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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 IgG2a—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.
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Introduction

Human tumor xenograft (subcutaneous) models have been very

popular in vivo models in oncology research. 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 (isp)

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 transferase

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

FTIs [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 vivo.

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 nm range, such as green fluorescent protein (GFP), have

limited tissue penetration and high tissue autofluorescence [6].

Hence, fluorescent proteins (FPs) that have much longer wave-

lengths than GFP 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

either the avb3 integrins 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 ‘‘Xenograft markers’’ for the

detection of human cells by flow cytometry, immunoblotting, and

immunohistochemical staining. Currently, there are no reports

describing the use of this anti-HLA antibody as an in vivo imaging

probe. Therefore, we sought to develop a versatile method using

anti-HLA antibody for the detection of human tumors in vivo

without the need for fluoroprotein expression. The anti-HLA-

ABC antibody was conjugated with 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-HLA 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 BxPC-3 were obtained from the

American Type Culture 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 (37uC, 5% CO2) 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 fluoroimaging, 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 mg/ml of neomycin (Invitrogen

Corp., Carlsbad, CA) was added, and the cultures were

maintained until cell death ceased.

NIR fluorescent agents
For the direct detection of human tumors in vivo, the near-

infrared (NIR)-conjugated anti-HLA antibody (NIR-aHLA) was

prepared as follows. The mouse monoclonal anti-human HLA-

ABC antibody clone W6/32 (IgG2a; Cedarlane Laboratories USA

Inc., Burlington, NC, USA) and an isotype-matched mouse IgG2a

antibody (SouthernBiotech, Birmingham, AL, USA) were conju-

gated to the IVIS XenoLightTM CF770 (Abs/Em = 770/797 nm)

fluorochrome using the Fluorescent Dye kit for In Vivo Imaging

(Caliper Life Sciences, Hopkinton, MA, USA) according to the

manufacturer’s instructions. The absorbance of the NIR-conju-

gated antibodies was measured at 280 and 770 nm using a

SmartSpecTM 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:

Conjugate½ � mg=mLð Þ~ A280{ A770|CFð Þ½ �=1:4f g

|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.

DOL½ � dye=proteinð Þ~

A770|Mwt|dilutionfactorð Þ= e| Conjugate½ �ð Þ

Mwt is the molecular weight (150,000 for IgG), and e is the

molar extinction coefficient (220,000 for XenoLight CF770).

Bovine serum albumin (BSA; Nacalai, Kyoto, Japan) was also

conjugated to the XenoLightTM 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-aHLA (0.89 mg

protein/mL), the NIR-conjugated mouse isotype control IgG2a

immunoglobulin (NIR-Isotype; 0.60 mg protein/mL), and BSA

(0.73 mg protein/mL) were 1.34, 1.42, and 0.72 dye/protein,

respectively. Free 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 Rag2null

Il2rgnull nude (C.Cg-Rag2tm1Il2rgtm1Sug Foxn1nu/Jic; abridged name:

BRG nude) strain. This strain was created by crossing the BALB/

cA Rag2null Il2rgnull (C.Cg-Rag2tm1Il2rgtm1Sug/Jic; abridged name:

BRG) strain [15] and the BALB/cA nude (C.Cg-Foxn1nu/Jic;

abridged name: nude) strain [16]. To produce an orthotopic

pancreatic cancer model, immunodeficient NOG (NOD.Cg-

Prkdcscid Il2rgtm1Sug/ShiJic) mice were used as transplantation hosts

[17].

Xenograft Models
To generate xenograft models and liver and hematogenous

metastasis models, 16105 HCT 116 and T-HCT 116 cells were

suspended in 0.1 mL of serum-free medium and then subcutane-
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ously (sc) transplanted into the left flank of 7–9 week-old BRG

nude mice (n = 10 and 8, respectively). To generate tumor

xenografts in both the subcutaneous spaces of 7–9 week-old

BRG nude mice (n = 5), 16106 HCT 116 and BxPC-3 cells were

suspended in 0.1 mL of serum free medium and were sc

transplanted into the left and right flank, respectively. Liver

metastases of human colorectal cancer cells were generated by

intrasplenic (isp) injections of 16105 T-HCT 116 cells and 16106

HCT 116 cells into BRG nude mice (n = 3 and 3, respectively),

followed by splenectomy under isoflurane anesthesia [4]. Hema-

togenous metastases of HCT 116 cells were generated by an

intravenous (iv) injection of 16105 cells into BRG nude mice

(n = 3). To generate an orthotopic implantation model of

pancreatic cancer, BxPC-3 cells (16106 cells/head) were injected

intrasplenically (isp) into splenic vein-ligated 9 week-old NOG

mice, and a splenectomy was then performed (n = 2). Human non-

small cell lung cancer (NSCLC) xenografts [18] were created by

the sc implantation of LC11-JCK cells by trocar cannula into the

left flank of BRG nude mice (n = 4).

In vivo animal imaging
Spectral fluorescence images were obtained using the Kodak In

Vivo Imaging System FX (Carestream Health, Inc. Rochester, NY,

USA) and the IVIS SpectrumCT (Caliper Life Sciences,

Hopkinton, MA, USA). After an intravenous injection with

100 mL of the NIR fluorochrome-conjugated probes, whole-body

fluorescence images were obtained under isoflurane anesthesia.

The NIR-conjugated macromolecule probes (including NIR-BSA,

NIR-Isotype, and NIR-aHLA) were detected at wavelengths of

720 nm (excitation) and 790 nm (emission); the tdTomato

fluoroprotein was detected at an excitation wavelength of 535

nm and an emission wavelength of 600 nm using the Kodak In-

Vivo Imaging System FX. The NIR fluorescent signal was detected

at a 745 nm excitation wavelength and an 800 nm emission

wavelength using the IVIS SpectrumCT. Bright-field photographs

were obtained for each imaging time. The merged bright-field

photographs and fluorescence images were generated using the

Kodak Molecular Imaging software SE5.0 (Carestream Health,

Inc.) and the Living Image software 4.1.3 (Caliper Life Sciences).

Figure 1. Reactivity of the NIR-aHLA 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 iv injection of various amounts of NIR-aHLA probe can been observed. Fluorescent signal from the NIR-aHLA 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 iv injection of the NIR-aHLA 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 6 SD of three individual mice (Student’s t 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:10.1371/journal.pone.0082708.g001
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Fluorescent intensity was quantified in the region of interest (ROI).

Identical illumination settings (lamp voltage, filters, f/stop, field of

views, binning) were used for acquiring all images, and the

fluorescence emission was normalized to photons per second per

centimeter square per steradian (p/s/cm2/sr) in the quantitative

analysis. All NIR fluorescent images were acquired using 1 second-

exposure time (f/stop = 2) and displayed in the same scale of

fluorescent intensity. Mice were sacrificed by exsanguination

under isoflurane anesthesia immediately after the completion of

the imaging. Abdominal surgery was then conducted to clearly

show the cancer cell engraftments and to enable in situ and ex vivo

optical imaging using the same system.

Figure 2. Proof of concept experiments for the in vivo 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 IVIS SpectrumCT.
doi:10.1371/journal.pone.0082708.g002
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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-IgG2a (Bethyl Laboratories,

Montgomery, TX, USA) antibodies, and rat monoclonal mouse

anti-CD31 (PECAM-1) (Dianova, Hamburg, Germany) antibodies

for overnight at 4̊C. Signals were detected using a immune-

enzyme polymer method (Nichirei, Tokyo, Japan) using a 3,39-

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 in vitro, HCT 116 (human colorectal cancer) cells were

treated with Free NIR, NIR-Glycine, NIR-BSA, NIR-Isotype

(isotype control), or NIR-aHLA. Fluorescence imaging of the

NIR-probes was then conducted using the excitation/emission

745/800 nm filter sets. Only the cells treated with NIR-aHLA

fluoresced, and fluorescence were not observed in the cells treated

with the other NIR-probes (Figure 1A).

To assess whether the NIR-aHLA probe could be used to

visualize human tumors in vivo, BRG nude mice were sc

transplanted with HCT 116 cells and were imaged after iv

injection with different amounts of the NIR-aHLA probe. The

mice were injected with the NIR-aHLA probe (90, 30, 9, or 3 mg/

mouse) and were imaged on day 1 (Figure 1B). The NIR signal

was observed in the tumor regions of the mice that had received an

injection of more than 30 mg NIR-aHLA probe. The rapid

clearance of the NIR-aHLA 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-aHLA probe injection (Figure 1D).

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-aHLA probe (data not

shown). To validate the NIR-aHLA probe specificity for tumor

cells in vivo, BRG nude mice were sc transplanted with BxPC-3

cells and HCT 116 cells on the left and right flanks, respectively,

and were imaged after iv 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-aHLA 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

fluorescent 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-aHLA probe seemed to

be retained in the tumor region despite the disappearance of the

background fluorescence. This specificity and prolonged retention

of the NIR-aHLA probe coincided with the ex vivo imaging (Figure

2B). The strongest NIR signals were observed in the tumors

excised from mice that had been injected with the NIR-aHLA

probe.

To confirm the specificity of the NIR-conjugated macromole-

cule probe in vitro, orange-red fluorescent protein tdTomato-

expressing HCT 116 cells (T-HCT 116 cells) and HCT 116 cells

were treated with the NIR-aHLA probe (Figure 3A). Fluorescence

imaging of tdTomato and the NIR-aHLA probe was then

conducted using the excitation/emission filter sets of 535/600

and 720/790 nm, respectively. The cells treated with the NIR-

aHLA 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-aHLA 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-aHLA probe (90 mg/mouse). The mice were imaged 2 days

after NIR-aHLA 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 after 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

Figure 3. Validation of in vivo 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-aHLA antibody is indicated as NIR-aHLA (–) 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-aHLA probe can be observed. Fluorescent signal from
tdTomato and NIR-aHLA 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-aHLA 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 IgG2a (MIgG2a; center), and anti-CD31 (CD31; right); Enlarged view of boxed area shown below. Arrowheads indicate same position the on
serial section. Scale bar, 200 mm.
doi:10.1371/journal.pone.0082708.g003
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that this optical imaging system could detect both fluoroprobes

simultaneously with no cross-interference. Figure 3C shows a

series of whole-body (left panels), dermabrasion (center panels),

and ex vivo (right panels) fluorescence images that were obtained 24

hr after the administration of the NIR-Isotype or NIR-aHLA

probes (90 mg/mouse). The specificity of the NIR-conjugated

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 iv injection with NIR-probes, at wavelengths of 535/600 nm and
745/800 nm, respectively, using an IVIS 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 injected: *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) Fluorescence intensities of the NIR-probe
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
injected: *p value for 7 days and 14 days = 0.0176; NIR-aHLA 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 6 SD of four individual tumors (two individual tumors in case of day1-#4 mouse. (D) The signal-to-
background ratio (S/B) at 1, 7, and 14 days post-administration of the NIR-probes was calculated using the following formula: S/B = (fluorescence
intensity of ROI)/((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
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macromolecule probe for human tumors was demonstrated by the

co-localization of the NIR and orange-red fluorescence signals

within engrafted T-HCT 116 cells in vivo and ex vivo. The specific

accumulation of the NIR-conjugated macromolecule probes

within the T-HCT 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 G2a) were localized

around blood vessels, 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 probe and NIR-aHLA

probes. To compare the NIR-Isotype and NIR-aHLA probes in

terms of their ability to detect human tumor cells in vivo, the ROIs

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-aHLA did not show

significant differences between time points (Figure 4D). This result

indicates that fluorescence imaging with the NIR-conjugated

aHLA 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-aHLA probe (90 mg/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 (right panels) fluorescence images.

These pre- and post-mortem images were obtained 24 hr after

administration of the NIR-aHLA 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-HCT 116 cells with the 535/600

nm filter set. Ex vivo imaging with the NIR-aHLA probe also

demonstrated a clear demarcation of the tumor from 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-HCT 116 cells in ex vivo

imaging. This specific accumulation of the NIR-aHLA probe in

the liver-metastasized T-HCT 116 xenografts was confirmed by

immunohistochemical staining with anti-RFP antibody and anti-

mouse IgG2a antibody (Figure 5B). The NIR-aHLA probes, which

were detected by anti-mouse IgG2a antibody, were localized within

T-HCT 116 xenograft tumors, which were stained with anti-RFP

antibody.

In subsequent experiments, we attempted to detect LC11-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

Xenograft (PDX) model’’ [19]. To apply our versatile technique

for in vivo 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-aHLA 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 panel. When the fluorescent signals are overlaid

onto the bright-field image, in vivo maintenance of the xenograft

tumors can be visualized using both the NIR-aHLA and the NIR-

Isotype probes. Dermabrasion and ex vivo fluorescence imaging

with the NIR-conjugated macromolecule probes confirmed

specific detection of the LC11-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-

aHLA probe (90 mg/mouse). Figure 6B shows a series of whole-

body (left panels) and ex vivo 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-aHLA probe. In the hematogenous

metastasis model, following iv 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-aHLA probe. Figure 6C shows a series of

whole-body (left panels) and ex vivo laparotomized body (right

panels) fluorescence images from mice inoculated with 16106

BxPC-3 cells. Pre- and post-mortem images were obtained 2 days

after the administration of NIR-aHLA probe (90 mg/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 vivo laparotomized body fluorescence

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-

Figure 5. In vivo imaging of the liver metastasis model with the NIR-aHLA 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 IgG2a (MIgG2a; right); Enlarged view of boxed area shown below. Scale bar, 200 mm.
doi:10.1371/journal.pone.0082708.g005
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Figure 6. In vivo imaging with the NIR-aHLA 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 iv injection with the NIR-
aHLA probe or the NIR-Isotype probe (left panels). In laparotomized 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 In-Vivo Imaging System FX. GI;
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 16105 HCT 116 cells were taken 48 hr after iv injection with the NIR-aHLA probe (left panels). Laparotomized
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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 assessments of

malignant growth and spread in live animals. Tracking the

GFP-expressing cancer cells in 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 vivo 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 HCT 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-aHLA (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 fluorochrome to glycine (75 Da), BSA

(67 kDa), and immunoglobulins (150 kDa). The NIR-conjugated

macromolecules, including NIR-BSA, NIR-Isotype, and NIR-

aHLA probe, accumulated in both BxPC-3 and HCT 116

xenograft tumors; in contrast, small molecular NIR-probes, such

as NIR-glycine and free NIR fluorochrome, 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. Immunohistochemical staining with

anti-mouse immunoglobulin G2a revealed the localization of NIR-

aHLA 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 5/5, respectively). In a liver metastasis

model with T-HCT 116 reporter cells, whole-body imaging with

the 535/600 nm wavelength filter set failed to visualize liver-

metastasized T-HCT 116 cells (0 out of 3). In contrast, the BRG

nude mice that received isp transplantation with T-HCT 116

reporter cells emitted sufficient NIR fluorescent signal from the

abdomen in whole-body imaging (3 out of 3). Ex vivo 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 ex vivo 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-effect 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-aHLA

probe, of the human pancreatic cancer (BxPC-3) xenograft formed

in the pancreas(Figure 6C).

In human tumor xenografts 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 immunohistochemical 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-HLA antibody (NIR-aHLA 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 vivo. This

result indicates that fluorescence imaging with NIR-conjugated

anti-HLA antibody in vivo is mainly based on the EPR effect rather

than antigen–antibody binding. The BRG nude strain, which lacks

immunoglobulin [28], might have an EPR effect-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 (HNSCC) patients [29,30].

Fortunately, our versatile method, which does not require any

genetic modification 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 I

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 in vivo imaging of human tumor xenografts

should facilitate studies of cancer growth and metastasis and

accelerate the development of potential chemotherapeutic agents.

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 16106 BxPC-3 cells was taken 48 hr after iv injection with the NIR-aHLA 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
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