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Abstract

Background: It is difficult to distinguish between a tumor and its liver segment with traditional
use of indocyanine green (ICG) alone. In the present study, a method was used to limit ICG to the
adjacent liver segment and a spectrally-distinct fluorescently-labeled tumor-specific antibody
against human carcinoembryonic antigen-related cell-adhesion molecules (CEACAMS) was used
to label the metastatic tumor in a patient-derived orthotopic xenograft (PDOX) mouse model to
enable color-coded visualization of colon-cancer liver metastases with its adjacent liver segment.

Materials and Methods: Nude mice received surgical orthotopic implantation of colon-cancer
liver metastases derived from two patients. An anti-CEACAM monoclonal antibody (mAb 6G5j)
was conjugated to a near-infrared dye IR700DX (6G5j-IR700DX). After three weeks, mice
received 6G5j-IR700DX via tail-vein injection 48 hours before surgery. ICG was intravenously
injected after ligation of the left or left lateral Glissonean pedicle resulting in labeling of the
segment with preserved blood-flow in the liver. Imaging was performed with the Pearl Trilogy and
FLARE Imaging Systems.
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Results: The metastatic liver tumor had a clear fluorescence signal due to selective tumor
targeting by 6G5j-IR700DX, which was imaged on the 700 nm channel. The adjacent liver
segment with preserved blood-flow in the liver had a clear fluorescence ICG 800 nm signal, while
the left or left lateral segment had no fluorescence signal. Overlay of the images showed clear
color-coded differentiation between the tumor labeled as 700 nm and the liver segment labeled at
800 nm.

Conclusions: Color-coding of the tumor and uninvolved liver segment has the potential for an
optimal liver resection.
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INTRODUCTION

Liver surgery offers the chance for long-term survival and is the only potentially curative
therapy for patients with colorectal liver metastases (1). There are two main procedures for
liver surgery: one is partial liver resection for securing the surgical margin and the other is
anatomic liver resection, which is based on the portal flow (2). In the treatment of colorectal
liver metastases, negative (= 1 mm) surgical margin is the present standard (3) while
anatomic liver resection of the cancer-bearing portal territory is recommended for the
treatment of hepatocellular carcinoma (4). Partial liver resection is selected to obtain
negative surgical margin with parenchymal sparing hepatectomy for preservation of an
adequate functional liver remnant (5). On the other hand, anatomic liver resection is chosen
depending on the number of tumors and the location of the major vessels such as two-stage
hepatectomy for bilateral colorectal liver metastasis cases (6).

Indocyanine green (ICG) has been developed in the field of liver surgery to label liver
segments or liver metastases (7). Pre-operative ICG administration provides tumor location
for partial liver resection (8). Small colon cancer liver metastases have previously been
identified by ICG fluorescence in an orthotopic nude mouse models (9). Intra-operative ICG
administration can demarcate liver segments for anatomic liver resection (10). We have
improved the specificity of liver segment labeling with ICG after the ligation of the
Glissonean pedicle in a mouse model (11). However, it still may be difficult to distinguish
between tumor and liver segments, especially when the tumor lies close to a fluorescent liver
segment (12).

We have previously demonstrated that a carcinoembryonic antigen-related cell-adhesion
molecule (CEACAM) fluorescent antibody can specifically detect primary and metastatic
colon cancer in mouse models (13). Our aim in this study was to develop a color-coded
fluorescent labeling to provide a distinct boundary between tumor and the adjacent liver
segment using a spectrally-distinct fluorescently-labeled tumor-specific antibody in
combination with ICG. using a patient-derived orthotopic xenograft (PDOX) nude mouse
models (14).
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MATERIALS AND METHODS

Nude Mice

Nude (nu/nu) mice, age 4-6 weeks purchased from Jackson Lab (Bar Harbor, ME, USA),
were used for this study. The animals were fed an autoclaved laboratory diet. All surgical
procedures were performed with anesthesia by intra-muscular injection of ketamine,
xylazine and acepromazine reconstituted in phosphate-buffered saline (PBS). Mice were
treated with buprenorphine for pain control after surgical procedures. At the conclusion of
the study, mice were euthanized with CO, inhalation, which was confirmed with cervical
dislocation. All studies were approved by the San Diego Veterans Administration Medical
Center Institutional Animal Care and Use Committee (IACUC, animal use protocol A17—
020).

Antibody-fluorophore conjugation

Anti-CEACAM monoclonal antibody (6G5j: B.B.Singer, Institute for Anatomy, Essen,
Germany) was conjugated to near-infrared dye IR700DyeDX NHS ester (LI-COR
Biosciences Inc., Lincoln, NE, USA) (6G5j-1IR700DX), per methods previously described
(13).

Subcutaneous patient-derived orthotopic xenografts with tumors

Two human patient colon cancer liver metastases (CM2 and Liver5) were established under
sterile conditions using previously described procedures (13).

Sutureless surgical orthotopic implantation (SOI) of a patient-derived colon cancer liver

metastasis

The procedure of sutureless surgical orthotopic implantation (SOI) was previously described
(15). Briefly, a 10 mm incision was made vertically in the midline of the upper abdomen
through the skin and peritoneum. After removal of the xyphoid process, the left lobe of the
liver was exposed. A single 1 mm?3 tumor fragment was implanted into the left lobe of the
liver without any suturing. The left lobe of the liver was returned to the abdominal cavity
and the skin and peritoneum were closed with 60 surgical sutures. Six mice were implanted
with CM2 and four were implanted with Livers.

Administration of fluorescent agents

Three weeks after SOI, mice were administered 50 pg of 6G5j-IR700DX via tail vein
injection. Forty-eight hours later, ICG was administered as previously described, by
exposing the liver and ligating the left Glissonean pedicle as previously described (11). A
schematic diagram of the experimental protocol is shown in Figure 1.

In vivo imaging

Mice were anesthetized prior to imaging and laparotomy was performed to expose the liver.
For 700 nm and 800 nm intra-vital static imaging, the Pearl Trilogy Small Animal
Fluorescence Imaging System (LI-COR, Lincoln. NE, USA) was used. For intra-vital
dynamic imaging the FLARE Imaging System (Curadel, MA, USA) was used.
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Statistical analysis

Imaging analysis was performed using Image Studio Software Small Animal Imaging
Analysis (LI-COR, Lincoln, NE) and statistical analysis was performed using SAS software
(JMP 14.2.0; SAS Institute Inc., Cary, NC). Continuous variables were expressed as mean +
standard deviation. The liver was set as the background and an area of interest around the
tumor fluorescence was automatically provided by the system with a minimum of 250 pixels
and at least 2.5 standard deviations from the background signal. Tumor-to-liver ratio (TLR)
was calculated for each mouse by dividing maximum tumor fluorescence by maximum liver
fluorescence. Mean TLR was determined for the entire cohort.

RESULTS

In vivo Imaging

Six nude mice underwent liver SOl of CM2 and four received liver SOI of Liver5 human
patient derived colon cancer liver metastases. Images were acquired with the Pearl Trilogy
Small Animal Imaging System 48 hours after 6G5j-IR700DX administration via tail vein.
The CM2 mice tumor expressed 700 nm signal (red pseudo-color) and representative images
of 2 cases are shown in Figure 2A and 2C. Images were then acquired a few minutes after
ICG administration via tail vein. The CM2 mice tumor expressed 700 nm signal (red
pseudo-color) and the area with preserved blood flow of the liver expressed 800 nm signal
(green pseudo-color). Figure 2B and 2D show the anatomical position and cranial inversion
of the liver in the same mouse as Figure 2A and Figure 2C, respectively. There was minimal
variation in fluorescence level between mice. The TLR of each mouse is shown in Figure 3
and the mean TLR for the entire cohort of mice was 4.40 £ 0.96.

The Liver5 mice tumor expressed 700 nm signal (red pseudo-color) and expressed 800 nm
signal (green pseudo-color) on the area with preserved blood flow of the liver. All four mice
had similar fluorescence. The TLR of each mouse is shown in Figure 3 and the mean TLR
for the entire cohort of mice was 3.38 + 1.25.

No adverse effects were observed in all cases when anti-CEACAM antibody conjugated to
700 nm dye and ICG were administered concomitantly.

Color-coded labeling with Intra-vital Dynamic Imaging

After confirmation of fluorescence signals with Pearl Trilogy Small Animal Imaging
System, imaging was performed on the FLARE Imaging System. On the bright-light
channel, the mouse position was carefully aligned (Figure 4A). On the 700 nm channel, the
tumor had a clear fluorescence signal of 6G5j-IR700DX with minimal background liver
signal (Figure 4B). On the 800 nm channel, the left or left lateral lobe had no fluorescence
signal due to ligation of the Glissonean pedicle and the area with preserved blood flow in the
liver had the clear fluorescence signal of ICG (Figure 4C). Overlay mode (bright-light, 700
nm and 800 nm) showed clear differentiation between tumor and segmental boundary
(Figure 4D).
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DISCUSSION

In the present study, we demonstrate that color-coded fluorescence labeling using a
fluorescently labeled tumor-specific antibody against human CEACAMSs in combination
with ICG enhances the visualization of the boundary between the colon-cancer liver
metastatic tumor and its adjacent liver segment in PDOX mouse models.

Within the field of liver surgery, the hepatic metabolism of ICG makes it useful for many
intraoperative real-time imaging approaches (16). Two of the most important uses of ICG are
identifying hepatic tumors and visualizing hepatic segments. Pre-operative administration of
ICG has been used for tumor identification. Although it is not highly sensitive or tumor-
specific, it can be used to identify the location of tumors using different mechanisms for
hepatocellular carcinoma and metastatic liver tumor (8). ICG is used to help ensure a
negative surgical margin in liver resection (17). In addition to tumor labelling, ICG has been
used to identify liver segments as during anatomic liver resection, which is associated with a
higher risk of fatal complications due to the lack of visibility of intrahepatic structures (10).
This approach takes advantage of the fact that ICG entering via the portal vein remains in
the hepatocyte for several hours and is excreted into the bile duct (18). In recent years, this
technique has been applied to real-time navigation for continuous guidance of the
transection plane in anatomic liver resection (12, 19, 20). Depending on the location of the
tumor, there are often situations when both of these techniques could be used, but there is no
way to visually distinguish between them.

Anatomic resection is based on portal flow from an oncological perspective, and there are
two main methods of ICG administration: positive staining and negative staining (21). In
positive staining, the fluorescent area is resected, and the non-fluorescent area is resected in
negative staining. In patients with tumors receiving blood supply by two or more portal
veins, the multiple staining method is useful (22). We used the negative staining method
with Glissonean sheath ligation, which is easy to perform and highly reproducible in mouse
models (11).

In our recent study (13), 6G5j-IR800CW injection did not immunohistochemically stain
human colon and western blotting of 6G5j-IR800CW for CEACAM expression showed low
expression in normal human colon and no expression in normal mice colon. It was also
shown that of two human colon cancer cell lines and 14 patient-derived colon cancers
surgically obtained at our hospital, only the HCT116 human colon cancer cell line did not
express CEACAM. Jantscheff et al. reported that 95.9% of patients showed enhanced
expression in at least one of CEACAM 1, CEACAMS and CEACAMS6 molecules in 243
patients (23). We selected two patient tumors with high pre-operative CEA for establishment
of PDOX mouse models based on the results of whole membrane western blotting of
CEACAM expression in colon-cancer lysates (13). We selected tumor-specific antibody
conjugated to 700 nm dye as a fluorophore for the tumor visualization since this dye has a
distinctly different wavelength than ICG.

There are several limitations in this study. First, there is a lack of information on CEACAM
expression percentage of liver metastases and normal liver tissue. With regard to the liver,
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overexpression of CEACAMBG in colorectal cancer cells increases invasiveness and correlates
with the highest expression of CEACAMBG in colorectal liver metastases (24), but no data has
been reported on the percentage of CEACAM expression in liver metastases or normal liver
tissue, and further studies are needed. In addition, the segment | or IV resections have a dual
blood supply so this technology will be limited in this instance.

Color-coded surgery with multiple color imaging has been demonstrated in previous studies.
Yano et al developed color-coded FGS with green fluorescent protein (GFP)-labeled cancer
cells and red fluorescent protein (RFP)-labeled stroma cells in a PDOX mouse model of
pancreatic cancer (25). Color-coded FGS was more effective than BLS or single-color FGS
to prevent recurrence in the model. In the clinical field of neurosurgery, dual labeling with 5-
ALA for distinguishing tumor and fluorescein for providing tissue fluorescence of adjacent
brain tissue has been reported (26).

Color-coded surgery using multiple wavelength filters is promising for further advances in
navigation surgery, such as viewing the boundaries of tumors, background tissues, blood
vessels and nerves (27, 28). The results shown in the present study indicated that the signals
at 700 nm and 800 nm could be clearly recognized, and the overlay with the bright field was
also favorable for liver surgery in mouse models. Especially in laparoscopic or robotic
surgery, which has made remarkable progress in recent years, it is easy to perform intra-
operative merged imaging, so it is possible to reproduce this technique in clinical
applications. These advances are useful for anatomic liver resection cases in which the
tumor is located close to the boundary of the liver segments and expected to lead to safer and
more reliable tumor resections and fewer complications.

The present proof-of-principle study demonstrate that metastatic liver tumor and adjacent
liver segment can be readily distinguished offers suggestions that could lead to further
advances in navigation liver surgery.

CONCLUSIONS

This study shows that the combination of ICG (800 nm) and anti-CEACAM antibody
conjugated to 700 nm dye distinguish the tumor and the liver segment in which it resides and
has potential for FGS of colorectal cancer liver metastases.
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6G5] -IR700DX lateral Glisonnean pedicle ICG
Figure 1.

Administration of indocyanine green (ICG) and anti-CEACAM monoclonal antibody (6G5j)
fluorescent antibody. A) 50 pg of 6G5j conjugated to near-infrared dye IR700DyeDX NHS
ester was injected via tail vein. B) Isolation and ligation of the left Glissonean pedicle or left
lateral Glissonean pedicle during surgery was performed. C) 10 pg of ICG was injected via
tail vein resulting in labeling of the area with preserved blood flow in the liver.
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Figure 2.

In vivo imaging using the Pearl Trilogy Small Animal Imaging System. A) A representative
image of red pseudo-color based on 700 nm signal of anti-CEACAM monoclonal antibody
(6G5j) targeting surgically orthotopically implanted CM2 colon cancer liver metastatic
patient tumor. Tumor-to-liver ratio (TLR) was 5.84. B) Red pseudo-color based on 700 nm
signal of 6G5j targeting CM2 tumor and green pseudo-color based on 800 nm signal of ICG
targeting the right lobe in the liver. Anatomic position and cranial inversion of the liver in
the same mouse as Figure 2A were shown. C) Another representative image of red pseudo-
color based on 700 nm signal of 6G5j targeting CM2 tumor. Tumor-to-liver ratio (TLR) was
3.88. D) Red pseudo-color based on 700 nm signal of 6G5j targeting CM2 tumor and green
pseudo-color based on 800 nm signal of ICG targeting the right and the left medial lobe in
the liver. Anatomic position and cranial inversion of the liver in the same mouse as Figure
2B were shown, (arrow: liver metastatic tumor)

J Surg Res. Author manuscript; available in PMC 2022 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nishino et al.

Page 11

6 r °
°

5 F L |
O
S 4 r ®
[ L]
g
£ 3t . .
i) .
B ]
€ 27
=
|_

'I L

0

CM2 Liver5

Figure 3.
The dot chart of tumor-to-liver ratio (TLR). TLR was calculated for each mouse by dividing

maximum tumor fluorescence by maximum liver fluorescence. In CM2 cohort, the mean
TLR was 4.40 + 0.96. In Liver5 cohort, the mean TLR for the entire cohort of mice was 3.38
+1.25.

J Surg Res. Author manuscript; available in PMC 2022 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nishino et al. Page 12

Figure 4.
Intra-vital dynamic imaging using the FLARE Imaging System. A) On the bright-light

channel, the mice position was aligned. B) On the 700 nm channel, the surgically
orthotopically implanted Liver5 colon cancer liver metastatic patient tumor had a clear
fluorescence signal of anti-CEACAM monoclonal antibody (6G5j). (arrow: liver metastatic
tumor). C) On the 800 nm channel, the left lobe had no fluorescence signal due to ligation of
the left Glissonean pedicle and the right lobe in the liver had the clear fluorescence signal of
ICG. D) Overlay mode showed clear differentiation between the tumor and segmental
boundary on the same image, (arrow: liver metastatic tumor).
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