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There is a significant overlap in the genetic, metabolic and epigenetic alterations between human and companion animal cancers, including those of the oral cavity, breast, bladder, skin, lungs and pancreas. In many cancer types, the identification and removal of affected lymph nodes are essential for accurate cancer management, including treatment and prognosis. Historically, lymphadenectomy and subsequent radical resection based on regional anatomy, palpation and lymph node aspirates were considered sufficient; however, modern approaches with sentinel lymph node mapping (SLN) mapping have increased the accuracy of surgical decision-making. Preoperative and intraoperative SLN mapping techniques in veterinary patients parallel those used in human medicine. While many of these techniques are highly successful, the main challenges with current methodologies are their sensitivity and specificity for the presence of cancer, which can be overcome via precision medicine and targeted SLN mapping agents. Given the large population of dogs and cats with cancer, the crossover of knowledge between species can help to deepen our understanding of many of these cancers and can be useful in evaluating new drugs and/or therapies. In this review, we discuss SLN mapping techniques in veterinary medicine and the concept of precision medicine as it relates to targeted SLN mapping imaging agents. The large number of companion animals affected by cancer is an underutilized resource to bridge the translational gap and we aim to provide a reference for the use of dogs and cats as a comparative model for human SLN mapping.
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Introduction

There are limitations to using laboratory animals to advance our understanding of cancer and evaluate new drugs and/or therapies. With their homogenous environments, a smaller overall size, and induced tumors—laboratory animals are unable to mirror the complex genetic, metabolic and epigenetic alterations associated with cancer (1, 2). Like humans, naturally occurring cancer in companion animals (dogs and cats) is one of the leading causes of death (1–5). Living in the same environments, humans and companion animals share many of the same environmental and socioeconomic factors that can predispose cancer development. These risk factors include, but are not limited to, air pollution, pesticides, age and obesity (1–4). The large number of companion animals affected by cancer is an underutilized resource to bridge the translational gap. Naturally occurring cancer in dogs and cats can provide an intermediary step between artificially induced laboratory models and human patients.

Dogs, cats and humans develop cancers with similar presentation, common phenotypes, clinical pathologies (receptors, copy number), progression and treatment response (1–5). There are many examples of comparative cancers including oral cavity squamous cell carcinoma, mammary (breast) cancer, bladder and prostate cancer, lymphoma, melanoma and pulmonary adenocarcinoma (1–5). With the relatively short life span of companion animals, in comparison to humans, cancer progresses quicker, allowing for timely assessment of novel therapies and continuity of long-term data; endpoints [disease-free interval (DFI) and median survival time (MST) (i.e., 1–2 years vs. 5–10 years) (1–3)]. In addition, identical diagnostic and imaging modalities can streamline the interpretation and comparison of results. There is also relative ease for companion animal trials as regulations are more flexible than human medicine, and the overall cost is much lower (1, 4). Moreover, increasing sentiments of companion animals as valuable household members and a desire to extend their lifespans have led to an increasing demand for improved human-level care and advanced techniques through veterinary clinical research (5–8). Due to all of these factors, there has been an increasing interest in including companion animals in the therapy development pathway (1–5, 9).

Surgical excision of a tumor(s) and lymphadenectomy is the first-line treatment for many cancer types. Nodal involvement has a significant bearing on tumor staging, treatment, and prognosis. The sentinel lymph node (SLN) is a tumor’s primary or first draining lymph node(s). Understanding the SLN allows for decreased surgical dissection, more accurate lymph node extirpation, and better overall outcomes (10, 11). Comparative cancers in dogs, cats, and humans tend to have similar lymphatic metastasis rates, making them a good model for comparison. While there are many similarities in the lymphatic anatomy and function between species, several notable differences exist. Firstly, dogs and cats have an overall fewer number of lymph nodes. Dogs and cats have only 1–2 axillary lymph nodes per side, while it is estimated that there are 20–30 axillary lymph nodes in the human body (12, 13). Secondly, unique anatomical species differences can influence the identity of the SLN. For example, dogs and cats have 8–10 mammary glands evenly distributed on their ventral abdomen, while humans have 2 mammary glands closer to the forearms. In over 90% of clinically node-negative human breast cancer patients, SLN mapping and biopsies are regarded as crucial diagnostic tests due to the large number of axillary lymph nodes (10, 11). In dogs with mammary cancer, the SLN was determined to be the axillary or accessory axillary lymph node(s) when the tumor was in the first, second, or third mammary gland and the superficial inguinal and medial iliac lymph node(s) when the tumor was in the fourth mammary gland (14). Interestingly, there seems to be wide variation and a lack of clear pattern for the tumors located at the fifth or inguinal mammary gland (14–17). Therefore, in companion animals, the SLN could be the axillary or superficial inguinal lymph node, depending on the location of the affected mammary gland, compared to a human patient with breast cancer where the SLN is typically the axillary lymph node (10, 11, 16, 18).

This review will focus on comparative aspects of SLN mapping as a reference for the potential inclusion of companion animals in future developmental pipelines for targeted SLN mapping agents.



Sentinel lymph node mapping techniques in veterinary medicine

While SLN mapping has become the standard of care for many human tumor types, it is a relatively new concept to veterinary medicine, becoming more prevalent in the last 10–15 years. These techniques often involve a combination of preoperative and intraoperative methods. Preoperative modalities include indirect lymphography using radiography or computed tomography (CT), lymphoscintigraphy and contrast-enhanced ultrasound (CEUS). Commonly used intraoperative techniques include gross visualization following an injection of blue dyes [such as methylene blue (MB)], or near-infrared fluorescence (NIRF) imaging with fluorescent dyes such as indocyanine green (ICG).

Indirect radiographic lymphography (IRL) has been successfully applied in healthy and diseased dogs. Contrast is introduced through a series (most often a quadrant pattern) of intradermal/subcutaneous injections around the tumor (Figure 1) (19, 20). Contrast agents reported in veterinary patients include both water-soluble (iopamidol, iohexol) and lipid-based (lipiodol) solutions (19, 21–23). Advantages of IRL include its excellent safety profile, low cost, simple injection technique, and widespread availability of radiography in most veterinary clinics (14, 19, 20). Furthermore, IRL can be performed in animals with sedation rather than general anesthesia (14, 20). Mayer et al. reported uniform contrast uptake in associated lymph nodes following injections of lipid-based contrast in 8 different locations (head, neck, ventral abdomen and limbs) in 16 healthy purpose-bred dogs (19). A similar study by De Bonis et al. reported an SLN detection rate of 90% using lipiodol in 23 dogs diagnosed with 26 MCTs (23). Haas et al. evaluated IRL with water-soluble contrast in 53 dogs with 59 mast cell tumors (MCT), reporting a diagnostic rate of 77.9% (20). The SLN of canine cutaneous and subcutaneous mast cell tumors of the trunk and limbs are most investigated due to the lack of agreement between the locoregional lymph node and the SLN, with disagreement rates ranging between 28 to 63% (24). In a study published by Annoni et al., where SLN mapping was performed in 80 dogs with 138 mast cell tumors, 84% originated from the trunk and limbs (25). The SLN was found to differ from the locoregional lymph node in 57% of the cases, and IRL successfully mapped the SLN in 95% of cases.
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FIGURE 1
 Eight-year-old spayed female dog, with a cytologically confirmed mast cell tumor and metastasis to the left prescapular lymph node. A 2 cm cutaneous mass was present along the medial aspect of the left elbow. Indirect radiographic lymphography following peritumoral intradermal 4-quadrant injection of 4 mL (total) Omnipaque 350 (GE Healthcare). Contrast medium extends from the injection site through the afferent lymphatic ducts to the left axillary and accessory axillary lymph node. Contrast within the lymphatic ducts between the left accessory axillary and axillary lymph node is also noted.


The main limitation of IRL is its lower sensitivity for SLN detection compared to CT. Despite Haas et al. reporting a high diagnostic rate of 77.9% via IRL, 20.3% of the cases were considered only partially diagnostic due to the reported visibility of the lymphatic tract but not the SLN (20). In CT lymphography (CTL), water-soluble iodinated contrast is injected directly into the lymphatics, peri or intratumorally, followed by a series of scans (Figure 2) (21). The increased resolution of CT allows for better visibility of the lymphatic vessel system, making preoperative CTL superior to radiographic lymphography (21). Sentinel lymph node detection rates using CTL are highly variable in veterinary medicine, with studies reporting rates ranging between 60 and 95%, compared to human literature where detection rates are between 95.8 and 100% (26–29). In addition, the type of contrast used for SLN mapping may affect the sensitivity of CTL. Mahieu et al. compared the use of lymphoscintigraphy and CTL in human patients with oral cancer using a lipid-based contrast and reported poor sensitivity (55%) and high negative predictive value (75%) using CTL (30). For veterinary patients, CTL is performed under general anesthesia and is typically only available in a tertiary referral hospital setting, making it a less accessible and more costly option (31). Overall limitations with both preoperative methods include the lack of real-time visual guidance and the increased exposure of hospital staff and patients to radiation.
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FIGURE 2
 Seven-year-old castrated male dog with a histopathologically confirmed oral squamous cell carcinoma. Computed tomography revealed a mild rostral mandibular bone lesion consistent with the reported site of the mass. CT lymphangiogram with iodinated contrast injected submucosally in a 4-quadrant peritumoral injection was performed and scans were completed at 1-, 3-, and 10 min post-injection. Contrast enhancement was noted in the rostral lymphatics, with caudal extension to the bilateral mandibular lymph nodes in the 10-min scan (arrows) in transverse (A) and sagittal (B) view.


Lymphoscintigraphy involves peritumoral injections of radiocolloids and is considered the gold standard for SLN mapping in human medicine (31–33). Lymphoscintigraphy is reported to be superior to IRL, with successful SLN detection rates of 100 and 41%, respectively. Manfredi et al. evaluated the use of preoperative lymphoscintigraphy in dogs with a malignant primary tumor (e.g., MCT, mammary adenocarcinoma, oral melanoma, thyroid carcinoma, sublingual SCC, parotid adenocarcinoma, etc.) without metastasis and the SLN was detected in 90.5% (n = 57/60) of tumors in 53 dogs (34). Similarly, an SLN detection rate of 91% was reported in 30 dogs with 34 MCTs that received peritumoral injections of radiocolloids and MB (35). However, the use of radiocolloids for SLN mapping is limited and is rarely applied in veterinary medicine due to its high cost and lack of accessibility (36).

Contrast-enhanced ultrasound (CEUS) is an alternative method for preoperative SLN mapping and involves peritumoral or subdermal injections of microbubbles, a high molecular weight gas that is enclosed in a lipid shell, which functions as a sonographic contrast agent (37). The use of CEUS has been documented in healthy dogs, pigs, rabbits and monkeys with success in identifying the SLN at a detection rate of 91.3–100% (38–40). Fournier et al. reported a SLN detection rate of 95.2% when CEUS was used for SLN mapping in dogs with MCT (37). While a promising alternative to other techniques, CEUS can only be performed on a superficial level and is limited by the depth of the lymphatic tracts. When comparing CEUS and ICG-NIRF, ICG-NIRF is a better technique due to its capability to identify the afferent lymphatic tracts, which are deeper within the tissues (41). In addition, radiology expertise and specialized training are required, which makes accessibility of this technique limited in veterinary practice.

Intraoperative SLN mapping using blue dyes, ICG, or other agents provides real-time visual guidance. Traditionally, blue dye is injected peritumorally in four quadrants surrounding the tumor, and the SLN is located based on gross visualization of blue staining (Figure 3). Using blue dye alone has been most frequently reported in human breast cancer patients, with a high identification rate of 89–91% (42, 43). In contrast to human literature, SLN detection rates in veterinary medicine are highly variable when blue dye is used alone. Ferrari et al. reported an SLN identification rate of 91% in 34 dogs with MCTs, while Wan et al. reported an SLN detection rate of 50.8% in dogs with oral cancer (22, 35). Methylene blue (MB) is a commonly reported blue dye as it is widely available and cost-effective; however, the use of MB alone heavily relies on the knowledge of the location of the SLN with respect to the tumor as blue staining is not easily visible percutaneously (42–44). Given that the success of SLN detection using MB alone is highly variable, recent literature has recommended either a shift from using MB entirely, combining MB with ICG-NIRF, or combining preoperative indirect lymphography using CT with intraoperative MB-ICG/NIRF to maximize SLN detection rates (22, 45, 46).

[image: Figure 3]

FIGURE 3
 A 7-year-old spayed female dog with a cytologically confirmed mast cell tumor. The mass was 1.5 × 1.5 cm soft, mobile, flat, not well-demarcated and subcutaneous ~10 cm caudal to the left axilla on the mid-thorax. Intraoperatively, a 4-quadrant combined intradermal and subcutaneous injection of saline (1.6 mL), indocyanine green (0.5 mg, 2.5 mg/mL; Seaford Pharmaceuticals Inc) and methylene blue (2 mg, 10 mg/mL; Omega) was performed (indicated by black arrow). Lymph node dissection in the axillary region confirmed the presence of blue dye (A), and near-infrared fluorescence imaging documented the injection sites (open white arrow) lymphatic tract and the left accessory axillary lymph nodes (white arrow) (B).


Compared to MB alone, ICG-NIRF has a higher SLN detection rate, greater tissue penetration, and better visualization of the afferent lymphatic tracts (22, 41, 47). Despite NIRF-ICG being a more expensive modality to MB, it is known to be less invasive, cost-effective, and has a higher sensitivity and specificity compared to lymphoscintigraphy in human literature (48). Arz et al. reported success in identifying SLNs using ICG-NIRF as small as 0.9 cm in a cat diagnosed with a low-grade MCT in the left buccal region. Indocyanine green also has an excellent safety profile and has been demonstrated to have no significant side effects in companion animals (49). Applications have included SLN mapping of the oral, head and neck region, caudal abdomen and limbs in healthy and diseased dogs and head and neck region, trunk, perineum, and limbs in healthy and diseased cats (Figure 3) (22, 29, 41, 46, 47, 50). As a result, this technique is gaining popularity in the veterinary field; however, limitations include the accessibility of NIRF equipment and a lack of protocol standardization.



Targeted lymph node mapping agents

An optimal SLN mapping imaging agent enables rapid clearance from the injection site, has increased uptake and retention within the SLN, and has low drainage to higher-tier lymph nodes (51) (Figure 4). The previously mentioned techniques for SLN mapping employ passive strategies. These preoperative and intraoperative imaging modalities exhibit unsatisfactory sensitivity and specificity rates, decreasing the fidelity of these resections (52).
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FIGURE 4
 Imaging agents applied in sentinel lymph node mapping. (A) Molecular non-specific contrast agents and targeted moieties used for sentinel lymph node mapping. (B) Schematic representation of the mechanism of action of different types of imaging agents. Non-targeted agents passively accumulate in lymphatic tissue. Targeted agents, consisting of a molecular contrast agent or dye conjugated to a targeting moiety, actively accumulate in tumor or lymphatic cells by recognition of a specific biomarker expressed by tumor cells or lymphatic cells. HEV, high endothelial venules.


This pitfall can be overcome by developing novel ligand-receptor or antigen–antibody binding imaging probes (51). Theoretically, any imaging agent targeting tumor cells can detect both primary tumors and metastatic lymph nodes (53). In recent years, the concept of precision medicine has had unparalleled growth in human oncology; however, it is relatively new in veterinary oncology. While precision medicine encompasses many elements, particularly valuable for SLN mapping is the identification of genomic markers and tumor characteristics.

Several targeted imaging agents have been developed for biomarkers expressed in human cancers and many of these are undergoing clinical testing or have gained regulatory body approval. Dogs and cats spontaneously develop many of the same cancers as humans with similar histological subtypes and tumorigenic genes and pathways, which is fundamental for the translation of targeted therapeutics (1, 2, 9, 54). Building upon the foundation of human cancer research, comparative companion animal cancers can aid in theoretically applying or studying targeted imaging agents for SLN mapping.


99mTc-tilmanocept (Lymphoseek)

99mTc-tilmanocept (Lymphoseek) is a Food and Drug Administration (FDA) approved novel radiopharmaceutical for preoperative SLN detection in human breast, melanoma, and head and neck cancers (55–57). The mechanism of action of 99mTc-tilmanocept for SLN mapping revolves around its small molecular size (16.7 kDa) and diameter (7.1 nm) which allows for rapid transportation through afferent lymphatics (55, 58). The mannose receptor (Cluster of Differentiation 206, CD206) is expressed on the surface of macrophages and reticuloendothelial cells, which are highly concentrated in lymph nodes (51, 57, 59). CD206 recognizes and binds to macromolecules with carbohydrate side chains that terminate with a mannose glycoside on 99mTc-tilmanocept (51). The mannose residues on 99mTc-tilmanocept bind to the receptors on the reticuloendothelial cells’ surface, enabling its accumulation and retention in the SLN for approximately 30 h (55, 58). Multiple phase I and II human clinical trials have confirmed that 99mTc-tilmanocept does not migrate to the second-tier lymph nodes (55, 58).

Before targeted radiocolloids were employed, lymphatic mapping relied on standard radiocolloids, such as technetium-99 m nanocolloid (99mTc) (55, 56, 58). The radiopharmaceutical enables preoperative imaging with SPECT–CT and has slow clearance from the injection site and is passively retained in lymph nodes. This results in the inability to localize SLNs due to the overlap between area of SLNs and the injection site or insufficient uptake of the radiopharmaceutical in SLN. Compared to conventional radiocolloids and blue dyes, 99mTc-tilmanocept has several advantages, including its rapid injection site clearance, high SLN identification and extraction, and low distal lymph node uptake (55, 56, 58). Limitations of 99mTc-tilmanocept are attributed to its low efficacy based on tumor tissue type, as well as disadvantages typically associated with conventional radiocolloids, including ionizing radiation, accessibility, and lack of intraoperative guidance (56, 60, 61). Comparatively, 99mTc-tilmanocept may have an application for preoperative SLN mapping as CD206 receptors are also expressed in tumor-associated macrophages of dogs and cats (62, 63). Stroup et al. documented the feasibility and utility of an intra-prostatic injection of gallium-68 labeled tilmanocept in four adult male purpose-bred dogs. A mean of 4 SLNs were identified per dog, and all SLN identified by the PET/CT were confirmed to be fluorescent (64).



OTL38 (Cytalux)

OTL38 (Cytalux) is an FDA-approved NIRF imaging agent for the detection of human ovarian and lung cancer. OTL38 is a folate analog ligand conjugated to S0456, an indocyanine green-like dye which targets the folate receptor alpha (FOLR1) that is overexpressed in specific cancers (65). Combined with tumor delineation and tumor bed imaging, OTL38 has been evaluated for its ability to detect metastatic lymph nodes. To implement OTL38 for SLN mapping, the role of folate receptor beta (FOLR2) must be further elucidated due to the high rate of false positive lymph nodes (66). Activated macrophages overexpress FOLR2 and may cause false positive fluorescence (67–69). This was supported by histological confirmation in which FOLR2 staining was localized within macrophages of the subcapsular sinuses of lymph nodes, independent of lymph node micro-metastases (68, 69). Despite its high rate of false positives, OTL38 has potential use for selective SLN mapping based on factors such as cancer stage and histological subtypes that could have different lymph node metastatic rates (69). Limitations of OTL38 were noted in image interpretation errors and false positives and negatives, specifically in non-malignant regional lymph nodes (70).

The comparative use of OTL38 for SLN detection in dogs and cats is dependent on the expression of FOLR1 in companion animal cancers. In human and canine invasive transitional cell carcinoma, FOLR1 is overexpressed; therefore, the use of FOLR1-targeted therapeutics may be advantageous (2, 71). To date, OTL38 has yet to be evaluated for urothelial cancers in either humans or dogs.

Interestingly, the use of OTL38 has been evaluated in clinical lung cancer dogs despite the lack of evidence around the overexpression of FOLR1 in canine lung tumors. Keating et al. utilized OTL38 during video-assisted thoracoscopic surgery or open thoracotomy and tumor excision in 10 dogs with lung tumors (72). OTL38 identified lung tumors and margins in all dogs when administered intravenously; however, since no significant dissections were performed for lymph nodes, only 3 regional bronchial lymph nodes were identified that were also positive for metastasis. At the study institution, surgeons typically removed/sample lymph nodes that were obvious and easy to dissect rather than routinely visualize and remove all nodes during their lung cancer surgeries (72). In this study, OTL38 was also used in 3 human pulmonary adenocarcinoma patients with similar tumor and margin identification results as the dogs. No results regarding SLN mapping or lymph nodes were reported in the human patients.



Panitumumab-IRDye800CW

Instead of switching to an alternative agent for SLN mapping, it is possible to conjugate antibodies to already proven NIRF dyes. Panitumumab is a fully humanized monoclonal Immunoglobulin G2 antibody that has a high-affinity binding to epidermal growth factor receptor (EGFR), a protein receptor overexpressed in many cancer types in dogs, cats and humans (2, 5, 9, 73–80). Panitumumab-IRDye800CW is a fluorescent antibody-dye conjugate reported to be safe and stable with a high signal-to-background ratio (73, 81). During pathological processing of lymph nodes from human patients with squamous cell carcinoma of the head and neck, panitumab-IRDye800CW strongly corresponded with EGFR-expressing metastatic areas within the lymph (82). Interestingly, fluorescence was concentrated in the periphery of the metastasis despite uniform EGFR expression within the metastatic deposit, which implies that while panitumumab-IRDye800CW can bind to lymph node metastases, it may not be the most effective choice when afferent lymphatics vessels are occluded by the growing tumor mass (82). Furthermore, as the mechanism of action is yet to be elucidated, it is hypothesized that panitumumab-IRDye800CW accumulates in the tumor and proceeds to drain non-specifically to the regional lymph node basin in a stepwise manner and, therefore metastatic SLN are more likely to retain the dye due to the large size of the tracer (81). In 27 humans with oral squamous cell carcinoma, panitumumab-IRDye800CW was infused intravenously prior to surgical resection of their primary tumor and lymphadenectomy or SLN biopsy (81). Krishan et al. reported the preferential localization of panitumumab-IRDye800CW in the metastatic and sentinel lymph nodes (81). Limitations of antibody-based imaging agents include poor tumor tissue and cellular extravasation due to their large molecular size and high production cost (83–85). The use of a fluorescent antibody-dye conjugate, such as panitumumab-IRDye800CW, has yet to be described in veterinary literature. Imaging agents that target EGFR have the potential to be applied to companion animal cancers and could be considered for SLN mapping in canine bladder cancer (3, 74), feline oral squamous cell carcinomas (9, 75–77), canine and feline mammary carcinomas (9, 78, 79), and canine osteosarcoma (9, 77, 80).



124I-cRGDY-PEG-Cy5-C dots

Ultrasmall organic–inorganic (silica) hybrid nanoparticles (Cornell dots or c-dots) have been developed to overcome the typical limitations associated with radiocolloids and near-infrared dyes. 124I-cRGDY-PEG-Cy5-C dots have recently gained FDA approval and is a fluorescent and integrin-targeting agent that covalently encapsulates a Cy5 dye (86). The surface of 124I-cRGDY-PEG-Cy5-C dots contains peptide cyclo-(Arg-Gly-Asp-Tyr) which detects integrin ανβ3 that is overexpressed in endothelial cells involved in the angiogenesis and vascular remodeling of tumor cells (87). Due to the small size, uniform delivery into nodes and other metastatic deposits, selective uptake and retention, encapsulation of the dye for ideal optical properties, and versatility, 124I-cRGDY-PEG-Cy5-C dots are well-suited for SLN mapping via positron emission tomography (PET) and intraoperatively with fluorescence as a dual-modality imaging (87, 88) In human studies of breast, melanoma and head and neck cancers, it has been reported that 124I-cRGDY-PEG-Cy5-C has high detection sensitivity of metastatic and could specifically discriminate between metastatic tumors infiltration and inflammatory responses (87, 88). 24I-cRGDY-PEG-Cy5-C dots utilize the C dot construct to improve depth resolution and increase the sensitivity of SLN identification in low accessibility nodal regions overcoming limitations of radiocolloids and small-molecule dyes (89, 90). These strengths exemplify the potential that novel technologies such as nanoparticles or multi-modality probes have in the future of this field (89, 90).

Comparatively, while there are no studies utilizing 124I-cRGDY-PEG-Cy5-C dots in companion animals, there are other integrin ανβ3 targeted imaging agents which have shown promising results in dogs and cats (91–93). Integrin ανβ3 is expressed in normal epithelia of the small intestine, kidney, lung, and spleen but is absent in the vascular tissue of dogs (94). Regarding cancer, integrin ανβ3 is reported to be highly expressed in canine cutaneous and oral melanomas (95). Favril et al. reported that DA364, a near-infrared imaging agent that targets integrins through the RGD peptide, was able to accumulate in a range of superficial solid tumors from dogs, which included mast cell tumors, mammary gland adenocarcinoma, soft tissue sarcoma, osteosarcoma, and cutaneous melanoma (91). Lymph node imaging was also performed with DA364 having an efficacy for detecting metastasis in a small number of regional lymph nodes (91). The population for this study was limited (n = 24), and a larger population needs to be assessed prior to any definitive conclusions.



Lymphatic-specific imaging probes

Nodal metastasis is often microscopic; therefore, it can be ambitious to apply tumor-targeting imaging agents for SLN mapping (53). A viable alternative is using lymphangiogenesis (growth of the lymphatic vasculature) to predict metastatic lymph nodes. Lymphatic-specific markers include podoplanin, Prox-1, LYVE-1, and VEGFR-3, and a lymphatic targeting agent is developed against these markers via labeled antibodies or peptide ligands (52, 96, 97). A targeted vascular agent such as MECA-79, developed by Licha et al. allows the imaging agent to reach the target without penetrating the surrounding tissue, which is often the limiting factor for using antibodies. MECA-79 is an immunoglobulin M monoclonal antibody conjugated fluorescent dye (cyanine 7) that targets glycoproteins on the luminal side of specialized high endothelial venules in lymph nodes (98). In a murine model, as little as 0.25 nmol of MECA-79 was required per animal to enable high-sensitivity lymph node imaging and accumulation in peripheral lymph nodes (98). The novel NIRF conjugate MECA-79 has yet to be evaluated in other animal or human models.

Peptide-based imaging agents have a smaller molecular size, allowing for faster clearance than antibody-based agents. FITC-LyP-1 combines LyP-1, a cyclic 9-amino-acid cyclic peptide, and various fluorophores (53). LyP-1 is also referred to as a tumor-homing peptide as it binds to the p32 receptor that is highly expressed on lymphatic endothelium and tumor cells (52, 99). However, the binding of LyP-1 to tumor lymphatics and cells is not general for all tumors, implying that tumor cells may induce expression of LyP-1 binding protein in intratumoral lymphatic cells (99). Agents targeting lymphangiogenesis are limited in their ability to discriminate between tumoral and inflammatory lymphangiogenesis (53). As lymphangiogenesis can occur in environments with inflammation due to increased levels of lymphangiogenic factors produced by macrophages and granulocytes, studies employing these agents should be interpreted with caution. To overcome this limitation would be to employ a dual technique that combines tumor and lymphatic targeting ligands in one probe (53, 100).

For imaging agents that target lymphatic markers and lymphangiogenesis to be comparative, the expression of these targets must also be expressed in the lymphatic cells of companion animals. There are yet to be companion animal studies applied for SLN mapping using Lyp-1 imaging agents, and the expression of p23, the receptor for Lyp-1, is unknown in dogs and cats. This knowledge gap suggests that it is worthwhile to assess the expression of lymphangiogenic markers in companion animals for the future implementation of imaging agents targeting lymphatic biomarkers.




Conclusion

Companion animals are often an integral part of our lives, sharing our environments and, subsequently, our risk factors for developing cancer. Current research has determined genomic and tumor similarities within the naturally occurring cancers between humans, dogs and cats, which can be used to develop targeted lymph node mapping agents. Cross-species use increases accessibility and enhances early adoption in clinical trials. The synergistic relationship between animal and human cancer research is vital for the future of translational research and advancements in precision medicine.
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