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Abstract

Background/Objectives: Nanobodies are the smallest biologic antigen-binding fragments 

derived from camelid-derived antibodies. Nanobodies effect a peak tumor signal within minutes 

of injection and present a novel opportunity for fluorescence-guided surgery (FGS). The present 

study demonstrates the efficacy of an anti-CEA nanobody conjugated to near-infrared fluorophore 

LICOR-IRDye800CW for rapid intraoperative tumor labeling of colon cancer.

Methods: LS174T human colon cancer cells or fragments of patient-derived colon cancer were 

implanted subcutaneously or orthotopically in nude mice. Anti-CEA nanobodies were conjugated 

with IRDye800CW and 1–3 nmol were injected intravenously. Mice were serially imaged over 

time. Peak fluorescence signal and tumor-to-background ratio (TBR) were recorded.

Results: Colon cancer tumors were detectable using fluorescent anti-CEA nanobody within 5 

min of injection at all three doses. Maximal fluorescence intensity was observed within 15 min–3 

h for all three doses with TBR values ranging from 1.3 to 2.3. In the patient-derived model of 

colon cancer, fluorescence was detectable with a TBR of 4.6 at 3 h.

Conclusions: Fluorescent anti-CEA nanobodies rapidly and specifically labeled colon cancer 

in cell-line-based and patient-derived orthotopic xenograft (PDOX) models. The kinetics of 

nanobodies allow for same day administration and imaging. Anti-CEA-nb-800 is a promising 

and practical molecule for FGS of colon cancer.
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1 | INTRODUCTION

Colorectal cancer (CRC) remains one of the most common cancer diagnoses in the United 

States with 147,950 new cases diagnosed each year.1 Surgical resection is the primary 

curative treatment modality. Resection with an R0 margin, meaning no gross or microscopic 

tumor cells are left in the surgical bed, is the primary aim.

There is currently intense interest in fluorescence-guided surgery (FGS) of cancer. Using 

tumor-specific molecules conjugated to near-infrared fluorophores, a fluorescence signal 

can be directed at the tumor.2 Tumor-targeting molecules can be antibodies, antibody 

fragments, or peptides.3 The tumor-specific fluorescence signal can be used for intra­

operative visualization of the tumor, margins, surgical bed and any satellite lesions or 

metastasis.

The human carcino-embryonic antigen (CEA) or CECAM5 is a well-characterized tumor 

antigen that is absent in normal adult tissue, and is highly expressed in a number of 

solid GI malignancies.4 Our lab has pioneered the use of FGS with patient-like mouse 

models of cancer using anti-CEA antibodies. We showed that the technology is a great 

benefit to effective R0 resections and can reduce or eliminate recurrence and increase 

survival in preclinical models.5–9 SGM-101, an anti-CEA antibody conjugated to a near­

infrared fluorophore, has been evaluated in Phase I and II clinical trials.10,11 It has 

been shown to be safe and efficacious in visualizing tumors for surgical navigation. 

SGM-101 is currently undergoing a Phase III multi-centered clinical trial for use in 

surgical navigation during surgery for colorectal malignancies including peritoneal surface 

malignancies (NCT03659448).

Although antibodies are well developed reagents for tumor targeting, they have a large 

molecular size which leads to impedance in tumor penetration and a delay in timing of 

visualization of up to 24–48 h. In clinical use, this leads to the need for a separate clinical 

visit for the purpose of probe administration which can be a barrier in adoption of this 

technology.

Nanobodies are the smallest biologic antigen-binding fragments. They are derived from 

camelid-derived antibodies made of only heavy chains.12 Nanobodies have been shown to 

penetrate tumors with greater efficiency compared to intact antibodies and can produce a 

peak signal within hours of injection when conjugated to a fluorophore or radionuclide.3,13 

This makes nanobodies ideal probes for same-day administration and visualization.

In the present study, we demonstrate an anti-CEA nanobody conjugated to an 800 nm 

fluorophore (LICOR-IRDye800CW) to target human colorectal tumors in mouse models and 

label them rapidly and brightly.
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2 | MATERIALS AND METHODS

2.1 | Cell culture

The human colon cancer cell line LS-174T (ATCC® CL-188™), was maintained in 

Roswell Park Memorial Institute 1640 (RPMI-1640) medium (Gibco-BRL). The medium 

was supplemented with 10% fetal calf serum (Hyclone), 1% L-Glutamine, and 1% penicillin/

streptomycin (Gibco-BRL). The cells were incubated at 37°C in a 5% CO2 incubator.

2.2 | Nanobody synthesis and conjugation

An anti-CEA (NbCEA5) was synthesized as described previously.14–16 Briefly, the 

nanobody constructs with a carboxy-terminal cysteine tag were cloned into a pHEN6c 

plasmid and expressed in Escherichia coli. Nanobody products were purified from 

periplasmic extracts using an immobilized metal affinity chromatography followed by 

subsequent size-exclusion chromatography. The purified nanobodies were reduced and 

subsequently incubated at pH 7 with a 5-fold molar excess of IRDye 800CW-Maleimide 

(LICOR Biosciences).17 The fluorescently-labeled nanobodies were purified using size 

exclusion chromatography. The purified fluorophore-conjugated nanobody is called aCEA­

nb-800.

2.3 | Animal care

Immunocompromised nude nu/nu mice were obtained from Jackson Labs and maintained 

in a barrier facility on high-efficiency particulate air (HEPA)-filtered racks. Mice were 

maintained on an autoclaved laboratory rodent diet (Teckland LM-485; Western Research 

Products) and kept on a 12 h light/12 h dark cycle. All surgical procedures and intravital 

imaging were performed with the animals anesthetized by intramuscular injection of an 

anesthetic cocktail composed of ketamine 100 mg/kg (MWI Animal Health), xylazine 10 

mg/kg (VWR), and acepromazine 3 mg/kg (Sigma). Animal procedures were performed 

under VA-approved animal protocol A17-020. All animal studies were conducted in 

accordance with the principles and procedures outlined in the NIH Guide for the Care and 

Use of Animals.

2.4 | Establishment of a patient-derived orthotopic xenograft mouse model

Samples from colon cancers of patients undergoing surgical resection at the VA San 

Diego Healthcare System under an Institutional Review Board (IRB) approved protocol 

#18-42. Patients signed informed consent for tissue collection and research at their clinic 

visit before their surgery. Tumor fragments were collected and implanted subcutaneously 

over the flanks of nude mice. Subcutaneous tumors were monitored twice a week and 

allowed to grow for 4–8 weeks to develop patient-derived xenograft mouse models 

(PDX). Once the subcutaneous tumors were large enough to supply adequate tumor for 

orthotopic implantation, approximately 7–10 mm, the subcutaneous tumors were harvested 

and surgically engrafted onto the cecum of recipient nude mice using a surgical orthotopic 

implantation (SOI) technique developed for colon cancer.18
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2.5 | In vivo imaging studies

LS-174T human colon cancer cells (1 × 106 cells per animal) were injected subcutaneously 

into four separate subcutaneous locations in the shoulder and flanks of nude mice. The 

tumors were allowed to grow for 4 weeks or until 5–7 mm in size. For the dose and time 

response evaluation of the anti-CEA nanobody, doses of 1, 2, 3 nmol of anti-CEA-nb-800 

were injected intravenously into mice bearing subcutaneous tumors. Mice were sequentially 

imaged at 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 3 h, 24 h, and daily for 4 days after 

injection. This was repeated with the subcutaneous implant of the patient-derived colon 

cancer tumor.

For in-situ evaluation of orthotopic colon cancer xenografts, mice were injected 

intravenously with 3 nmol of aCEA-nb-800. Mice were sacrificed at 3 h and a midline 

laparotomy and the orthotopic tumor exteriorized for imaging.

Images were acquired at the IRDye800 wavelength using the Pearl Trilogy Small Animal 

Imaging System (LI-COR Biosciences). Peak fluorescence intensity was obtained at a region 

of interest using Image Studio software (LI-COR Biosciences).

2.6 | Statistics

Tumor-to-background ratio (TBR) was calculated by dividing the maximal fluorescence 

intensity (MFI) at the tumor by the MFI at adjacent skin (sub-cutaneous imaging) or viscera 

(intra-vital imaging). Data are reported as mean ± standard error of the mean (SEM). 

Standard error bars are indicated in figures.

3 | RESULTS

Noninvasive imaging of subcutaneous LS174T colon cancer xenografts showed that the 

tumors were detectable using the aCEA-cnb-800 within 5 min of injection of the probe at all 

three doses evaluated. The results are summarized in Figure 1. The lowest 1 nmol dose of 

nanobody, resulted in MFI of 0.95 (SEM ± 0.17) at 30 min and a TBR of 1.8 at that time 

point (SEM ± 0.45). At this 1 nmol dose, the highest TBR was 7 (SEM ± 3.7) at 72 h. The 

intermediate 2 nmol dose of nanobody resulted in a peak fluorescence intensity of 1.9 (SEM 
± 0.08) at 3 h with a TBR of 2 at that time point (SEM ± 0.37). At this 2 nmol dose, the 

highest TBR was at 2.8 (SEM ± 0.25) at 48 h. The highest 3 nmol dose of nanobody resulted 

in an MFI of 1.9 (SEM 0.36) at 3 h with a TBR of 2.3 at that time point (SEM ± 0.33). At 

the 3 nmol dose, the highest TBR was at 5.6 at 24 h (SEM ± 1.13).

Intra-vital imaging of LS174T orthotopic tumors was performed 3 h after administration of 

3 nmol of aCEA-nb-800. Bright light gray scale imaging showed the primary tumor with 

a red arrow (Figure 2A). Multiple sub-millimeter satellite lesions were detectable. These 

lesions were very difficult to visualize on the bright light image (Figure 2A blue arrows). 

Fluorescence imaging showed clear labeling of the primary tumor as well as satellite tumors 

on the color-overlay mode (Figure 2B) and the fluorescence signal only mode (Figure 2C). 

The mean TBR for the primary tumor using the adjacent cecum as the background was 5.5 

(SEM ± 1.30).
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The peak fluorescence signal over time of the skin, kidney, liver and the tumor for 

subcutaneous implantation of the patient-derived xenograft are summarized in Figure 3. 

Based on the LS174T time course imaging, a dose of 3 nmol of aCEA-nb-800 was used, the 

peak fluorescence intensity was 1.3 (SEM ± 0.27) at 3 h. At this time point, the TBR was 2.7 

(SEM ± 0.28). The max TBR was at 3.5 (SEM ± 0.89) at 48 h.

Intra-vital imaging of colon cancer patient-derived orthotopic xenograft mouse models was 

performed 3 h after administration of 3 nmol of aCEA-nb-800. Bright-light imaging shows 

the primary tumor with a red arrow (Figure 4A). The tumor border is difficult to delineate 

from the surrounding tissue. Fluorescence imaging (Figure 4B,C, RED arrow) shows clear 

labeling of the primary tumor. No satellite tumors were seen in this model. There is a strong 

fluorescence signal from the kidney indicating renal elimination of the probe (Figure 4, blue 

asterisk). The MFI was 1.2 (SEM ± 0.15) with a mean TBR of 4.6 (SEM ± 1.47) using the 

adjacent cecum as the background.

4 | DISCUSSION

Accurate visualization of colon cancer and complete resection during surgery is critical. 

Positive tumor margins lead to early recurrence and overall poor overall outcomes and 

survival, with a hazard ratio of 3.39 for survival.19 Circumferential resection margin 

involvement leads to a 50%–99% risk of recurrence20,21 and as well as increased cancer­

specific mortality, irrespective of lymph node involvement.22,23 This is especially important 

as a majority of colorectal surgeries are performed minimally invasively and tactile feedback 

for palpation of the tumor is limited or non-existent. Image contrast with fluorescence could 

enhance surgical visualization of the tumor and can potentially increase the rate of R0 

resection. Many modalities exist to deliver tumor-specific fluorescence and the number of 

clinical trials using tumor-specific fluorescent probes are rapidly increasing.3 Fluorescent 

nanobodies are a promising new modality for labeling colon cancer.

The aCEA-nb-800 rapidly and successfully labeled CEA expressing colon cancer in both 

cell line-based tumors and PDOX tumors. The probe was specific for the tumor and showed 

a rapid accumulation by the tumor within minutes of intravenous injection.

Time course imaging using different doses over time with the LS174T subcutaneous tumors 

showed that MFI was achieved within 30 min for the 1 nmol dose and within 3 h for both 

2 and 3 nmol doses (Figure 1A). Although maximal fluorescence intensity with 2 nmol 

of aCEA-nb-800 was slightly higher than with 3 nmol at some time points, the error bars 

overlap, and we do not believe that there is a significant difference between these two doses. 

Highest contrast and highest TBR was observed anywhere from 24 to 72 h later (Figure 

1B,C). MFI within minutes to hours is consistent with the existing literature on nanobodies 

which show peak signals within hours and a sharp decline thereafter.17,24–26 The present 

study is unique in that further time points into days were observed and recorded and we 

observed some tumor-specific signal persisting well into 120 h. However, a high contrast 

must be balanced with a bright signal intensity. This is similarly reflected in the time course 

imaging using a PDOX model of colon cancer which showed the brightest signal with MFI 

of 1.3 at 3 h with a reasonable TBR of 2.7 (Figure 3). The maximal TBR of 3.5 was 
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achieved at a later time point of 48 h. Therefore, with the goal of achieving a bright signal 

with a reasonable contrast, a time point of 3 h and a dose of 3 nmol was selected for the 

PDOX experiments. While further time points between 3 and 24 h were not recorded for 

these experiments, these would be interesting to evaluate in the future. This would help 

further delineate the potential of repeat dosing in a molecule that is eliminated rapidly.

LS174T colon cancer tumor fragments were orthotopically implanted into the cecum of 

mice to create a more surgical setting of the tumor. The probe had to be delivered from the 

intravascular circulation, through the neovasculature recruited by the surgically implanted 

tumor, and retained by the tumor at the time of imaging. The probe labeled not only the 

primary tumor but satellite tumors (Figure 2). These tiny satellite tumors are barely visible 

on the bright-light image, but clearly well contrasted in the fluorescence image (Figure 2A 

vs. 2B,C). The technology is not only useful for visualization of the primary lesion but can 

be useful to visualize peritoneal carcinomatosis.

Orthotopic implantation of patient-derived xenografts more closely represents the original 

tumor in the patient and mimic the heterogeneity of tumor tissue compared to cell line-based 

tumors.27 In the PDOX model of colon cancer, the MFI was 1.2 and the mean TBR was 

4.6 at 3 h. There was a strong fluorescence signal from the tumor. The margin and tissue 

interface between the normal colon and the tumor are clearly visible using fluorescence 

enhancement. There was a very strong fluorescence signal from the kidney. This is due to 

the renal elimination mechanism of the probe. While it can also be useful for colorectal 

surgery in helping clearly identify the ureters and bladder, it can be confounding for 

visualization of tumors and the tumor bed anterior to the kidneys and the molecule. The use 

of nanobodies for tumor-specific FGS in this anatomic area must be considered carefully. 

However, in mice, there is minimal peri-nephric fat over the kidneys. In humans, this may 

be less of an issue as the peri-nephric fat pad is more substantial. With this known renal 

elimination mechanism, kidneys can be shielded or gently retracted away from the region of 

interest.

Nanobodies show important clinical promise for delivery of tumor-specific fluorescence. 

The rapid pharmacokinetic of nanobodies are ideal for same-day administration. Nanobodies 

retain their avidity and ease of bioengineering similar to antibodies. They are able to 

bind deeper clefts and motifs due to their small size.28 As well as ease of engineering 

due to their short sequence, nanobodies have high thermal and chemical stability for 

alternative conjugation strategies to fluorophores.29 Nanobodies can be cost effective 

as they are produced in E. coli and can be purified with minimal lipo-polysaccharide 

(LPS) contamination.30 Caplacizumab is an anti-von Willebrand factor (vWF) therapeutic 

nanobody, developed for the treatment of thrombotic thrombocytopenic purpura (TTP). It is 

the most developed nanobody, having completed Phase III clinical trials.31,32 Nanobodies 

have also been studied for tumor-specific radio-nuclide imaging in the clinic. Anti-human 

epidermal growth factor 2 (HER2) nanobodies conjugated to radiotracers (I-131 and Ga-68) 

were used to image patients with metastatic breast cancer and found to be efficacious. This 

molecule has completed Phase I clinical trials and is undergoing Phase II clinical trials.33,34
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The aCEA-nb-800 probe is clinically promising as it is feasible for use in conjunction with 

FDA-cleared 800 nm near-infrared fluorescence imaging devices such as da Vinci firefly 

and the Stryker AIM as demonstrated in our previous work in mouse models of pancreatic 

cancer.24

5 | CONCLUSION

Fluorescent anti-CEA nanobodies rapidly and specifically labeled colon cancer in both 

cell-line-based and patient-derived subcutaneous and PDOX mouse models. Nanobodies 

are novel and interesting new platforms with important advantages over antibodies for 

tumor-specific fluorescence labeling. Nanobodies enable tumor-labeling kinetics with the 

rapidity of nonspecific dyes such as indocyanine green, but with tumor-binding specificity 

of antibodies. Nanobody technology can be translated to the clinic for same-day labeling 

and imaging of tumors which avoids a separate visit for the administration of the probe due 

to very rapid labeling which is not possible with antibodies. The results of the study can 

be rapidly translated to the clinic for fluorescence-guided surgery to improve the outcome 

of surgery for colorectal cancer, including liver metastases. The anti-CEA-nb-800 is a 

promising molecule for fluorescence-guided surgery.
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FIGURE 1. 
Time course and dose-response evaluation of aCEA-nb-800 using LS174T colon cancer cell 

line-derived subcutaneous tumors. The mice were administered 1, 2, or 3 nmol of the tracer 

and maximal fluorescence intensity and surrounding tissue background were recorded with 

a LICOR Pearl small animal imager. Tumor to background ratios were calculated at the 

corresponding time intervals
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FIGURE 2. 
The aCEA-nb-800 clearly labeled the primary colon tumor and satellite tumors in the 

LS174T colon cancer cell line-derived orthotopic tumor model. Three nanomoles of aCEA­

nb-800 were injected intravenously and mice were sacrificed 3 h after injection and imaged 

with the LICOR Pearl small animal imager. Bright-light gray scale imaging shows the 

primary tumor with a red arrow (A) which is very difficult to visualize. Using fluorescence 

imaging, multiple sub-millimeter satellite tumors were detectable in the color-overlay mode 

(B) and the fluorescence signal only mode (C). Mean TBR for these lesions was 5.5 (SEM ± 

1.30)
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FIGURE 3. 
Time course evaluation of aCEA-nb-800 using patient-derived colon cancer subcutaneous 

tumors. The mice were administered 3 nmol of the tracer and maximal fluorescence 

intensity at the tumor, kidney and the surrounding tissue background were recorded with 

a LICOR Pearl small animal imager. The tumor-to-background ratios were calculated at the 

corresponding time intervals
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FIGURE 4. 
The aCEA-nb-800 clearly labels the primary colon tumor and satellite lesions in a patient­

derived orthotopic xenograft (PDOX) colon cancer model. Three nanomoles of aCEA­

nb-800 were injected intravenously and mice were sacrificed 3 h after injection and imaged 

with a LICOR Pearl small animal imager. Bright-light imaging shows the primary tumor 

with a red arrow (A). Using fluorescence imaging, in the color-overlay mode (B) and the 

fluorescence signal only mode (C), the margin and tissue interface between normal colon 

and tumor are clearly visible. The kidney (blue asterisk) had a high fluorescence signal due 

to the renal elimination of aCEA-nb-800. Mean TBR for these lesions was 4.6 (SEM ± 1.47)
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