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Abstract

:

Image-guided surgery can aid in achieving complete tumor resection. The development and assessment of tumor-targeted imaging probes for near-infrared fluorescence image-guided surgery relies mainly on preclinical models, but the translation to clinical use remains challenging. In the current study, we introduce and evaluate the application of a dual-labelled tumor-targeting antibody for ex vivo incubation of freshly resected human tumor specimens and assessed the tumor-to-adjacent tissue ratio of the detectable signals. Immediately after surgical resection, peritoneal tumors of colorectal origin were placed in cold medium. Subsequently, tumors were incubated with 111In-DOTA-hMN-14-IRDye800CW, an anti-carcinoembryonic antigen (CEA) antibody with a fluorescent and radioactive label. Tumors were then washed, fixed, and analyzed for the presence and location of tumor cells, CEA expression, fluorescence, and radioactivity. Twenty-six of 29 tumor samples obtained from 10 patients contained malignant cells. Overall, fluorescence intensity was higher in tumor areas compared to adjacent non-tumor tissue parts (p < 0.001). The average fluorescence tumor-to-background ratio was 11.8 ± 9.1:1. A similar ratio was found in the autoradiographic analyses. Incubation with a non-specific control antibody confirmed that tumor targeting of our tracer was CEA-specific. Our results demonstrate the feasibility of this tracer for multimodal image-guided surgery. Furthermore, this ex vivo incubation method may help to bridge the gap between preclinical research and clinical application of new agents for radioactive, near infrared fluorescence or multimodal imaging studies.
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1. Introduction


Successful surgical treatment of many cancers relies on complete tumor resection; incomplete resection increases the odds of recurrence [1,2,3,4,5,6,7]. Especially in late-stage cancers, complete resection of tumors and accurate detection of their metastases remains challenging. Intraoperative imaging techniques, such as real-time near-infrared fluorescence imaging, might help to overcome these challenges [8]. Currently, several clinical trials in patients with various types of cancer are ongoing, and others have demonstrated that fluorescent imaging probes can be used for intraoperative or postoperative evaluation of tumor margins and the presence of cancer [9,10]. Tumor-specific fluorescent or multimodal tracers might help to increase the surgeons’ ability to discriminate between healthy and malignant tissue, and several clinical trials in different cancers evaluated their use [8].



There are several prerequisites for successful tumor-targeted fluorescent image-guided surgery. Obviously, the amount of tracer accumulating in the tumor should surpass the detection limit of the fluorescence imaging camera system. Second, the fluorescent tracer should reach sufficiently high tumor-to-background tissue ratios (TBRs) in vivo to discriminate between tumor and adjacent normal tissue.



Newly developed fluorescent tracers for use in surgical oncology are initially tested in vitro for their tumor-targeting potential, using library-derived cancer cell lines that are cultured under standardized laboratory conditions. Subsequent steps may include small animals, (patient-derived) organoid models, or the ex vivo perfusion of organs. Animal models can provide information on biodistribution, clearance, and toxicity. However, the ability of preclinical results to predict clinical practice is limited [11]. For fluorescent tracers this applies to the TBR found in patients.



Therefore, we present a method to assess the TBR for predicting the clinical feasibility of a fluorescently labeled tracer for image-guided surgery. In short, we incubated freshly resected peritoneal tumors of patients with colorectal peritoneal carcinomatosis with a multimodal anti-carcinoembryonic antigen (CEA) antibody (111In-DOTA-hMN-14-IRDye800CW), because CEA is overexpressed in colorectal cancer and can be used as a highly specific target for fluorescently labeled tracers [12,13]. The feasibility of this multimodal antibody for fluorescence image-guided surgery and detection of metastasis has already been demonstrated in mice with human tumor xenografts [14,15]. The aim of this study was to determine the tumor to adjacent tissue contrast after ex vivo tissue incubation with 111In-DOTA-hMN-14-IRDye800CW to assess the feasibility of using this tracer for fluorescence image-guided surgery in cancer patients.




2. Results


We collected 29 peritoneal deposits from 10 colorectal cancer patients (5 males, 5 females). Mean age was 64.8 ± 10.7 years. Four patients received adjuvant systemic therapy for their primary tumor prior to cytoreductive surgery and hyperthermic intraperitoneal chemotherapy (CRS-HIPEC). Six patients were diagnosed with a peritoneally metastasized adenocarcinoma, and in three patients the peritoneal metastases originated from a mucinous adenocarcinoma. In one patient, the metastases originated from signet-ring-cell carcinoma.



After incubation, tissue remained microscopically viable as was determined microscopically on H&E slides by the involved pathologist. Twenty-six tumors contained malignant cells, and depending on size and quality, multiple or single series of slides were produced from these tumors. This resulted in 46 series of slides that were analyzed. The other three tumors did not contain viable tumor cells but mainly consisted of fibrosis or stroma. Median fluorescence intensity was 453.4 (IQR: 257.2–919.0) in tumors, whereas in adjacent tissue the median fluorescence intensity was 48.7 (IQR: 28.8–79.0) (p < 0.001). Overall, fluorescence intensity was higher in tumorous areas compared to adjacent non-tumor tissue parts (Figure 1). Mean fluorescence intensity in tumor tissue did not differ among patients with or without a history of systemic therapy (p = 0.912). Median intensity of the autoradiography for tumor tissue was 5.0∙106 (IQR: 2.4∙106–9.2∙106), while the median autoradiography intensity in non-tumor tissue was 9.9∙105 (IQR: 2.5∙105–2.4∙106) (p < 0.001). The TBRs for the fluorescence and radio signal in each patient is shown in Supplementary Materials Figure S1. An example of a tumor and normal tissue ROI is provided in Figure 2.



Tumors of two patients were incubated with dual-labeled hMN-14 (111In-DOTA-hMN-14-IRDye800CW) in parallel with dual-labeled hIgG as control (Figure 1; last 2 patients). Median tumor fluorescence intensity of hIgG treated samples was 4.9 (IQR 2.7–8.5) which was similar to the fluorescence intensity of normal tissue in the same samples: 4.9 (IQR 3.6–13.3, p = 0.602). Similarly, the median intensity of the autoradiography was 5.6∙105 (IQR: 4.5∙105–7.5∙105) for tumor tissue and 4.4∙105 (IQR: 3.8∙105–7.5∙105) for non-tumorous tissue (p = 0.465). Furthermore, in the in vitro binding assay (Figure S2), dual-labeled hMN-14 showed higher binding to LS147T cells than the non-specific hIgG conjugate (p < 0.001). Additional blocking with an excess of unlabeled antibody led to a significant reduction in binding (p < 0.001), indicating specific binding of 111In-DOTA-hMN-14-IRDye800CW to CEA (Figure S2).




3. Discussion


We observed high tumor-to-surrounding tissue ratios of our dual anti-CEA tracer 111In-DOTA-hMN-14-IRdye800CW after ex vivo incubation of freshly resected colorectal peritoneal metastases. Together with earlier results on biodistribution and tumor accumulation, these results indicate that it is feasible to use this tracer for fluorescence image-guided surgery in patients with colorectal peritoneal metastases. This way, ex vivo incubation of surgical samples contributes to bridging the gap between preclinical studies and clinical application of novel tracers for fluorescence and multimodal image-guided surgery.



Fluorescent and radiolabeled bimodal imaging probes may serve a versatile role before, during, and after image-guided surgery. This includes accurate tracer quantification for pharmacokinetic purposes, preoperative radionuclide imaging, real-time intraoperative radiation detection, real-time near-infrared fluorescent imaging, and qualitative and quantitative ex vivo analysis of resection specimens as has been demonstrated in several translational studies for multiple diseases [15,16,17,18]. Furthermore, its feasibility has been demonstrated in recent clinical trials [19,20], and several clinical trials are currently ongoing [8]. Ex vivo incubation of patient tissue specimens with antibodies has previously been performed in different applications [21,22]. In the present study, we applied this approach to assess the TBR of multimodal antibody conjugates to be used for image-guided surgery. The involved pathologist assessed all included tumor specimens after incubation, and they remained viable based on microscopic H&E assessment. However, the incubated tissue could undergo molecular changes that may not be visible on H&E stainings. These were not assessed in the current study.



Since clinical translation of preclinical results is usually challenging, we incubated freshly resected human tumor specimens with the multimodal tracer in-vitro. We chose an incubation concentration similar to the blood concentration that is to be expected following intravenous injection of approximately 20 mg antibody-conjugate in a patient. This dose is similar to doses used in clinical image-guided surgery studies with tumor-targeting antibody conjugates [23,24]. We evaluated the potential of our tracer using colorectal peritoneal metastases from a group of patients receiving surgical treatment. On average, we found an almost ten-fold higher microscopic fluorescent signal in CEA-positive tumor areas compared with adjacent non-tumorous areas in all samples after incubation with dual-labelled hMN-14. Moreover, the fluorescent signal in cancer cells was at least 5-fold higher than the signal in adjacent normal tissue in all resected tumor specimens (Figure 1), indicating sufficient tumor-to-background contrast in all patients. We found a similar contrast in the autoradiographic analyses. Recent clinical studies describe TBRs between two and five after intravenous injection of fluorescently or dual-labeled tumor-targeting antibodies [24,25,26,27]. Methodological differences in analyses or tumor type might explain the difference in TBR between literature and our findings. Moreover, the main limitation of ex vivo incubation of surgical specimens is that it does not represent the clinical administration route (intravenous; circulation) and the (slow) clearance in the clinical situation. Consequently, tracer accumulation is not limited by extravasation or plasma clearance. Instead, it relies on passive diffusion of the antibody conjugate into tissue and release of unbound tracer into the washing buffer during the washing step. We noticed less penetration to CEA-positive areas when we analyzed deeper than 100 µm in incubated specimens. Longer incubation time or a smaller tumor-targeting molecule might result in deeper tissue penetration. However, in general during surgery tumor edges and margins are of more interest than tumor cores. Therefore, analyzing only the superficial layers after ex vivo incubation might be sufficient to assess the feasibility of a tracer for image-guided surgery (this may be different for therapeutic applications).



A key factor determining the TBR of tumor-targeting tracers is the presence and availability of the biomarker that the tracer targets. All evaluated tumor specimens were found positive for CEA. In vivo, membrane-bound CEA can shed into the interstitial compartment and circulation [28]. As a result, our tracer could bind to soluble serum CEA after shedding. An earlier study showed that the targeting sensitivity of MN-14 is not affected by complexation with plasma CEA, and that complexation reduces at increasing doses [29]. More recently, Boogerd et al. [26] used an anti-CEA tracer in a clinical study with 26 patients and observed that only a minor fraction (3%) of the administered dose was lost by binding to circulating CEA. Due to the nature of our ex vivo incubation assay, investigation of CEA present in the circulation is not possible. However, we did observe that our tracer accumulated in CEA-positive mucin (Figure S3b). Primary mucinous adenocarcinomas are more often associated with positive resection margins [30]. Since viable tumor cells may reside in or between pools of mucin, fluorescence imaging might also be of added value during surgery of this subtype of colorectal cancer. In contrast to mucin, necrotic areas showed less uptake of our tracer compared to viable tumor cells (Figure S3), indicating high specificity of our tracer for CEA-expressing tumor cells.



Another method to more closely mimic the clinical situation is ex vivo perfusion of organs or tumors. There, the biological architecture, including blood vessels, remains largely preserved [31]. Unfortunately, ex vivo perfusion studies are limited by the need of afferent arteries that can be cannulated and connected to a perfusion system. When tumors are small and vascular architecture does not allow for such connection, ex vivo incubation can be an alternative method. This way, tissue integrity remains intact even when a (macro)vascular structure is missing. Recent advances also indicate that patient-derived organoids can be used to predict patient-specific drug responses [32]. While developments in coculturing the tumor immune-microenvironment are promising [33], creating similar stroma compositions including the presence of necrosis, immune cells or other non-malignant components of the tumor remains challenging in tumor models. Therefore, the method presented in this study offers specific advantages for translational evaluation of tracers for imaging, especially when tumors of interest are small. Furthermore, it may contribute to bridging the gap between translational research and clinical application of new agents for multimodal or near-infrared fluorescence imaging studies. We showed that high TBRs can be found after ex vivo tissue incubation with dual-labeled hMN-14. These promising results would support further clinical studies using this tracer in patients with peritoneal metastases of colorectal origin.




4. Materials and Methods


4.1. Ethical Approval


All experiments have been carried out according to the principles of the Declaration of Helsinki. The study protocol and collection of tissue were approved by the research ethics committee of the region Arnhem-Nijmegen (CMO regio Arnhem-Nijmegen) on 01-05-2017 (ethic code: 1004-2017).




4.2. Patients and Patient Tissue Samples


We collected tissue from 11 patients with peritoneal metastases of colorectal origin who underwent cytoreductive surgery combined with hyperthermic intraperitoneal chemotherapy (CRS-HIPEC). According to the approved protocol, only surgical resection specimens of tumors that did not need standard pathological evaluation were collected (i.e., tissue surplus). Patient data were anonymized for members of the research team that did not have a direct treatment relationship with the patients. Therefore, no informed consent was required as approved by the ethics committee. One patient was excluded because the processing time (resection to incubation) was too long (>2 h) which led to tissue of inferior viable quality.




4.3. Antibody Preparation


The hMN-14 (labetuzumab) was kindly provided by Immunomedics, Inc. (Morris Plains, NJ, USA). Labetuzumab is a humanized IgG directed against carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAM5) with high affinity [34]. We used a human isotype IgG (hIgG) as a negative control: human IgG-UNLB (SouthernBiotech, Birmingham, AL, USA). Prior to conjugation, stock hIgG was dialyzed in a Slide-A-Lyzer (10 kDa cutoff; Thermo Fisher Scientific, Waltham, MA, USA) against phosphate-buffered saline (PBS). For the current experiments, hMN-14 and hIgG were conjugated with IRDye® 800CW-NHS (LI-COR, Lincoln, NE, USA) and p-SCN-Bn-DOTA (Macrocyclics, Plano, TX, USA) in two steps. First, hMN-14 (9.6 mg/mL) and hIgG (0.63 mg/mL) were conjugated with IRDye800CW-NHS in 0.1 M NaHCO3, pH 8.5, with a 3 fold molar excess of IRDye800CW-NHS. Next, the reaction mixture was incubated for 1 h at room temperature on an orbital shaker and protected from light. Second, DOTA-NHS in 0.1 M NaHCO3, pH 9.5, was added to the reaction mixture in a 10-(hMN-14) and 20 fold (hIgG) molar excess. After another hour of incubation on the orbital shaker in the dark, the mixture was dialyzed in a Slide-A-Lyzer (10 kDa cutoff; Thermo Fisher Scientific, Waltham, MA, USA) against 0.25 ammonium acetate (NH4Ac), pH 5.5, containing 2 g/L Chelex® 100 Resin (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The final concentration of the conjugates was determined spectrophotometrically using the Infinite 200® Pro (Tecan group Ltd., Männedorf, Switzerland) measuring at 280 nm, correcting for the absorption of IRDye800CW. The substitution ratio of the dye reached 1.09 for hMN-14 and 0.88 for hIgG.




4.4. Radiolabeling of the Antibody Conjugates


Briefly, [111In]InCl3 (Curium, Petten, The Netherlands) was added to dual-conjugated hIgG or hMN-14 in two volumes of 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES), pH 5.5. After 45 min of incubation at 40 °C, 50 mM ethylenediaminetetraacetic acid (EDTA) was added to the labeling reaction in a final concentration of 5 mM to chelate unincorporated [111In]InCl3. Labeling efficiency was determined by instant thin-layer chromatography (ITLC) on Varian silica gel strips (ITLC-SG; Agilent Technologies, Amstelveen, The Netherlands), using 0.1 mM ammonium acetate (NH4Ac) buffer with 0.1 M EDTA, pH 5.5, as the mobile phase. Antibody-conjugates were purified by gel filtration on a PD-10 column, and the radiochemical purity of the final dual-labeled conjugates reached >95% as determined by ITLC.




4.5. In Vitro Antibody Testing


To confirm that the hMN-14 antibody-conjugate was immunoreactive for CEA and the non-specific control hIgG conjugate was not, the two antibody preparations were tested in an in vitro binding assay. The DOTA-hIgG-IRDye800CW and DOTA-hMN-14-IRDye800CW were radiolabeled with 0.04 MBq/µg of [111In]InCl3.



Briefly, the radiolabeled conjugates were diluted to contain 400 Bq/µL. To determine the amount of activity, we used a shielded 3”-well-type γ-counter (PerkinElmer, Boston, MA, USA). Mycoplasma-negative, human CEA-positive colon adenocarcinoma LS174T cells (ATCC, Manassas, VA, USA) were cultured according the supplier’s instructions without antibiotic additive. Cells were counted and placed in RPMI 1640 medium (ThermoFisher Scientific, Waltham, MA, USA) supplemented with 0.5% bovine serum albumin (BSA; Sigma–Aldrich Chemie N.V., Zwijndrecht, The Netherlands) (binding buffer; BB). Next, cells were pipetted in 12 1.5 mL Eppendorf tubes (1.2·106 cells per tube). We added 40 kBq of the respective radiolabeled antibody conjugate (hMN-14 or hIgG) to cells in each tube (6 tubes with hMN-14; 6 with hIgG). An excess of unlabeled DOTA-hMN-14-IRDye800CW (>2.0 µg) was added to 3 tubes of each antibody conjugate to determine the amount of nonspecific binding of the conjugate. Cells were incubated at 37 °C with 5% CO2 for 4 h. Following incubation, cells were centrifuged at 800× g for 5 min, the supernatant was removed, and the remaining activity in the tubes was measured in the γ-counter. A 100 µL standard, representing 100% activity, was measured in triplicate simultaneously.



Analyses of the fluorescence signal of the antibody conjugate were performed as described by Rijpkema et al. [15].




4.6. Patient Tissue Incubation and Handling


Immediately after resection, specimens were placed in 4–8 °C low glucose Dulbecco’s modified Eagle’s medium (DMEM) (ThermoFisher Scientific, Waltham, MA, USA), supplemented with penicillin–streptomycin (GibcoTM, ThermoFisher Scientific, Waltham, MA, USA) (10,000 U/mL penicillin and 10,000 µg/mL streptomycin), diluted in DMEM to a final concentration of 100 U/mL (Figure 3A). Within 1 h after resection, adipose tissue parts were discarded and, to promote tissue penetration of the antibody-conjugate, several larger (>3 mm) individual tumors were divided into 2 or more similar parts by sharp dissection (maximum 2 × 2 mm). Subsequently, tumors were placed in DMEM supplemented with 100 U/mL penicillin–streptomycin and 0.1% BSA, and 4 µg∙mL−1, indium-111-labeled antibody conjugate. The incubation concentration was similar to the blood concentration that is to be expected directly following intravenous injection of approximately 20 mg antibody-conjugate in a patient with 5 L of blood. Clinical image-guided surgery studies with tumor-targeting antibody conjugates used similar doses [23,24]. Tumors were incubated in 5–10 mL of incubation medium on an orbital shaker at 37 °C in an atmosphere containing 5% CO2 (Figure 3B). Incubation was performed overnight (mean incubation time: 20 h ± 1 h). Following incubation, tumors were washed in at least 4.5 L of continuously moving and serially refreshed PBS supplemented with 0.1% BSA at 4–8 °C for a minimum of 4 h (Figure 3C).



Specimens were fixed in 4% formaldehyde and embedded in paraffin. After embedding, 4 µm histological sections were cut to a maximum of 150 µm from the surface. Sections were mounted on immunohistochemical microscope glass slides. Four serial slides were used for fluorescence imaging, macroautoradiography, H&E staining, and immunohistochemistry (IHC) (Figure 3D). The involved pathologist (LB) microscopically evaluated on H&E slides if the tissue was suitable for histopathological analyses after the incubation process. The IHC was performed to evaluate carcinoembryonic antigen (CEA), cytokeratin 20 (CK20), and homeobox protein 2 (CDX-2). The slide designated for H&E staining was first imaged on a closed field fluorescence imaging system (Odyssey CLx; LI-COR Biosciences, Lincoln, NE, USA). Next, the same slide was placed on a photostimulable phosphor plate. After 10 days, we imaged the plate using photo-stimulated luminescence on a phosphor imager (Typhoon FLA 7000 phosphor imager, GE Healthcare, Hoevelaken, The Netherlands). Thereafter, standard H&E staining was performed according to local protocol.



We included two patients for the hIgG antibody-conjugate control. In both patients, the tumors were cut into 2 equal halves so that the same tumor could be incubated with both antibody conjugates (111In-labeled DOTA-hMN-14-IRDye800CW and 111In-labeled DOTA-hIgG-IRDye800CW).




4.7. Immunohistochemistry


Slides were deparaffinized with xylene, rehydrated in ethanol, and rinsed in distilled water according to standard local protocol. Heat-induced antigen retrieval was performed in EDTA solution (pH 9.0). Endogenous peroxidase activity was blocked with 3f H2O2 in 10 mM PBS for 10 min at room temperature. Subsequently, tissue sections were washed with 10 mM PBS and stained with primary antibodies (CEA: mouse monoclonal; Clone COL-1; MS-613-P; Neomarkers Fremont, CA, USA. CK20: rabbit Monoclonal; Clone E19-1; VWRKILM2133-C1; ImmunoLogic/VWR International B.V., Amsterdam, The Netherlands. CDX2: rabbit monoclonal; Clone EPR2764Y; 235R-16; Cell Marque/Millipore Sigma, Darmstadt, Germany).



Next, sections were incubated with biotin free Poly-HRP-anti mouse/rabbit IgG (ImmunoLogic/VWR International B.V., Amsterdam, The Netherlands) in EnVision™ FLEX Wash Buffer (Dako Denmark A/S, Glostrup, Denmark) (1:1) at room temperature for 30 min. Antibody binding was visualized using the EnVision™ FLEX Working Solution (Dako A/S) at room temperature for 10 min. All sections were counterstained with hematoxylin for 5 s before dehydration in ethanol and cover slipping.




4.8. Image Analyses


An experienced board-certified gastrointestinal pathologist (LB) reviewed the H&E, CEA, CK20, and CDX2 slides of all resected specimens and verified the location and presence of tumor cells.



Based on H&E, regions of interest (ROIs) (tumor and adjacent normal) were drawn in the corresponding fluorescent images using Image Studio Lite version 5.2.5 (LI-COR Biosciences, Lincoln, NE, USA). Fluorescence intensity was calculated as provided by the program: mean fluorescence intensity per pixel (fluorescence intensity) which is an arbitrary unit. Background intensity (zero signal) was determined in an area in close proximity to the analyzed tissue and was automatically subtracted from the ROIs using background subtraction in Image Studio Lite. The total tumor fluorescence intensity was divided by the total area of the tumor ROI. The total normal intensity was divided by the total area of the normal ROI.



The same principle, including automatic background subtraction, was adapted for analysis of the images acquired with photo stimulated luminescence. Here, we used Aida Image Analyzer version 4.21 (Elysia-Raytest, Angleur, Belgium) which calculates a mean pixel intensity.




4.9. Statistical Analyses


Statistical analyses were performed with the Statistical Package for Social Sciences, Version 22.0 (IBM Corp., Armonk, NY, USA). All tests were performed two-sided and a significance level of <0.05 was considered to be statistically significant. To test for difference in tumor and normal fluorescence and autoradiography intensities, we performed a Mann–Whitney U test across all samples or control antibody-conjugate-incubated samples. For analyses of patients who received systemic therapy versus patients who did not, we also performed a Mann–Whitney U test which divided the cases by history of systemic therapy.





5. Conclusions


The method presented in this study offers specific advantages for translational evaluation of tracers for imaging, especially when tumors of interest are small. Furthermore, it may contribute to bridging the gap between translational research and clinical application of new agents for multimodal or near-infrared fluorescence imaging studies. We showed that high TBRs can be found after ex vivo tissue incubation with dual-labeled hMN-14. These promising results would support further clinical studies using this tracer in patients with peritoneal metastases of colorectal origin.




6. Patents


David M. Goldenberg is retired chairman and founder of Immunomedics, Inc., and IBC Pharmaceuticals, Inc., and holds royalty-bearing patents.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-6694/12/4/987/s1, Figure S1: Tumor-to-background ratios, Figure S2: Binding assay, Figure S3: Example of necrosis and mucin.





Author Contributions


Conceptualization, F.M.K.E. and M.R.; Formal analysis, F.M.K.E.; Funding acquisition, M.R.; Investigation, F.M.K.E., J.M.d.G. and D.L.B., L.A.A.B., A.J.A.B. and J.H.W.d.W.; Methodology, F.M.K.E. and J.M.d.G.; Resources, D.M.G.; Supervision, J.H.W.d.W. and M.R.; Writing—original draft, F.M.K.E.; Writing—review and editing, J.M.d.G., D.L.B., D.M.G., O.C.B., L.A.A.B., A.J.A.B., J.H.W.d.W. and M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Dutch Cancer Society (KWF).




Acknowledgments


The authors thank C. Frielink for her careful assistance in radiolabeling the antibody conjugates. Furthermore, the authors would like to thank R.I.J. Merkx for his assistance with drawing Figure 3.




Conflicts of Interest


David M. Goldenberg is retired chairman and founder of Immunomedics, Inc., and IBC Pharmaceuticals, Inc., and holds royalty-bearing patents. The other authors declare no conflict of interest.




References


	



Amri, R.; Bordeianou, L.G.; Sylla, P.; Berger, D. Association of Radial Margin Positivity with Colon Cancer. JAMA Surg. 2015, 150, 890–898. [Google Scholar] [CrossRef] [PubMed]

	



Bhangu, A.; Ali, S.M.; Darzi, A.; Brown, G.; Tekkis, P. Meta-analysis of survival based on resection margin status following surgery for recurrent rectal cancer. Colorectal Dis. 2012, 14, 1457–1466. [Google Scholar] [CrossRef] [PubMed]

	



Marinovich, M.L.; Azizi, L.; Macaskill, P.; Irwig, L.; Morrow, M.; Solin, L.J.; Houssami, N. The Association of Surgical Margins and Local Recurrence in Women with Ductal Carcinoma In Situ Treated with Breast-Conserving Therapy: A Meta-Analysis. Ann. Surg. Oncol. 2016, 23, 3811–3821. [Google Scholar] [CrossRef] [PubMed]

	



Osarogiagbon, R.U.; Ray, M.A.; Faris, N.R.; Smeltzer, M.P.; Fehnel, C.; Houston-Harris, C.; Signore, R.S.; McHugh, L.M.; Levy, P.; Wiggins, L.; et al. Prognostic Value of National Comprehensive Cancer Network Lung Cancer Resection Quality Criteria. Ann. Thorac. Surg. 2017, 103, 1557–1565. [Google Scholar] [CrossRef] [PubMed]

	



Howard, T.J.; Krug, J.E.; Yu, J.; Zyromski, N.J.; Schmidt, C.M.; Jacobson, L.E.; Madura, J.A.; Wiebke, E.A.; Lillemoe, K.D. A margin-negative R0 resection accomplished with minimal postoperative complications is the surgeon’s contribution to long-term survival in pancreatic cancer. J. Gastrointest Surg. 2006, 10, 1338–1346. [Google Scholar] [CrossRef] [PubMed]

	



Rosen, B.; Laframboise, S.; Ferguson, S.; Dodge, J.; Bernardini, M.; Murphy, J.; Segev, Y.; Sun, P.; Narod, S.A. The impacts of neoadjuvant chemotherapy and of debulking surgery on survival from advanced ovarian cancer. Gynecol. Oncol. 2014, 134, 462–467. [Google Scholar] [CrossRef]

	



Silberstein, J.L.; Eastham, J.A. Significance and management of positive surgical margins at the time of radical prostatectomy. Indian J. Urol. 2014, 30, 423–428. [Google Scholar] [CrossRef]

	



Hernot, S.; van Manen, L.; Debie, P.; Mieog, J.; Vahrmeijer, A.L. Latest developments in molecular tracers for fluorescence image-guided cancer surgery. Lancet Oncol. 2019, 20, e354–e367. [Google Scholar] [CrossRef]

	



van Dam, G.M.; Themelis, G.; Crane, L.M.; Harlaar, N.J.; Pleijhuis, R.G.; Kelder, W.; Sarantopoulos, A.; de Jong, J.S.; Arts, H.J.; van der Zee, A.G.; et al. Intraoperative tumor-specific fluorescence imaging in ovarian cancer by folate receptor-alpha targeting: First in-human results. Nat. Med. 2011, 17, 1315–1319. [Google Scholar] [CrossRef] [PubMed]

	



Harlaar, N.J.; Koller, M.; de Jongh, S.J.; van Leeuwen, B.L.; Hemmer, P.H.; Kruijff, S.; van Ginkel, R.J.; Been, L.B.; de Jong, J.S.; Kats-Ugurlu, G.; et al. Molecular fluorescence-guided surgery of peritoneal carcinomatosis of colorectal origin: A single-centre feasibility study. Lancet Gastroenterol. Hepatol. 2016, 1, 283–290. [Google Scholar] [CrossRef]

	



Denayer, T.; Stöhr, T.; Roy, M.V. Animal models in translational medicine: Validation and prediction. Eur. J. Mol. Clin. Med. 2014, 2. [Google Scholar] [CrossRef]

	



Hammarstrom, S. The carcinoembryonic antigen (CEA) family: Structures, suggested functions and expression in normal and malignant tissues. Semin. Cancer Biol. 1999, 9, 67–81. [Google Scholar] [CrossRef] [PubMed]

	



Tiernan, J.P.; Perry, S.L.; Verghese, E.T.; West, N.P.; Yeluri, S.; Jayne, D.G.; Hughes, T.A. Carcinoembryonic antigen is the preferred biomarker for in vivo colorectal cancer targeting. Br. J. Cancer 2013, 108, 662–667. [Google Scholar] [CrossRef] [PubMed]

	



Hekman, M.; Rijpkema, M.; Bos, D.L.; Oosterwijk, E.; Goldenberg, D.M.; Mulders, P.; Boerman, O.C. Detection of Micrometastases Using SPECT/Fluorescence Dual-Modality Imaging in a CEA-Expressing Tumor Model. J. Nucl. Med. 2017, 58, 706–710. [Google Scholar] [CrossRef] [PubMed]

	



Rijpkema, M.; Oyen, W.J.; Bos, D.; Franssen, G.M.; Goldenberg, D.M.; Boerman, O.C. SPECT- and fluorescence image-guided surgery using a dual-labeled carcinoembryonic antigen-targeting antibody. J. Nucl. Med. 2014, 55, 1519–1524. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.J.; Ehlerding, E.B.; Jiang, D.; Barnhart, T.E.; Cao, T.; Wei, W.; Ferreira, C.A.; Huang, P.; Engle, J.W.; Cai, W. Dual-labeled pertuzumab for multimodality image-guided ovarian tumor resection. Am. J. Cancer Res. 2019, 9, 1454–1468. [Google Scholar] [PubMed]

	



Baranski, A.C.; Schäfer, M.; Bauder-Wüst, U.; Roscher, M.; Schmidt, J.; Stenau, E.; Simpfendörfer, T.; Teber, D.; Maier-Hein, L.; Hadaschik, B.; et al. PSMA-11-Derived Dual-Labeled PSMA Inhibitors for Preoperative PET Imaging and Precise Fluorescence-Guided Surgery of Prostate Cancer. J. Nucl. Med. 2018, 59, 639–645. [Google Scholar] [CrossRef] [PubMed]

	



Hekman, M.; Boerman, O.C.; Bos, D.L.; Massuger, L.; Weil, S.; Grasso, L.; Rybinski, K.A.; Oosterwijk, E.; Mulders, P.; Rijpkema, M. Improved Intraoperative Detection of Ovarian Cancer by Folate Receptor Alpha Targeted Dual-Modality Imaging. Mol. Pharm. 2017, 14, 3457–3463. [Google Scholar] [CrossRef] [PubMed]

	



Hekman, M.C.; Rijpkema, M.; Muselaers, C.H.; Oosterwijk, E.; Hulsbergen-Van de Kaa, C.A.; Boerman, O.C.; Oyen, W.J.; Langenhuijsen, J.F.; Mulders, P.F. Tumor-targeted Dual-modality Imaging to Improve Intraoperative Visualization of Clear Cell Renal Cell Carcinoma: A First in Man Study. Theranostics 2018, 8, 2161–2170. [Google Scholar] [CrossRef]

	



Li, D.; Zhang, J.; Chi, C.; Xiao, X.; Wang, J.; Lang, L.; Ali, I.; Niu, G.; Zhang, L.; Tian, J.; et al. First-in-human study of PET and optical dual-modality image-guided surgery in glioblastoma using (68)Ga-IRDye800CW-BBN. Theranostics 2018, 8, 2508–2520. [Google Scholar] [CrossRef]

	



Moore, L.S.; de Boer, E.; Warram, J.M.; Tucker, M.D.; Carroll, W.R.; Korb, M.L.; Brandwein-Gensler, M.S.; van Dam, G.M.; Rosenthal, E.L. Photoimmunotherapy of residual disease after incomplete surgical resection in head and neck cancer models. Cancer Med. 2016, 5, 1526–1534. [Google Scholar] [CrossRef] [PubMed]

	



Dean, N.R.; Knowles, J.A.; Helman, E.E.; Aldridge, J.C.; Carroll, W.R.; Magnuson, J.S.; Clemons, L.; Ziober, B.; Rosenthal, E.L. Anti-EMMPRIN antibody treatment of head and neck squamous cell carcinoma in an ex-vivo model. Anticancer Drugs 2010, 21, 861–867. [Google Scholar] [CrossRef] [PubMed]

	



Koller, M.; Qiu, S.Q.; Linssen, M.D.; Jansen, L.; Kelder, W.; de Vries, J.; Kruithof, I.; Zhang, G.J.; Robinson, D.J.; Nagengast, W.B.; et al. Implementation and benchmarking of a novel analytical framework to clinically evaluate tumor-specific fluorescent tracers. Nat. Commun. 2018, 9, 3739. [Google Scholar] [CrossRef] [PubMed]

	



Rosenthal, E.L.; Warram, J.M.; de Boer, E.; Chung, T.K.; Korb, M.L.; Brandwein-Gensler, M.; Strong, T.V.; Schmalbach, C.E.; Morlandt, A.B.; Agarwal, G.; et al. Safety and Tumor Specificity of Cetuximab-IRDye800 for Surgical Navigation in Head and Neck Cancer. Clin. Cancer Res. 2015, 21, 3658–3666. [Google Scholar] [CrossRef] [PubMed]

	



Lamberts, L.E.; Koch, M.; de Jong, J.S.; Adams, A.; Glatz, J.; Kranendonk, M.; Terwisscha van Scheltinga, A.; Jansen, L.; de Vries, J.; Lub-de Hooge, M.N.; et al. Tumor-Specific Uptake of Fluorescent Bevacizumab-IRDye800CW Microdosing in Patients with Primary Breast Cancer: A Phase I Feasibility Study. Clin. Cancer Res. 2017, 23, 2730–2741. [Google Scholar] [CrossRef]

	



Boogerd, L.; Hoogstins, C.; Schaap, D.P.; Kusters, M.; Handgraaf, H.; van der Valk, M.; Hilling, D.E.; Holman, F.A.; Peeters, K.; Mieog, J.; et al. Safety and effectiveness of SGM-101, a fluorescent antibody targeting carcinoembryonic antigen, for intraoperative detection of colorectal cancer: A dose-escalation pilot study. Lancet Gastroenterol. Hepatol. 2018, 3, 181–191. [Google Scholar] [CrossRef]

	



van Keulen, S.; Nishio, N.; Fakurnejad, S.; van den Berg, N.S.; Lu, G.; Birkeland, A.; Martin, B.A.; Forouzanfar, T.; Colevas, A.D.; Rosenthal, E.L. Intraoperative Tumor Assessment Using Real-Time Molecular Imaging in Head and Neck Cancer Patients. J. Am. Coll. Surg. 2019, 229, 560–567. [Google Scholar] [CrossRef]

	



Yamamoto, Y.; Hirakawa, E.; Mori, S.; Hamada, Y.; Kawaguchi, N.; Matsuura, N. Cleavage of carcinoembryonic antigen induces metastatic potential in colorectal carcinoma. Biochem. Biophys. Res. Commun. 2005, 333, 223–229. [Google Scholar] [CrossRef]

	



Behr, T.M.; Sharkey, R.M.; Juweid, M.I.; Dunn, R.M.; Ying, Z.; Zhang, C.H.; Siegel, J.A.; Gold, D.V.; Goldenberg, D.M. Factors influencing the pharmacokinetics, dosimetry, and diagnostic accuracy of radioimmunodetection and radioimmunotherapy of carcinoembryonic antigen-expressing tumors. Cancer Res. 1996, 56, 1805–1816. [Google Scholar]

	



Soliman, B.G.; Karagkounis, G.; Church, J.M.; Plesec, T.; Kalady, M.F. Mucinous Histology Signifies Poor Oncologic Outcome in Young Patients With Colorectal Cancer. Dis. Colon Rectum. 2018, 61, 547–553. [Google Scholar] [CrossRef]

	



Hekman, M.C.; Boerman, O.C.; de Weijert, M.; Bos, D.L.; Oosterwijk, E.; Langenhuijsen, J.F.; Mulders, P.F.; Rijpkema, M. Targeted Dual-Modality Imaging in Renal Cell Carcinoma: An Ex Vivo Kidney Perfusion Study. Clin. Cancer Res. 2016, 22, 4634–4642. [Google Scholar] [CrossRef] [PubMed]

	



Tuveson, D.; Clevers, H. Cancer modeling meets human organoid technology. Science 2019, 364, 952–955. [Google Scholar] [CrossRef] [PubMed]

	



Neal, J.T.; Li, X.; Zhu, J.; Giangarra, V.; Grzeskowiak, C.L.; Ju, J.; Liu, I.H.; Chiou, S.H.; Salahudeen, A.A.; Smith, A.R.; et al. Organoid Modeling of the Tumor Immune Microenvironment. Cell 2018, 175, 1972–1988. [Google Scholar] [CrossRef] [PubMed]

	



Sharkey, R.M.; Juweid, M.; Shevitz, J.; Behr, T.; Dunn, R.; Swayne, L.C.; Wong, G.Y.; Blumenthal, R.D.; Griffiths, G.L.; Siegel, J.A. Evaluation of a complementarity-determining region-grafted (humanized) anti-carcinoembryonic antigen monoclonal antibody in preclinical and clinical studies. Cancer Res. 1995, 55, 5935–5945s. [Google Scholar]








[image: Cancers 12 00987 g001 550] 





Figure 1. Mean fluorescence intensity (arbitrary units) per pixel for tumor (green dots) and normal tissue (black diamonds) in individual tumors. Each green circle represents an included tumor. Vertical dashed lines separate patients. Note the higher fluorescence signal in all tumors compared to surrounding normal tissue (p < 0.001). The control condition (incubation with the non-specific antibody-conjugate DOTA-hIgG-IRDye800CW) shows no significant difference between tumor and normal tissue tracer accumulation (red circles and black open diamond; last two patients). 
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Figure 2. Example of an ROI for tumor (orange line) and surrounding tissue (pink line) as drawn on the H&E stained slide (A). (B) Consecutive slide with immunohistochemical CEA staining. (C) fluorescence flatbed image of the same slide as (A). (D) autoradiography image of the same slide as (A). 
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Figure 3. Method of ex vivo incubation of surgical tissue samples with 111In-DOTA-hMN-14-IRDye800CW. (A) surgical resection of tumor specimen and tissue preparation. (B) Overnight incubation with 111In-DOTA-hMN-14-IRDye800CW at 37 °C on orbital shaker with antibiotic additives. (C) Four hours washing of unbound antibody-conjugate at 4 °C. (D) Formalin-fixation, paraffin embedding and mounting of serial slices on glass slides for (immuno)histochemical analyses. 
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