Physiological models for in vivo imaging and targeting the lymphatic system: nanoparticles and extracellular vesicles. 
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1.-ABSTRACT

Imaging of the lymphatic vasculature has gained great attention in various fields, not only because the traditional role of lymphatic vessels as a draining system in the body, but also for their implication in autoimmune diseases, organ transplant, inflammation and cancer. Thus, neolymphangiogenesis, or the generation of new lymphatics is typically an early event in the development of multiple tumor types, particularly in aggressive ones such as malignant melanoma. Still, the understanding of how lymphatic endothelial cells get activated at distal (pre)metastatic niches and their implication in therapy is still unclear. Addressing these questions is of particular interest in the case of immune modulators because endothelial cells may favor or halt inflammatory processes depending on the cellular context. Therefore, there is great interest in visualizing the lymphatic vasculature in vivo. Here, we review imaging tools and mouse models used to analyze the lymphatic vasculature during tumor progression. We also discuss therapeutic approaches based on nanomedicines to target the lymphatic system and the potential use of extracellular vesicles to track and target sentinel lymph nodes. Finally, we summarize main pre-clinical models developed  to visualize the lymphatic vasculature in vivo, discussing their applications with a particular focus in metastatic melanoma. 

2.-INTRODUCTION

2.1. Lymphatic endothelial cells and lymphatic vessels in tissue and organ homeostasis
Lymphatic vessels originate from progenitors in the embryonic veins, through a process of budding and lymphatic sac formation, to finally establish a specialized vessel network [1, 2]. This process is largely mediated by the vascular endothelial growth factor-C (VEGF-C) [3]. Compared to their embryonic progenitors, lymphatic endothelial cells (LECs) have an increased protein trafficking machinery and express specific phenotypic and molecular markers, such as PROX1 and LYVE1 (Figure 1). In fact, PROX1 induction is sufficient to induce the differentiation into LECs [4, 5], and its expression is essential for maintaining lymphatics identity after differentiation [6]. Apart from embryonic formation, lymphatic vessels can be formed postnatally from pre-existing precursors through a process called lymphangiogenesis. During lymphangiogenesis, the primary lymphatic networks enlarge by sprouting, a process mainly induced through VEGFR3 signaling upon binding to its ligand VEGF-C [7]. This process largely depends on fatty acid β-oxidation [8] to increase proliferation and on PROX1 expression to maintain the metabolic and molecular signals necessary for lymphatic vessel formation during inflammatory processes [4, 9-11]. 

Roles of LECs in immune responses are complex as indicated above. On the one hand, lymphatics are structural and functional components of primary and secondary lymphoid tissues, where the maturation and activation of immune cells occur [12, 13]. On the other hand, LECs functions extend beyond structural roles, as they can actively participate in antigen recognition and presentation of pathogens, production of chemokines and cytokines [12, 13]. Moreover, LECs can facilitate cell-cell communication with key immune cells such as dendritic cells, and favor antigen distribution and delivery throughout the body [12]. Overall, lymph vessels are important regulators of the immune activation [12-14]. 

2.2 Tumor lymphangiogenesis. 

An increasing number of reports has contributed to the understanding of lymphatic vessels as adaptable structures that can sense and respond to their microenvironment and to exogenous stimuli [14]. In cancer, lymphatic vessels are an important route for tumor cell escape and metastasis [15, 16]. In particular, clinical and pathological observations suggest that for many types of solid cancers, such as those in the skin, breast, colon and lung [14], transport of tumor cells via lymphatics is the most common route of initial dissemination, with spreading patterns via afferent lymphatics following routes of natural drainage, as well as newly-generated lymphatic vessels [14, 17]. Bidirectional effects between tumor cells and lymphatic vessels result in a secretome that facilitates the transmigration of cancer cells and their directional homing and seeding into distal organs [18]. Indeed, interactions of LECs with hyaluronan-expressing cancer cells, or the modulation of the CXCL12/CXCR4 and the CCL21/CCR7 signaling cascades are examples of cell-cell communications between LECs and malignant cells [19-21]. Other key factors secreted by tumor cells to induce neolymphangiogenesis are  the pro-lymphangiogenic factors VEGF-C, VEGF-D, Osteopontin, or more recently, Midkine [15, 18, 21-25].

Tumor-associated lymph vessels often become dysfunctional during the progression of the disease, affecting drug delivery and response to treatments [26-29]. This effect is quite common in tumors that suffer aberrant angio-/lymphangiogenesis and can be the cause of the enhanced permeability and retention effect (EPR) [30]. This is relevant, because EPR is exploited by various nanomedicines for delivery to the tumor microenvironment [30]. Nevertheless, although intratumoral lymphatic vessels are often collapsed, tumor cells promote the expansion of peritumoral lymphatic vessels [23, 31], still allowing for an efficient drug delivery. Functional imaging of LECs and the lymphatic system in vivo, is therefore an area that deserves attention in the cancer field (see below). 
The need for imaging systems and models in the lymphatic system becomes even more pressing in the context of seemingly opposing roles of LECs in tumor immunity. Thus, while lymphatic vessels are crucial for recruiting various immune cells to the cancer site, lymphangiogenesis can help immune evasion depending on the context [32-34]. For example, cancer-associated lymphatics can transport tumor antigens and immunosuppressive cytokines to draining lymph nodes (dLNs) [17], and enhance cytotoxic T cell infiltration and activity [35]. In aggressive tumors, however, LECs can be “educated” to express immunosuppressive factors, such as TGF‐β, nitric oxide or IDO1, which blunt T‐cell function and immunity [36, 37]. Moreover, although LECs can actively cross-present tumor antigens in the dLNs to CD8+ cytotoxic T cells, as mentioned above, they lack the necessary co-stimulation molecules (such as 4-1BB) and can overexpress inhibitory molecules as Programmed Death Ligand 1 (PDL1). As a result, LECs may induce an anergic state and eventually favor apoptosis of cytotoxic T cells [38]. LECs can also dampen dendritic cell (DC) maturation, which limits T cell proliferation [39] and cytotoxicity. Finally, tumor antigen presentation can also be compromised due to an impaired contraction of tumor-associated lymphatic vessels [40]. In these settings, LECs can be crucial for peripheral tolerance in cancer. How microenvironmental cues define the balance between pro- and anti-tumor responses of LECs is, therefore, matter of active investigation. 
Other pending questions regarding the impact of lymphatics on the immune system relate to the crosstalk between LECs and various immune cell types. For example, previous studies have shown that B-cell accumulation in lymph nodes may induce lymphangiogenesis and increase the flow through the lymph vessels, which in turn can promote tumor dissemination [41]. Similarly, macrophages can induce the formation of new lymphatic vessels, not only through the secretion of pro-lymphangiogenic factors (as VEGF-C/D), but also by acquiring endothelial markers and integrating into tumor-associated lymph vessels [42]. These interactions complicate the understanding of the specific steps (i.e initiation, invasion or metastasis) where LECs act during tumor development, also with pending questions in  therapy response [17].

3. Lymph node and lymphatics imaging, an opportunity to monitor response to nanomedicines.

Imaging lymphatic vessels has been pursued by a variety of authors [43], since as mentioned above, LECs frequently undergo extensive remodeling in the primary tumors and draining lymph nodes [18]. In fact, as lymphatic remodeling within tumor draining LNs may occur even before tumor cells in the LNs are detectable [18], models to visualize tumor-activated lymphangiogenesis held promise as a strategy to uncover premetastatic niches. Thus, tumor and LECs can engage in various feedback loops to promote a microenvironment that favors LNs colonization by metastatic cells. This can occur, for example via an increased flow to the lymph node and the secretion of multitude of soluble and vesicle-associated factors [44]. Enhanced permeability in the premetastatic niche can also promote the recruitment of non-resident cells, such as bone marrow-derived cells (BMDCs), which further aid in metastatic cell colonization [45]. Therefore, sentinel lymph node premetastatic sites are local microenvironments that facilitate the invasion, survival and/or proliferation of metastatic tumor cells, and as such, provide a suitable scenario for a dual-stage imaging [43], namely: (i) for diagnostic purposes and tumor staging (i.e. in breast cancer and melanoma [25, 46], and (ii) for the delivery of anticancer agents (including nanomedicines). Herein we describe some main techniques to monitor the lymphatic system (Figure 2).
(i) X-ray lymphography is a medical technique that involves the cannulation of the lymphatic structure with x-ray contrast agent (e.g. the iodinated oil-soluble lipodiol), followed by X-ray imaging [47]. Although this technique allows for the visualization of deep lymphatic structures and provides optimal resolution, it is an invasive and time-consuming technique that is mostly restricted to the visualization of the central lymphatic system [48]. 
(ii) Lymphoscintigraphy is the most common technique for lymphatic imaging in the clinic and can be used for the identification of tumor-draining lymph nodes. For this technique, lymphatic-specific tracers labeled with radioactive agents (typically Technetium-99) that are injected mostly intradermally or subcutaneously, to proceed to subsequent detection of gamma radiation emission by specialized cameras [43]. Lymphoscintigraphy provides a deep penetration into the tissues. However, it has drawbacks that include exposure to ionizing radiation and poor spatial and temporal resolution. 
(iii) Single-photon emission computed tomography/computed tomography (SPECT/CT) combines x-ray tomography  with scintigraphic imaging [49].  Here, detectors placed at different angles provide 2D images that are used for tomographic computer-assisted reconstruction to then assemble 3D images [50, 51]. 
(iv) Fluorescence microlymphography allows the visualization of lymphatic capillary networks in the skin. This technique is based on capturing by microscopy the spread of high molecular weight fluorescent compounds (i.e FITC-dextran; 150 KDa) that are injected intradermally [52]. Spread over 12 mm has been reported as an informative threshold to visualize alterations in deep collecting vessels and to monitor lymphedema [53]. However, since FITC-dextran is not approved for human use, this is not a widely exploited technique. 
(v) Near-infrared (NIR) lymphography is based on the detection with a coupled-charged detector (CCD) camera of compounds such as the clinically-approved indocyanine green (ICG)[54]. This compound binds to albumin but also to HDL and LDL lipoproteins that are enriched in the lymph [55]. This “low cost” technique provides a quantitative assessment of lymphatic function, imaging of collecting vessels and SLN mapping [56]. However, NIR has a limited depth of imaging and the resolution depends on the instrumentation and the tissue thickness [43]. Quantum dots are alternative fluorescent tracers for near-infrared imaging that have been proven effective in the clinic for SLN detection [57].  These semiconductor nanoparticles offer a wide variety of wavelengths for imaging, but their toxicity has limited their application as they can be accumulated in reticular systems even over 2 years [58]. 
(vi) Magnetic resonance lymphography (MRL) is a noninvasive technique that provides 3D volumetric images of the lymphatic vasculature. As other applications based on magnetic resonance imaging (MRI), it combines the use of strong magnetic fields and radio waves to allow the localization and depth of lymphatic vessels and discriminate them from angiogenic vessels [59]. Gadolinium-based contrast agents such as Gd-DTPA or Gd-DOTA or alternatively, ultra-small superparamagnetic particles of iron oxide (USPIO) that display lymphotropism [60, 61] are injected before or during the procedure to enhance the signal to noise ratio. MRL is an alternative technique to X-ray lymphography that provides 3D volumetric images with high resolution and no depth limitation without exposure to ionizing radiation. Still, this is an expensive procedure and has the disadvantage that Gd-based tracers lack specificity due to their small size. This limitation can be partially overcome by intra-nodal injection of the contrast agents.
(vii) Positron emission tomography (PET) uses radiotracers to visualize and measure metabolic changes in the body. In oncology, the most common PET technology uses 2-deoxy-2-[fluorine-18]fluoro-D-glucose (18F-FDG), an analogue of glucose, as radiotracer and measures the increased glucose metabolism of malignant tumor cells [62, 63].
Although PET has limitations due to its high cost and poor resolution in animal models, it has been successfully applied for detection and mechanistic characterization of lymph nodes in mice, mostly using radioactively labeled antibodies [64], nanoparticles [65, 66] or proteins [67]. In cancer patients, PET has been used for SLN detection in particular areas such as the axilla and the pelvis, as a strategy to map regional cancer dissemination and for management of locoregional metastases [51]. Importantly, integrated PET/CT devices that acquire metabolic information and anatomical imaging during a single diagnostic session provide precise anatomic localization of increased FDG uptake, offering a better guide for resection of SLNs [51] in the management of LN metastasis. 
(viii) Additional state-of-the-art techniques such as photoacoustic imaging have also been improved for SLN detection [68, 69]. Photoacoustics is a hybrid imaging technique that combines optical absorption and ultrasound detection [70]. Initially used for SLN detection, photoacoustic microscopy has been improved to image lymphatic vessels in detail [71]. 
(viii) Other imaging systems. Most of the tracers and contrast agents indicated above for lymphatic flow imaging are small in size (5–10 nm) to allow for a rapid lymphatic uptake and visualization. However, particles with larger sizes (ranging from 10 to 100 nm) are more efficiently retained in lymph nodes and consequently achieve a stronger imaging signal [72]. Carriers have been developed for the encapsulation of tracers in nanoparticles such as liposomes [73, 74], or for covalent linking to larger molecules (e.g. PEG) to obtain lymphatic-specific delivery [75]. Other approaches involve the use of larger-size structures (100 nm) that are retained in lymph nodes and serve to map SLN [72]. Interestingly, secreted exosomes (~100 nm extracellular vesicles) can home to SLN efficiently suggesting alternatives for targeting these sites (see below) [76].
It should be noted that although the techniques mentioned above allow for the detection of SLN, the delivery method mostly follows flow dynamics, requiring injection at sites proximal to the tumor. Limited diffusion has therefore complicated the detection of distal organs, and more globally, spatiotemporal imaging of metastatic dissemination in vivo. However, large efforts are being dedicated to the design and validation of more specific and biocompatible probes, which are likely to prove highly effective in a near future. In summary, the efficient imaging of lymphatic structures can provide valuable information on metastatic spreading and facilitate the monitoring of lymph node-driven therapies.

4. Lymph nodes as targets for nanomedicines
Nanomedicine-based approaches are gaining interest as diagnostic tools but also as anticancer therapies. A variety of customized particles are used for an improved and more selective delivery of anticancer agents, maximizing target uptake and ideally, reducing undesired toxicities [76]. In fact, advances in drug design and material science have allowed the programming of nanocarriers to carry drugs, proteins, antibodies and other ligands to specific cell types, thus moving beyond passive delivery by EPR processes [76, 78]. 
Since LNs play a prominent role in immunomodulation, they are attractive targets for immunotherapy in cancer [80]. In particular, tumor-draining lymph nodes are active reservoirs of tumor antigens and tumor antigen-specific T cells and B cells, and as such, they present multiple opportunities for targeted intervention. Lymphatic vessels and capillaries are more favorable to the entry of particles between 5-50 nm than the vascular endothelium [81]. This feature has been exploited to deliver immunostimulants to cancer cells via lymphatics. Examples include the coupling of agonists of toll like receptors (TLRs) to 30 nm-nanoparticles for targeting sentinel lymph nodes in melanoma by intradermal injection.  These agents induced T cell priming, tumor progression delay and increased survival [82, 83]. Other alternatives to promote T cell activation are nanoparticles with antigen or adjuvant cargo linked to a lipophilic albumin-binding tail. Such nanocarriers stick to lymph-transported proteins such as albumin to target LN lymphocytes, and thus, promote efficient anti-tumor responses [84, 85]. More recently, nanoparticles that exploit lymphatic vessel traits have been used in the context of chimeric antigen receptor (CAR)-T cells. Here, CAR T cell therapy efficacy was enhanced using a molecular vaccine in which a peptide ligand for CAR was linked to an albumin binding tail via a polyethylene gyclol-based spacer. After parenteral injection, the nanocarrier was shuttled to the lymph nodes where it was detected in the membranes of dendritic cells and macrophages that subsequently boosted CAR T cell expansion and increased tumor rejection [86].
Multiple additional strategies have also been devised to target LN. These include magnetic particles (ferrofluids) bound to anti-cancer agents that can be concentrated in the regional lymph nodes through an externally placed magnet [87, 88]. This strategy has been proven efficient with magnetic carbon nanotubes and chemotherapeutic drugs [89]. Additional modifications with folic acid allowed nanotube recognition by folic acid receptors in tumor cells. Another interesting approach is the use of biocompatible iron-dextran paramagnetic particles (50–100 nm in diameter) as nanoscale artificial antigen-presenting cells (nano-aAPC) able to promote antigen-specific T cell activation [90]. The application of an external magnetic field induced nano-aAPC aggregation on naive cells, enhancing T cell proliferation in vitro and in vivo [91].
The versatility of iron oxide particles for cargo delivery and cell tracking seems adapted to the development of theranostic approaches.  Autologous dendritic cells have been labeled with a clinical superparamagnetic iron oxide formulation or 111In-oxine [92] [93]. These approaches allowed the measurement of dendritic cell delivery and the establishment of inter- and intra-nodal cell migration patterns supporting the use of MRI for monitoring immunotherapies in humans. In a slightly different approach, iron oxide–zinc oxide core–shell nanoparticle can deliver carcinoembryonic antigen into dendritic cells while simultaneously acting as an imaging agent [94]. 
The growing spectrum of nanomedicine-based strategies directed to lymph nodes highlights the relevance of these anatomical structures together with the lymphatic system in mediating efficient anti-tumor responses. 

5. New small kids on the block: the potential use of extracellular vesicles to track sentinel lymph nodes. 
Extracellular vesicles (EVs) are emerging as powerful delivery and imaging tools, as well as diagnostic biomarkers and therapeutic targets in cancer [95, 96]. EVs are small lipid membrane-based particles secreted by multiple cell types [95]. Depending on the size, they have been termed as large EVs (lEVs) or small EVs (sEVs)  [97]. Large EVs include microvesicles (200 nm - 1µm), apoptotic bodies (1-5 µm) and oncosomes (1-10 µm). In contrast sEVs include exosomes, a population of vesicles ranging between 50 to 150 nm [97, 98], and exomeres, smaller vesicles of about 35 nm in diameter [99]. Exosomes are vesicles of endosomal origin released to the extracellular medium in a process involving typically fusion of multivesicular bodies with the plasma membrane [98]. EVs act as messengers between cells, transferring cargo (e.g. DNA, mRNA and miRNA, proteins and metabolites) to other cells [95, 96]. The fact that EVs can act as biological delivery systems has driven a lot of attention in pharmacology [100, 101]. 
The role of EVs has been studied in cancer showing their crucial role in cell-cell communication [102]. Interestingly, cancer-derived exosomes can serve as vehicles for horizontal transfer of genetic material and proteins to both neighboring and distant cells, thus promoting processes such as angiogenesis, immunosuppression, and extracellular matrix remodeling [103].  Exosomes can also drive premetastatic niche formation  [102].  In this scenario, the primary tumor secretes exosomes and soluble factors that target local and distal organs, preconditioning these sites and facilitating future metastasis [102]. For example, exosomes can contribute to: (i) increasing the vasculature permeability in distal organs promoting angiogenesis; (ii) remodeling of the extracellular matrix (ECM); (iii) promoting the recruitment of immune cells and (iv) generating an immune-inefficient microenvironment [103-106].
Within metastatic dissemination, early processes involved in SLN colonization has important translational implications, as the presence of cancer cells at these sites is a critical staging criteria and contributes to poor patient prognosis [107, 108]. Interestingly, tumor-derived EVs reach the lymph nodes and favor metastatic spread [109-111]. Due to this biodistribution, EVs might be excellent candidates for visualization and targeting the SLN through the lymphatic system, taking into account that their size ranks between 50 to 150 nm. Indeed, exosomes derived from ovarian cancer cells rapidly reach the lymphatic vessels within two minutes and reached a steady value of fluorescence by 20 minutes and the signal lasted two days post-injection [109]. 
To track exosomes biodistribution in animal models, approaches include labeling with fluorescent dyes (e.g. near infrared (NiR) or PKH dyes) and injection intra foot-pad in the mice [109] (Figure 3). This approach has for example revealed that exosomes can induce a proangiogenic signaling program by inducing factors such as VEGF, and to promote melanoma cell recruitment and extracellular matrix deposition [111]. Similarly, a  more recent study on colorectal cancer, reported that DiD-labeled exosomes reached the SLN where they promoted lymphangiogenic through VEGFC secretion by macrophages, and from there, favor metastasis to the liver [112].
Other techniques that have been used to monitor exosome biodistribution in vivo include radioisotope-labelling approaches [113]. EV radiolabeling with 64Cu or 68Ga allows imaging by positron emission tomography (PET) [113]. In a different study, magnetic resonance was also used to trace melanoma-derived exosomes in the LN using supermagnetic iron oxide nanoparticles [114]. 

6. A big step for the EV field, a small step for lymphatic system therapeutics? 
Small size EVs, have been actively studied as therapeutic agents for different diseases, mainly in cancer and neurological disorders [115, 116]. Some of the features that make these vesicles extremely attractive as drug delivery systems compared to currently available nanoparticles, are their ability to overcome biological barriers, their stability in the circulation and their low cytotoxic effect [117]. Importantly, EVs are biocompatible, with low immunogenicity and cytotoxicity, and can be efficiently delivered in circulation with the capacity to cross the blood-brain barrier, making them suitable for drug delivery applications [117-120]. Given these features, EVs are being used in clinical trials both for therapy and diagnosis [121]. In this context, data support that due to the characteristics of lymph node architecture, small EVs are retained mostly in the subcortical area of lymph nodes being conceptually an ideal delivery method to target LECs [109-112, 122]. Given these premises, EVs can be considered promising agents for therapeutic applications in the lymphatic system. Some of these applications are discussed below.
The therapeutic potential of EVs has been tested to elicit therapeutic responses in lymph nodes, for example to deliver tyrosinase-related protein-2 (TRP2) peptides to the lymph nodes [123]. TRP2 is a melanoma antigen and it was used to boost anti-tumor immune responses on the targeted lymph node  [123]. In vivo biodistribution analysis showed the accumulation in the SLN, furthermore, it promoted proinflammatory cytokine release such as TNF- and IL-6 by macrophages and dendritic cells [123]. However, a drawback about tumor-secreted EVs for gene or drug delivery is the potential pro-metastatic behavior of these vesicles [102]. In fact, TRP2, a main melanoma marker identified in melanoma-secreted exosomes, is involved in pre-metastatic niche formation and bone marrow cell education [106]. 
Another complication of using exosomes in cancer imaging and therapy is that exosomes can promote immune suppression in targeted LNs, promoting the generation of premetastatic niches [44]. In melanoma and lung cancer, exosomes have been reported to express the programmed death-ligand 1 (PD-L1), a key suppressor of T cell activation [124, 125]. Exosomal PD-L1 has also been reported in multiple cancer patients correlating with bad outcome and resistance to immunotherapy [124-126].
An alternative to the use of tumor-derived EVs to activate an anti-tumoral immune response is using vesicles secreted by dendritic cells, thus termed as dexosomes, as shown in a melanoma mouse model [127]. In a recent study combination of vaccination and immune check point blockade was addressed, dexosomes were modified to carry costimulatory molecules, MHCs, antigen OVA peptide and anti-CTLA-4 antibody. This combinatory treatment resulted in an induction of T cell response in tumor-draining LNs by inducing T cell activation, and ultimately decreased tumor growth [128]. It has also been reported that the most effective administration route for these dexosomes is the intradermal injection, which leads to enhanced T-cell proliferation and cytotoxic T lymphocyte (CTL) effector response in vivo [129]. Importantly, in a Phase I clinical trial,  autologous exosomes were used for the immunization of stage II/IV melanoma patients, obtaining a specific CTL response that lead to tumor rejection [130]. 
In addition, therapeutic EVs isolated from dendritic cells, fibroblast, and mesenchymal cells can be used as carriers of play-loaded molecules [131]. For example, exosomes derived from dendritic cells loaded with doxorubicin in mammary tumor-bearing mice, where intravenous injection of Doxycycline-loaded exosomes specifically delivered this drug into tumor tissues leading to inhibition of tumor growth [132]. In a different study, macrophage-derived exosomes were loaded with paclitaxel. These vesicles showed efficacy in the treatment of multi-drug resistance in murine models of lung carcinoma by reducing overall metastasis [133]. 
EVs can be used as anti-cancer treatments by their virtue of carrying miRNAs or siRNAs, protecting them from degradation by blood-derived ribonucleases. Exosomes modified with GE11 peptide in their surface delivered miRNA let7-4 specifically to EGFR+ breast cancer cells, reducing tumor growth in mice [134]. In a seminal paper from Kalluri and colleagues, mesenchymal cell-derived exosomes carrying interfering RNA molecules against oncogenic K-Ras suppressed tumor growth in several pancreatic cancer models [135]. In another study, exosomes modified with the EGFR-binding GE11 peptide on their surface delivered miRNA let7-4 specifically to EGFR+ breast cancer cells leading to reduced tumor growth.
Although relatively few attempts to EV-mediated lymph node therapeutic strategies have been developed, the increasing relevance of lymphatics in tumor immunomodulation and metastatic spread merit a wide-ranging survey of lymphatic-based approaches using EVs. Of note, the feasibility of generating clinical-grade exosomes for various therapies of human diseases have already been demonstrated [136]. Parallel to the development of those strategies, the advances in lymphatic imaging are required to assist and encourage the targeting of lymphatics within the context of human cancer.
In summary, EV and exosome-derived delivery strategies are being actively pursued in pre-clinical models to image lymphatic system dynamics and to develop alternative strategies to visualize and treat early (premetastatic) and late tumor stages.

7. Pre-clinical models for lymphangiogenesis imaging. Why and how? 
As described before, the growth of new lymphatic vessels provides conduits for the spread of cancer cells. Therefore, detecting and quantifying the process of lymphangiogenesis in vivo has important basic implications for gene discovery (i.e. new functions of LECs), but also for pharmacological testing [137]. Challenges remain, as mentioned above, in terms of live imaging and quantification of the lymphatic vasculature in vivo. In contrast to blood vessels, which are densely packed with red blood cells and easily observed in exposed tissue, lymph is composed of mostly water, electrolytes, proteins, and immune cells. Therefore, visualizing lymphatic vessels is more challenging than blood vessels. As a consequence,  techiniques used to image blood vessels and their involvement in tumor metastasis, such as magnetic resonance imaging (MRI) and computed tomography (CT), as well as Doppler ultrasound [138] cannot be exploited to monitor lymphatic visualization without the use of contrast agents (Figures 2 and 3) [138]. Moreover, these techniques heavily rely on the injection of the contrast dyes at sites proximal to the tissue of study (as opposed to simple tail injections for angiography), which can preclude whole body lymphatic vessel visualization (Figure 2).  Therefore, animal models for pre-clinical imaging of the lymphatic system should ideally allow for whole-body spatiotemporal analysis of the lymphovascular system in the context of disease [43].
In pre-clinical imaging, genes tightly associated with lymphangiogenesis such as PROX1 and LYVE1 or VEGFR3 (Prox1, Lyve1 and Vegfr3 in mice) have been exploited for spatio-temporal analyses of the lymphatic function using transgenic and/or knock-in reporter mouse models [138] (Figure 1, see also Table 1). The key difference between transgenic and knock-in models is that transgenic models use random integration in the host genome, while knock-in models are targeted (i.e. meaning that the desired reporter construct is inserted to be coupled to the endogenous expression and regulation of the target gene [140]). 
The prospero homeobox 1 (PROX1) and the lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1) have been among the most used gene markers for lymphatic analysis [138].  Specifically, PROX1 is a transcription factor expressed in a subpopulation of endothelial cells that, after budding from veins, gives rise to the mammalian lymphatic system [141]. PROX1 expression is stable and detectable in lymphatic endothelial cells what makes it, in principle, and ideal marker for lymphatic endothelial cells. This feature has been exploited for the generation of a number of transgenic mouse models that couple the Prox1 promoter to different fluorescent reporters such as GFP [142, 143], EGFP [144], mOrange2 [145] or tdTomato [146, 147] (Table 1). These models allowed for the analysis of the lymphatic endothelium by intravital microscopy or by conventional microscopy after processing of tissue biopsies [138, 148]. These animals, therefore, have been instrumental in the study of lymphatic development [149, 150]. However, Prox1 expression is not restricted to lymphatic endothelial cells during development and can also be found in the retina, liver, pancreas, endoderm, muscle cells and brain [151-153]. Moreover, the use of fluorescent proteins reporters limits their use to superficial tissues in vivo or to ex vivo analysis precluding the analysis of the lymphangiogenic processes in a longitudinal and systemic manner.
Other models for the visualization of lymphangiogenesis are based on the combination of the Prox1 promoter to Cre or CreERT2 recombinases (Table 1). The Cre‐recombinase/LoxP system is the most commonly used technique to produce spatio-temporal regulated conditional knock-out/in mouse models [154, 155]. This system is based on expression of the Cre recombinase gene under the control of a tissue‐specific promoter (lymphatic-specific in this case). Cre recombinase recognizes a 34‐base‐pair DNA sequence called LoxP, and it catalyzes recombination between 2 directly repeated LoxP sites at high efficiency. This recombination results in the removal of the DNA sequence flanked by the 2 LoxP sites (floxed). This method can be used to either delete essential sequences to cause complete gene knock-out or remove a control elment to allow a gene (reporter) to be expressed [154, 155] . These systems were further refined to introduce the temporal control of Cre activation on demand [156]. A modification of Cre recombinase,  the Cre‐ER version,  the Cre is fused with a mutant ligand‐binding domain of the estrogen receptor (ER) [157]. Cre‐ER is inactive and requires the ER ligand tamoxifen (or its metabolite 4‐hydroxytamoxifen [4‐OHT]) for activation. This system was further improved to reduce its background activity and increase the sensitivity and efficiency of Cre‐ER by introducing further mutations in the ER domain. The Cre‐ERT2 system is the most effective means of achieving LoxP‐dependent excision of target DNA sequences in both a spatial and a temporal manner [158].
 An added advantage of the use of the Cre systems in modeling lymphatics is the possibility of targeting specific genes in lymphatic endothelial cells, as well as to allow for lineage tracing if combined with specific reporters (i.e. Lox-STOP-Lox-Reporter alleles)[159-162] (Table 1). 
Regarding Lyve1, the promoter of this gene has also been used for the generation of mouse strains for lymphatic endothelial cell targeting and for fluorescence-based imaging (Lyve1-CreERT2tdTomato and Lyve-1EGFP-hCre, respectively) [163, 164]. They have been used to study lymphatic biology in the cornea, bone, and kidney [163-166]. Nevertheless, as in the case of  Prox1, Lyve-1 expression is not restricted to the lymphatic endothelium and is also present in embryonic blood vessels and macrophages [167, 168]. 
Regarding VEGFR3,  This is a member of the Vascular Endothelial Growth Factor (VEGF) receptors that bind VEGF-C [169] and drive lymphangiogenesis, as mentioned above. In contrast to Prox1 and Lyve-1, whose protein levels are relatively constant in LECs in mice, Vegfr3 decreases after birth [170], being rather low in adult lymphatic unless neo-lymphangiogenesis is induced by a pathogenic situation such as tumor development[153, 170, 171]. This feature of Vegfr3 has been used to generate transgenic animals to drive the expression of the fluorescent reporters EGFP [170] or YFP [172] in endothelial cells. Limitations of these models however remained as for other systems based on fluorescence imaging, namely, low signal-to background ratio and low penetration. Therefore, a knock in system was developed to insert a dual EGFP-Luciferase in the 3’ untranslated region of the Vegfr3 gene (Figure 4). This reporter allowed for EGFP-Luciferase expression coupled to the endogenous and physiological regulation of Vegfr3. These Vegfr3EGFPLuc mice were found useful to image LECs by (i) intra-vital fluorescence microscopy [170] and (ii) systemic and non-invasive molecular optical imaging of bioluminescence [170]. In contrast to fluorescent proteins, bioluminescence has a very high signal-to-noise ratio and greater penetration power, allowing the detection of emissions from deep tissues that would not be visible otherwise by fluorescent reporters (Figure 4a). 
Immune deficient derivatives of the Vegfr3EGFPLuc reporter revealed new insights on spatio-temporal induction of lymphangiogenesis by melanoma cells, showing different patterns of local vs distal dissemination of tumor cells [18]. This model was subsequently crossed to the Tyr::CreERT2;BrafV600E;Ptenlox/lox [173] to generate genetically engineered immunocompetent melanoma models [18] (Figure 4b). Unexpected findings with these Vegfr3-reporter mice were that neolymphangiogenesis at the primary tumor was neither sufficient nor required for metastatic development [18]. Thus, for metastatic growth, the key feature identified was the ability to induce neolymphangiogenesis at distal sites (Figure 4) [18]. As neo-lymphangiogenesis was found to precede metastatic spread, these animals have been coined as MetAlert mice [18] (Figure 4c). Analyzing the secretome of melanoma cells with the ability to induce this systemic neolymphangiogenesis allowed for the identification of the growth factor Midkine (MDK) as a new pro-metastatic driver in melanoma [18]. In addition to serving as a platform for gene discovery, the MetAlert mice can also be used for pharmacological screens in vivo for the identification and pre-clinical testing of anti-lymphangiogeneic compounds [174].

8. Concluding Remarks. 
The lymphatic system plays a critical role in tissue homeostasis and immunity during development. From a therapeutic perspective, aberrant deregulation and expansion of the lymphatic vasculature has been implicated in many pathologies, such as lymphedema, chronic inflammation or tumor spread. In the context of cancer, imaging techniques to monitor lymphatic vessels and SLN in premetastatic niche formation have provided insight into cancer initiation and progression, with implications for pharmacological testing of anticancer agents. In this review, pros and cons of different labeling compounds and delivery agents for nanomedicines targeted to LECs and/or LN compartments. We have also summarized the state-of-the-art of lymphatic imaging techniques including animal models to visualize pathogenic lymphatic vessels in vivo, and how these mice can be used for gene discovery and pharmacological analyses.
Given the important roles of lymphatics in the crosstalk with multiple immune cell types, great attention is being developed to intravital imaging techniques. These include genetically engineered mouse strains (GEMs) to trace specific immune cells (i.e. T cells, macrophages or dendritic cells), opening the gate for potential non invasive longitudinal studies in vivo [175]. Crosses to Prox-1, Lyve1 or Vegfr3-based reporters may prove useful in this regard. Such models may also represent a unique platform for high throughput testing of immunotherapeutic agents and to visualize potential organ-dependent actions or toxicities [174].  To this end, future in vivo models should improve sensitivity and spatial resolution, for example, combining techniques such as two-photon intravital microscopy, optical imaging or PET/SPECT imaging.  
Interestingly, besides the development of synthetic probes to track the lymphatic system, data during the last years showed that nanomedicines functionalized to carrry chemotherapeutic agents or immunomodulators to SLNs could be promising treatments in cancer. In this regard, extracellular vesicles may represent physiological vehicles to improve the delivery of nanomedicines to desired organs. In particular, tumor-secreted exosomes have been already proven as biological probes to track ant target SLN. In addition, tumor-secreted exosomes can influence local and systemic immune responses, adding further versatility to drug development. Important pending considerations in this regard are the determinants to customize the cargo that can be loaded into synthetic exosomes [176]. Moreover, possible inflammatory effects and other secondary toxicities of exosomes need to be taken into consideration before clinical testing. Nevertheless, this it is a blooming field that deserves further development. 
In summary, there is great excitement in the context of imaging of the lymphatic system imaging to visualize and treat metastatic progression in cancer (particularly at early stages of development). Combining these strategies with the development of multifunctional (customizable) nanoparticles may open yet new avenues of research in basic and clinical oncology that could be exploited as well in other pathologies that involve or target the lymphatic system.
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Figure legends

Figure 1. Schematic representation of the different roles of lymphangiogenesis in tumor progression. The scheme represents the roles of lymphatics in the tumor, regulating anti-tumor immune response and allowing tumor migration to the lymph node and distal metastatic sites. 

Figure 2. Visualization techniques for studying lymphangiogenesis in pre-clinical and clinical models. PET-CT, MRI and NIR are used both in pre-clinical and clinical analyses. Prox1= Prospero homeobox 1, Lyve1= lymphatic vessel endothelial hyaluronan receptor 1, Vegfr3= Vascular endothelial growth factor receptor 3 (FMS-like tyrosine kinase 4), GFP= Green fluorescence protein, YFP= Yellow fluorescence protein, PET= positron emission tomography, CT=computed tomography, MRI= magnetic resonance imaging, NIR= Near infrared imaging. 


Figure 3. Analysis of extracellular vesicle distribution in the lymphatic system. A) Scheme of extracellular vesicle fluorescent labeling using lipophilic dyes. The standard approaches to label extracellular vesicles for in vivo approaches include the use of fluorescent dyes  intercalate in the membrane. B) Analysis of in vivo biodistribution of sEVs in the lymphatic system after footpad injection. 5 micrograms of B16-F10 NiR-labeled exosomes were injected intra-footpad and biodistribution was analyzed by multispectral in vivo imaging after 16 hours. Biodistribution was observed in lymph nodes and distal organs. C) Analysis of s-EV distribution in sentinel lymph nodes. 5 micrograms of B16-F10 PKH26-labeled exosomes were injected intra-footpad every 3 days for 3 weeks and biodistribution of fluorescence associated was analyzed by confocal imaging.

Figure 4. Vegfr3Luc reporter (MetAlert) mice for whole-body analysis of benign and malignant melanocytic lesions. Comparison with other imaging techniques.  A) Imaging of luciferase induction by a patient-derived biopsy isolated from a cutaneous melanoma metastasis and implanted in Vegfr3Luc nu/nu mice. Animals were imaged at the indicated time points to show distal lymph nodes induced prior detection of VEGFR3-associated luciferase at the subcutaneous lesion. Red dotted lines mark tumor area. B) Comparative imaging of Vegfr3Luc mice crossed into BrafV600E; PTENfl/fl mice to visualize melanomas generated in immunocompetent settings. Panels show comparative imaging by bioluminescence (Vegfr3Luc), 18F-MISO PET/CT or 18F-FDG PET/CT as indicated. C and L stand for coronal and left side images of the animals. White dotted lines delineate tumor areas. Fur was removed to facilitate imaging. C) Higher magnification of Vegfr3Luc emission with respect to 18F-FDG PET/CT in the areas marked with a white square in (B). Shown are axial projections of the same region. (SLN: Sentinel lymph node). Red dotted line marks SLN. Insets: Magnification of SNL. 
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