HCT116
in NOG mice, thereby overcoming the above described limita-
tions encountered when evaluating metastatic lesions in the
liver. Moreaver, liver metastasis in NOG mice was studied by
histopathological analysis. We showed here that the evalua-
tion of metastatic lesions in NOG mice by PET/CT may be an
extremely useful in vivo metastatic model.

Materials and methods

Cell culture. The HCT116 cell line was obtained from the
American Type Culture Collection (Manassas, VA, USA)
and maintained in McCoy's 5A medium (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% heat-inactivated
fetal bovine serum, (00 U/ml penicillin and 100 pg/ml strep-
tomycin. Cells were incubated in a humidified (37°C, 5% CO,)
incubator and passaged on reaching 80% confluence.

In vivo transplantation of human colon cancer cell line,
HCTI16. NOG mice (9-12 weeks of age, male) were main-
tained at the specific pathogen-free facilities of the Central
Institute for Experimental Animals (CIEA, Kawasaki,
Japan). Experimental liver metastases using NOG mice were
generated by intrasplenic injection of HCT116 cells (1.0x10°
and 1.0x10%mouse, n=2) and splenectomy. All experiments
involving laboratory animals were performed in accordance
with the care and use guidelines of the CIEA, according to our
previous reports (26,27).

Whole-body imaging of NOG mice with "*F-FDG-PET and
CT scans. Positron-emitting fluorine-18 ("*F) was produced by
B0(p,n) ®*F nuclear reaction using a cyclotron (HM-18; Sumitomo
Heavy Industry, Osaka, Japan) at Hamamatsu Photonics PET
Center. "F-FDG-PET and CT scans were performed in NOG
mice 14 days after transplantation. The production of "F-FDG
was carried out according to a method described elsewhere
(29). The kinetics and distribution patterns of the radiolabeled
compound were determined with a small animal PET scanner
(ClairvivoPET; Shimadzu Corp., Kyoto, Japan). This scanner
consists of depth of interaction (DOI) detector modules with
an axial field of view (FOV) of 151 mm, a transaxial FOV of
102 mm, and a transaxial spatial resolution of 1.54 mm in the
center (30). Anesthetized mice were placed in a prone position
on a fixation plate and then placed in the gantry hole of the PET
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Table 1. SUV values in the various organs of control NOG
mice by ¥F-FDG-PET/CT.

SUVmnean SUVmax
Brain 1.519+£0.083 2.140+0.127
Heart 1.343+0.035 1.868£0.016
Kidney 2.163x0.125 3.1480.150
Bladder 32.986+3.590 49.692+8.152
Lung 0.577+0.064 1.384+0.104
Liver 0.450+0.033 0.635+£0.017
Muscle 0.151x0.011 0.327+0.040
Bone 0.214+0.013 0.476+0.034
Intestine 0.824+0.033 2.061x0.111
Testis 0.510+0.022 1.212+0.335

Standardized uptake values (SUV) were examined by ®F-FDG.

scanner. After trausmission measurement with an external *’Cs
point source (22 MBq) for attenuation correction, ®*F-FDG at
a dosc of 6 MBq (0.2 ml) was injected intravenously into each
mouse via the tail vein. Data were acquired in list-mode format
for 60 min; full 3D sinograms with corrected efficiency, scat-
tering, attenuation, count losses and decay were reconstructed
using an iterative 3D dynamic raw-action maximum likelihood
algorithm (Drama). Summation images from 40 to 60 min
after ®*F-FDG injection were reconstructed, and average and
maximum values of the standardized uptake (SUVmean,
SUVmax) were semi-quantitatively calculated in various organs
of NOG mice. After PET scanning, a CT scan was performed
with ClairvivoCT (Shimadzu Corp.) in each NOG mouse.

Macroscopic and microscopic examinations. Mice were
autopsied after PET/CT scan examinations to evaluate liver
metastases. These metastatic lesions were also histologically
confirmed. Immunohistochemistry was carried out on 4 ym
tissue sections using the Bond Polymer Refine Detection
system (Leica Microsystems, Tokyo, Japan) according to
the manufacturer's instructions with minor modifications. In
brief, 4 pm sections of formalin-fixed, paraffin-embedded
tissues were deparaffinized by Bond Dewax Solution (Leica
Microsystems) and an antigen retrieval procedure was carried
out using Bond ER solution (Leica Microsystems) for 30 min at
100°C. Endogenous peroxidases wete quenched by incubation
with hydrogen peroxide for 5 min. Sections were incubated
for 30 min at ambient temperate with primary monoclonal
antibodies for anti-HLA class 1-A, B, C (Hokudo, Sapporo,
Japan) using the biotin-free polymeric horseradish peroxidase
(HRP)-linker antibody conjugate system in a Bond-Max
automatic slide stainer (Leica Microsystems). Nuclei were
counterstained with hematoxylin.

Statistical analysis. Statistical comparisons of data sets were
analyzed by a one-way factorial ANOVA. Data arc shown as
means + standard error of mean (SEM). These analyses were
peiformed using JMP version 8 software (SAS Institute, Inc.,
Cary, NC, USA). P-values <0.05 were considered to indicate
statistically significant differences.

— 169 —



466

cT

PET

PET/CT
Fusion

PET

PET/CT
Fusion

Figure 1, PET and CT findings in control NOG mice. FDG-PET/CT shows
intense FDG uptakes in the brain (Br, SUVmax 2.140£0.127), heart (H,
SUVmax 1.868£0.016), kidney (K, SUVmax 3.148+0.150) and bladder (Bd,
SUVmax 49.692+8.152) of control NOG mice. (A) Coronal view, (B) axial
view. Upper panels, CT; middle panels, PET; lower panels, PET/CT fusion.

Results

8p.FDG-PET findings in control NOG mice. *F-FDG-
PET/CT showed intense FDG uptakes in the brain (SUVmean
1.519+0.083, SUVmax 2.140+0.127), heart (SUVmean
1.343+0.035, SUVmax 1.868+0.016), kidney (SUVmean
2.163+0.125, SUVmax 3.148+0.150) and bladder (SUVmean
32.986+3.590, SUVmax 49.692+8.152) of control NOG mice
(Table I, Fig. 1).

BE.FDG-PET and CT findings of tumor metastasis in NOG
mice. "F-FDG-PET/CT showed higher multiple FDG uptakes
(SUVmean 0.853+0.087, SUVmax 1.254x0.237) in the livers
of NOG mice transplanted with 1.0x10° cells of the HCT116
cell line (Table II, Fig. 2) than those of control NOG mice
(SUVmean 0450+0.033, SUVmax 0.635£0.017). CT scans also
showed marked liver swelling in NOG mice transplanted with
1.0x10° cells of HCT116 (Fig. 3). PET/CT showed diffuse higher
FDG uptakes (SUVinean 1.211£0.108, SUVmax 1.701x0.158)
in the livers of NOG mice with injection of 1.0x10° HCT116
cells than FDG uptakes with 1.0x10° cells. There were signifi-
cant differences in FDG uptakes between the three groups
(ANOVA, P=0.017 in SUVmean, P=0.044 in SUVmax). No
other organs with abnormal FDG uptake were noted besides
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Figure 2. PET and CT findings in NOG mice transplanted with 1.0x10° of
HCT116 celis. FDG-PET/CT shows significantly increased multiple FDG
uptakes (red arrow, SUVmax 1.017) in the livers of NOG mice transplanted
with 1.0x10° cells of the HCT116 cell line. (A) Coronal view, (B) axial view.
Upper panels, CT; middle panels, PET; lower pancls, PET/CT fusion. Br,
brain; H, heart; K, kidney: Bd, bladder.

Table 1. SUV values in the livers of NOG mice by "*F-FDG-
PET/CT.

SUVmean SUVmax
Control 0.450+0.033 0.635+0.017°
1.0x10° cells of HCTL16 0.853+£0.087" 1.254+0.237°

1.0x10° cells of HCT116 1.21120.108" 1.70120.158"

Standardized uptake values (SUV) were examined by *F-FDG-PET/CT,
ANOVA, “P=0.017, "P=0.044; n=2.

that of the livers of NOG mice transplanted with 1.0x10° and
1.0x10° cells of HCT116.

In vivo liver metastasis. Experimental liver metastases, which
consisted of solid white masses, were detected in all livers
of NOG mice transplanted with 1.0x10° and 1.0x10° cells of
the HCT 116 cell line. Metastatic hepatomegaly transplanted
with 1.0x10° cells was more severe than that with 1.0x10° cells
(Fig. 4, H&E). It was also immunohistochemically confirmed
that there were obviously more metastatic foci in the livers of
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Figure 3. PET and CT findings in NOG mice transplanted with 1.0x10° of
HCTI16 cells. CT scans show marked liver swelling in NOG mice trans-
planted with 1.0x10° of HCT 116 cells. PET/CT show diffuse higher FDG
uptakes (red arrow, SUVmax 1.859) in livers. (A) Coronal view, (B) axial
view, Upper panels, CT: wmiddle panels, PET; lower panels, PET/CT fusion.
By, brain; H, heart; K, kidney; Bd, bladder.

NOG mice transplanted with 1.0x10°® than in mice transplanted
with 1.0x10° HTC116 cells (Fig. 4, HLA).

Discussion

In this study, we clearly and quantitatively demonstrated
increased multiple ®F-FDG uptakes in hepatic metastases
of human colonic cancer cell line HCT116 in NOG mouse
models using a small animal PET/CT system. We previously
reported that *F-FDG-PET/CT clinically is a very useful
imaging modality to evaluate human cancers, including
rare carcinoma cases (31-34), Many reports have shown that
animal PET imaging is useful for evaluating human cancer
xenografts in vivo. It is usually difficult to reveal metastases
as conventional in vive models are limited in their evalu-
ation of metastases associated with human cancers (28,35).
It is easy to produce experimental liver metastases in
immunocompromised NOG mice because of their multiple
immunological dysfunctions in cytokine production capa-
bility as well as functional competence of T, B and NX cells
(24-27). However, quantitative evaluation of experimental
liver metastases is still being developed. We previously
reported the use of liver weight as an index of metastatic
hepatomegaly or microvessel counts to reflect tumor cell

A

H&E

Figure 4. Histopathological findings of liver metastases. Experimental liver
metastases in mice transplanted with both .0x10% and 1.0x10% of HCT116
cells showed metastatic hepatomegaly. Anti-HLA immunohistochemical
examinations revealed that there were many more metastatic foci of human
cancer in the livers of NOG mice transplanted with 1.0x10° than foci in mice
transplanted with 1.0x10° of HCT116 cells. (A) 1.0x10° HCT116 cells, (B)
1.0x10° HCT116 cells; H&E, hematoxylin and eosin; HLA, anti-HLA immu-
nohistochemistry; Scale bar, S mm.

activity (23,36). We present herein that the model system with
NOG mice and a small animal PET/CT system has the feasi-
bility of a quantitative metastasis model to simulate clinical
situations. Several studies have reported the development of
new anticancer therapies and novel drugs for human cancers
using animal PET (37,38). This model system presented here
with NOG mice and a small animal PET/CT system may be
useful for developing new auticancer therapies and novel
drugs for hepatic metastases of human cancers.

Although PET imaging with BF-FDG is routinely used for
tumor detection and therapy monitoring, several limitations
have been reported with "F-FDG, such as high uptake in
normal tissues of the brain and inflammatory tissues (15,39).
In contrast, positron-labeled amino acids and their analogs
are considered to be useful because of the low rate of amino
acid use in normal control tissues. Natural and unnatural
artificial labeled amino acids have been reported (40,41).
This hepatic metastasis model, using intrasplenic injection of
small numbers of cancer cells into NOG mice, is reliable and
quantitative, and more closely mimics in vivo conditions (26).
New compounds, which are more sensitive and specific for the
detection of human cancers, are expected to replace *F-FDG
(42 ,43). The hepatic metastasis model system in NOG mice
combined with small animal PET/CT analysis will be uscful
in developing new labeling compounds for PET.

In conclusion, the hepatic metastasis model system in NOG
mice combined with PET/CT has the feasibility to simulate
clinical situations, and this model system is useful for analyzing
mechanisms of metastasis and developing new therapeutic
approaches for metastatic lesions of human cancers.
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Abstract

Human ES cells (hESCs) and human induced pluripotent stem cells (hiPSCs) are usually generated and maintained on living
feeder cells like mouse embryonic filbroblasts or on a cell-free substrate like Matrigel. For clinical applications, a quality-
controlled, xenobiotic-free culture system is required to minimize risks from contaminating animal-derived pathogens and
immunogens. We previously reported that the pericellular matrix of decidua-derived mesenchymal cells (PCM-DM) is an
ideal human-derived substrate on which to maintain hiPSCs/hESCs. In this study, we examined whether PCM-DM could be
used for the generation and long-term stable maintenance of hiPSCs. Decidua-derived mesenchymal ceils (DMCs) were
reprogrammed by the retroviral transduction of four factors {OCT4, SOX2, KLF4, ¢-MYC) and cultured on PCM-DM. The
established hiPSC clones expressed alkaline phosphatase, hESC-specific genes and cell-surface markers, and differentiated
into three germ layers in vitro and in vivo. At over 20 passages, the hiPSCs cultured on PCM-DM heid the same cellular
properties with genome integrity as those at early passages, Global gene expression analysis showed that the GDF3, FGF4,
UTF1, and XIST expression levels varied during culture, and GATAG was highly expressed under our culture conditions;
however, these gene expressions did not affect the cells’ pluripotency. PCM-DM can be conveniently prepared from DMCs,
which have a high proliferative potential. Our findings indicate that PCM-DM is a versatile and practical human-derived
substrate that can be used for the feeder-cell-free generation and long-term stable maintenance of hiPSCs,
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human recombinant laminin-511 [14,15]. For clinical applica-
tions, quality-controlled xenobiotic-free culture systems are re-
quired to minimize health risks from animal-derived pathogens

Introduction

Induced pluripotent stem cells (PSCs) are generated from

various somatic cells by introducing defined transcription factors
[1,2], and they have properties similar to those of embryonic stem
cells (ESGs). iPSTs are expected to contribute greatly not only to
the realization of regenerative medicine but also to understanding
the molecular pathogenesis of many currently intractable diseases.
The promise of cell-based therapies using human iPSCs (hiPSCs)
is generally recognized, and has driven an intense search for good
cell sources, reprogramming methods, and cell culture systems.
However, their clinical application has yet to be realized.

In general, hiPSCs/human ESCs (hESCs) are generated and
maintained on living feeder cells, such as mouse embryonic
fibroblasts (MEFs) [2—4] or SNL cells [1,3], or on a feeder-free
culture substrate such as Matrigel [6-9], fibronectin [10-13], or
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and immunogens [16,17]. Therefore, the use of primary human-
derived living cells, like fibroblasts {18-21] or amnion-derived cells
[22], is a hopeful approach, although some difficulties with these
methods must still be overcome. We previously reported that the
pericellular matrix of decidua-derived mesenchymal cells (PCM-
DM) is an ideal human-derived material for maintaining hiPSCs/
hESCs [23]. The maintenance activity of PCM-DM is similar to
that of Matrigel, and its preparation is easy and reproducible,
because decidua-derived mesenchymal cells (DMCGs) can be
obtained and expanded in large quantity [23].

In this study, we examined whether PCN-DM could be used for
the feeder-free generation of hiPSCs and whether PGM-DM could
maintain the cellular properties of hiPSCs over many passages.
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DMCs were reprogrammed by the retroviral transduction of four
factors (OCT4, SOX2, KLF4, and ¢-MYG; ie., OSKM) and
cultured on PCM-DM. The hiPSCs established on PCM-DM
(hiPSC-PCMDM) expressed alkaline phosphatase (ALP) activity
and hESC-specific genes and surface markers, and they differen-
tiated into all three germ layers in vitro and in vivo. After over 20
passages, the cellular properties were similar to those of the cells
assayed at early passages and had genomic integrity. Global gene
expressiont analysis showed that the expression levels of GDIF3,
FGF4, UTF1, and XIST varied during culture and GATA6
expression was high under our conditions; the expression of these
genes did not affect pluripotency. These findings suggest that
PCM-DM is a practical, human-derived substrate that can be used
for both the generation and stable maintenance of hiPSCs,

Materials and Methods

Human Tissue and Cells

This study was carried out in accordance with the principles of
the Helsinki Declaration, and approval to use human tissues was
obtained from the ethical committee of Osaka National Hospital.
The donor hloods were serologically tested for HBs, HCV, HIV,
and syphilis. Full-term placental tissues and results of donor blood
tests were collected at the Osaka National Hospital with written
informed consent,

Human ESCs (clone KhESI) were obtained from Kyoto
University (Kyoto, Japan) [24] and propagated at the Center for
Developmental Biology, RIKEN, in accordance with Japanese
guidelines on the utilization of human ES cells, under approval
from the Ministry of Education, Culture, Sports, Science and
Technology (MEXT) of Japan. Human iPS cells (clone 201B7) [1]
were obtained from the RIKEN cell bank (Tsukuba, Japan) and
propagated on mitomycin C-treated SNL feeder cells in Primate
ES cell medium (ReproCELL, Kanagawa Japan) with basic
fibroblast growth factor (bFGF; 4 ng/ml; R&D Systems, Minnea-
polis MN) or mitomycin C-treated mouse embryonic fibroblast
(MEF) feeder cells in DMEM/F-12 (1:1)-based culture medium,
with 20% KnockOut SR (KSR, Invitrogen)/non-essential amino
acids (0.1 mM, Invitrogen)/L-glutamine (2 mM, Invitrogen)/2-
Mercaptoethanol (0.1 mM; Invitrogen)/bFGF (5 ng/ml; Wako
Pure Chemical Industries, Ltd, Osaka Japan)/antibiotic-antimy-
cotic, as previously described (hRESC medium) [2,25].

Preparation of PCM-DM

Human DMCs were propagated from human term decidua
vera in the DMEM/F-12 (1:1)-based culture medium supplemen-
ted with 10% fetal bovine serum (FBS), HEPES (15 mM), and
antibiotic-antimycotic (Invitrogen) at 37°C in 5% COy as pre-
viously described [23,26]. POM-DM was prepared as described
previously [25]. Briefly, DMCs were seeded at 3.5x 10" cells/cm”
on gelatin-precoated culture plates in the culture medium at 37°C
in 3% CO,y. After three days in culture, the cells were rinsed with
PBS once and treated with deoxycholate solution (0.5% sodium
deoxycholate in 10 mM Tris-HCI, pH 8.0) at 4°C for 30 min.
The treated plates were then washed six times with PBS by
pipetting to flush off the cell debris, and stored under semi-dry
conditions at 4°C.

Generation and Propagation of hiPSCs on PCM-DM
Four pMXs retroviral vectors encoding four reprogramming
factors (OSKM) were obtained from Addgene, Inc (Cambridge,
MA) [1], and amphotropic retroviruses were produced by the
transfection of Platinum-A retroviral packaging cells (Ciell Biolabs
Inc, San Diego, CA) using FuGENE® 6 Transfection Reagent
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(Roche Diagnostics, Indianapolis, IN). DMCs were infected with
the retrovirus supernatants supplemented with polybrene (4 pg/
ml, Nacalai, Kyoto, Japan). Three days post-infection, the cells
were plated on PGM-DM at 2x10" cells/60-mm-diameter culture
dish, and the culture medium was exchanged the next day with
MEF-conditioned medium (MEF-CM), prepared as described
previously [6]. Briefly, mitomycin C-treated MEF cells were
cultured on gelatin-coated plates in hESC medium consisting of
DMEM/F-12 (I:1)-based culture medium with 20% KnockOut
SR (KSR, Invitrogen)/non-essential amino acids (0.1 mM, In-
vitrogen)/L-glutamine (2 mM, Invitrogen)/2-Mercaptoethanol
(0.1 mM; Invitrogen)/bFGF (5 ng/ml; Wako Pure Chemical
Industries, Ltd, Osaka Japan)/antibiotic-antimycotic for 24 hours
at 37°C in 5% €O, The supernatant was then collected and
supplemented with an additional 3 ng/ml bFGF. The medium
was changed daily until hESC-like colonies appeared. After 30
days of induction, the hESC-like colonies were picked up and
replated on PGM-DM in MEF-CM (passage 1). After passage 2,
the established hiPSCs were cultured with STEM-PRO hESC
SEM (StemPro, Invitrogen) on PCM-DM (Fig, 1A).

Human iPSCs (201B7) propagated on SNL feeder cells in hESC
medium were also cultured on PCM-DM in MEF-CM or StemPro
medium.

Cell Reprogramming Efficiency Using PCM-DM Versus
Other Substrates

Six different DMC lines (DMC71, DMC72, DMC75, DMCT6,
DMGC85 and DMC92) were reprogrammed under seven different
culture conditions (6x 10% cells per culture), as follows: plated on
MEFs with non-conditioned (NC)-hESC medium (control), on
POM-DM with MEF-CM, on Matrigel with MEF-CM, on gelatin
with MEF-CM (autologous feeder) {27], on PCM-DM with NC-
hESC medium, on Matrigel with NC-hESC medium, and on
gelatin with NC-hESC medium. Cells reprogrammed using PCM-
DM with NC-hESC medium were propagated further for detailed
analyses.

ALP Staining

Cells were fixed with 10% Formalin/PBS for 2 min, The fixed
cells were washed with PBS once and then stained with 1-Step
NBT/BCIP (Thermo SCIENTIFIC, Rockford, IL) for 30 min at
room temperature (RT), according to the manufacturer’s specifi-
cation.

Quantitative Reverse Transcription-polymerase Chain
Reaction (qRT-PCR)

Total RNA was extracted as described in the RNeasy Mini
Kit (Qiagen, Valencia, CA), and ¢DNA was synthesized from
I g total RNA using random hexamers for reverse transcrip-
tion, according to the manufacturer’s specification (SuperScript
First-Strand Synthesis System for RT-PCR, Invitrogen). Quan-
titative PCR analysis was performed using gene-specific primers
(Supplemental Tahle S1) with Power SYBR® Green PCR
Master Mix, the 7300 real-time PCR  system {Applied
Biosystems, Foster, CA), and the comparative Gt method or

standard curve method [28].

Flow Cytometry (FCM) Analysis

Cells were pre-incubated with Y-27632 (Wako Pure Chemical
Industries) for 30 min and then dissociated by trypsin/EDTA
(Invitrogen). The dissociated cells were fixed with 4% para-
formaldehyde (PFA) {for 20 min on ice, washed with PBS, and then
reacted with the following primary antibodies for 30 min at 4°Ct
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