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Abstract

Tumor lymphangiogenesis promotes metastatic cancer spread to lymph nodes and beyond.
However, the potential remodeling and functionality of tumor-draining lymphatic vessels has
remained unclear. Thus, we aimed to develop non-invasive imaging methods for repeated
quantitative imaging of lymphatic drainage and of contractile collecting lymphatic vessel function
in mice, with colloidal near-infrared (NIR) tracers and a custom fluorescence stereomicroscope
specially adapted for NIR sensitive imaging. Using these tools, we quantitatively determined pulse
rates and valvular function of collecting lymphatic vessels with high resolution. Unexpectedly, we
found that tumor-draining lymphatic vessels in a melanoma footpad model initially were dilated
but remained functional, despite lower pulse rates. In two independent tumor models, impaired
lymphatic function was detected once metastases were present in draining lymph nodes.
Importantly, we found that lymphatic dysfunction, induced by metastatic tumor spread to sentinel
lymph nodes, can lead to a rerouting of lymphatic flow away from the metastatic lymph node, via
collateral lymphatic vessels, to alternate lymph nodes. These findings might have important
clinical implications for the procedure of sentinel lymph node mapping that represents the
standard of care for determining prognosis and treatment of melanoma and breast cancer patients.
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1. Introduction

The lymphatic system plays an important role in the maintenance of tissue fluid
homeostasis, the initiation of immune responses and the uptake of dietary fats. Lymphatic
vessels have received tremendous scientific interest recently since it was determined that
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they also play key roles in pathological conditions such as chronic inflammation, transplant
rejection, and tumor metastasis [1]. In particular, tumor-induced lymphangiogenesis in the
peritumoral area and in tumor-draining lymph nodes (LN) has been found to promote
metastatic cancer spread in several experimental models and clinical studies [2, 3].
Moreover, the presence of LN metastases represents a critical staging parameter to
determine the prognosis and the course of therapy for the majority of cancer patients [4, 5].
Most studies thus far have focused on the molecular mechanisms that modulate tumor-
induced initial lymphatic vessel growth but relatively little is known about the changes that
take place in collecting lymphatic vessels. Unlike initial lymphatic vessels, collecting
vessels have smooth muscle coverage and function through pulsatile contractions to
transport lymphatic fluid through a system of one-way valves against an increasing
hydrostatic pressure gradient [6, 7]. Despite the clinical importance of tumor
lymphangiogenesis, controversy remains whether tumor-draining collecting lymphatic
vessels remain functional and what changes are induced by the tumor-derived factors and by
metastatic growth in the draining LNs [8-12].

One of the major reasons for the paucity of information on tumor-draining collecting
lymphatic vessels are the technical obstacles associated with non-invasive quantitative
functional lymphatic imaging. Studies on exteriorized mesentery have provided valuable
insights into the physiology of collecting lymphatic vessels and the factors that control their
contractile function [13]. More recently, an intravital microscopic approach for imaging
popliteal collecting lymphatic vessels after FITC-dextran injection was described [14].
Although this technique allows excellent dynamic visualization, it also requires invasive
surgery to exteriorize the vessels, which precludes any longitudinal imaging. Other currently
used non-invasive techniques for lymphatic visualization, including lymphscintigraphy,
positron emission tomography (PET), or magnetic resonance imaging (MRI) suffer from
such limitations as poor spatial resolution, high costs for equipment and/or the need for
radiotracers [15-18]. Moreover, the temporal resolution of these imaging modalities does not
allow investigation of the pulsing dynamics of collecting lymphatic vessels.

Near-infrared (NIR) imaging has recently emerged as a promising tool to visualize
lymphatic system in a non-invasive manner in both animal models and humans [10, 19-24].
The majority of previous studies have utilized either quantum dots (QD) or the NIR dye
indocyanine green (ICG) as lymphatic tracers. Imaging with NIR QDs allows the
visualization of sentinel nodes in mice and in large animals, however, phagocytosis of these
nanocolloids and long-term retention in LNs limit their potential for longitudinal imaging
and clinical translation [22, 23]. The advantages of ICG are that it has clinical approval with
an excellent safety profile and that it binds serum proteins after tissue injection, facilitating
its use as a lymphatic tracer [19]. However, ICG also has several non-optimal features. It is a
dim dye and tends to aggregate in solution, leading to self-quenching effects. Additionally,
there have been concerns of inhibition of lymphatic contractions due to the presence of ICG
[25]. The limitations of existing tracers have led us to develop a research program to identify
new macromolecular contrast agents for lymphatic imaging [10].

In the present study, we aimed to develop methods for quantitative, /n7 vivo functional
lymphatic imaging with high spatial and temporal resolution. To this end, we utilized
poly(ethylene glycol) (PEG) conjugates of the bright NIR dye IRDye, and developed a NIR
capable stereomicroscope to allow non-invasive visualization and quantification of the pulse
rates and valvular function of collecting lymphatic vessels in mice. Using these tools, we
assessed the function of tumor-draining collecting lymphatic vessels in two different tumor
models and determined the changes in lymphatic drainage that take place before and after
the development of lymph node metastases.
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2. Materials and Methods

2.1 Mice

C57BL/6J- Tyr¢2%Jalbino (Jackson Laboratories, Bar Harbor, ME) and Balb/c (Janvier, Le
Genest Saint Isle, France) mice were maintained in pathogen free conditions until imaging.
Mice received an alfalfa-free diet (Experimental diet #2222, Provimi Kliba, Penthalaz,
Switzerland) for at least four days prior to imaging. All animal experiments were approved
by the Kantonales Veterinaeramt Zurich.

2.2 NIR lymphatic tracers

The PEG-based lymphatic tracers (Table 1) were prepared as described previously [26].
Shortly, 75 nmol of PEG amine P10 (10 kDa, NOF Europe, Grobbendonk, Belgium), P20
(20 kDa, Fluka, St. Louis, MO), or P40 (40 kDa, JenKem Technology USA Inc., Allen, TX),
predissolved in dimethylsulphoxide, were reacted with an equimolar amount of IRDye®
800CW NHS Ester (D800, LI-COR Biosciences, Lincoln, NE) or IRDye® 680LT NHS
Ester (D680, LI-COR Biosciences) at room temperature for 6 h. The crude reaction was
lyophilized, reconstituted with 250 pL of HEPES buffered saline (HEPES 20 mmol/L, NaCl
142 mmol/L, pH 7.4), and purified twice by filtration using Fluorescent Dye Removal
columns (Thermo Fisher Scientific, Rockford, IL). The efficiency of the coupling procedure
was assessed spectrophotometrically and the purity of the final product verified via HPLC
[26]. Concentration is expressed as pwmol/L of dye content in the tracer.

The liposomal ICG (L-1CG), formulated with 1,2-dioleoyl-sr-glycero-3-phosphocholine
(DOPC), cholesterol, and 1,2-distearoyl-sr-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (PEG-DSPE) (52.5:40:7.5 mol %, 7.8 mM total lipid
concentration, 30 M ICG), were prepared according to a previously published method (10).
Their mean diameter was 66.8 + 2.6 nm (/7=6) and their polydispersity index was 0.105 +
0.053, as measured by dynamic light scattering (DelsaNano Zetasizer, Beckmann-Coulter
Inc., Fullerton, CA). The stability of the liposomes was checked over 42 days and no
significant change in size was found. Freshly prepared L-1CG exhibited a 3-fold increase in
fluorescence intensity with respect to free ICG, as well as an expected bathochromic shift in
Amax,em (~17 nm).

2.3 NIR lymphatic imaging

A Zeiss StereoL.umar.VV12 (Carl Zeiss, Oberkochen, Germany) stereomicroscope with
AxioVision (Zeiss) software was used for /nn vivoimaging of collecting lymphatic vessels.
To allow far-red and NIR imaging, the following components were installed: a cooled
EMCCD camera (Evolve eXcelon, Photometrics, Tuscon, AZ) with enhanced sensitivity to
NIR wavelengths, a high-powered light emitting diode (LED) system with illumination at
470, 550, 635 and 770 nm (CoolLED, Andover, UK) and specific filters for FITC, Texas
Red, Cy5 (Zeiss) and ICG (Semrock, Rochester, NY). Mice were anesthetized via
intraperitoneal (i.p.) injection of 0.2 mg/kg medetomidine and 80 mg/kg ketamine. Care was
taken to position the mice on a level imaging plane for improved visualization and to ensure
that the collecting lymphatics were not pulsing against a gradient of gravity. For
visualization and quantification of lower limb collecting lymphatic vessels, 5 pL of 25 pM
P20D680 were injected intradermally into the dorsal skin of the rear paw. A sequence of 1
image/s at 100 ms exposure was acquired at 6x magnification of a region of interest
containing collecting lymphatic vessels and the popliteal LN for a total of 5 min, with
injection performed approximately 30 s into the video. A second video with the same
acquisition settings was initiated with external compression performed 30 s into the video to
enhance uptake of lymphatic tracer by the initial lymphatic vessels. Cyclic external
compression was performed with a cotton swab lightly pressed on the intradermal injection
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bleb once per second for 10 s. Additional higher zoom videos were acquired of collecting
vessels at 15x and at the region of the popliteal LN at 12x (allowing visualization of afferent
and efferent vessels). To test for flow impairment through draining LNs [10], imaging was
performed after intradermal injection of L-ICG (5 pL of 30 wM ICG), as liposomes are
confined to LN sinuses due to their size [27]. Imaging procedures to visualize other regions
in the mouse are described in the individual figure legends.

2.4 Pulse rate analysis

Pulse rates were determined after injection of lymphatic tracers and after external
compression of the injection site. Videos were analyzed in AxioVision software. During
video playback, regions of interest were placed on popliteal afferent collecting vessels with
care taken to avoid valve regions, typically seen as thicker knobs in the vessel morphology
or at junctions with lymphatic tributaries. Each region of interest was evaluated for
fluorescence intensity over time by using the Measure Profile function in Axiovision. Pulses
were defined as one complete contraction (loss of fluorescent signal) and relaxation (gain of
fluorescent signal) event and were counted starting from one minute after injection or
external compression for three minutes.

2.5 Tumor models

B16.F10-luc2 murine melanoma cells (Caliper Life Sciences, Alameda, CA) were
maintained in culture with DMEM medium (Invitrogen, Carlsbad, CA) containing 10%
FBS. TdTomato fluorescent protein [28] was inserted into the pPSNAP-tag (New England
Biolabs, Ipswich, MA) vector and transfection of B16.F10-luc2 cells was performed by
lipofectamine 2000 (Invitrogen). Stable clones (B16.F10-tdTom-luc2 cells) were selected by
FACS sorting and maintained with addition of 1.6 mg/mL neomycin to the medium.
B16.F10-tdTom-luc2 cells (2x10°) in 10 pL PBS were injected into the right footpads of 9-
to 11-week-old female C57BL/6J- Tyr*~ albino mice. Tumors were allowed to grow for
33-35 days. An IVIS Spectrum (Xenogen, Caliper Life Sciences) was used for /n vivo
bioluminescence imaging of B16-F10-tdTom-luc2 LN metastases, as previously reported
[10].

4T1 mammary carcinoma cells (ATCC) were maintained in DMEM medium (Invitrogen,
Carlsbad, CA) containing 10% FBS. Cells were retrovirally transduced with MSCV-IRES-
Venus (kind gift from Dr. Johannes Zuber, IMP, Vienna, Austria) using standard
transduction techniques. Following transduction, FACS sorting was employed to obtain a
stable population of 4T1-MSCV Venus cells with a high level of fluorescence. 4T1-MSCV-
Venus cells (5x10%) were injected subcutaneously into the rear right flank of 8-week old
female Balb/c mice. Mice were imaged when tumors reached approximately 10 mm in
diameter, typically 20-23 days after injection.

2.6 Statistical analyses

3. Results

Data are represented as mean+SD. Data were analyzed using GraphPad Prism V5.0 (San
Diego, CA) with the Student's £test when comparisons were made between two groups and
using ANOVA with Tukey's multiple comparison test when three of more groups were
compared.

3.1 Visualization of lymphatic vessels

To enable high resolution /n vivoimaging of lymphatic vessels, we functionalized a Zeiss
fluorescence stereomicroscope for NIR imaging by installation of a NIR sensitive camera
and LED illumination system (Figure 1A). Video rate imaging was possible (up to 12
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frames/s) with zoom factors ranging from 6x to 120x magnification. We first tested a range
of different NIR tracers for potentially selective uptake by lymphatic vessels after
intradermal injection (Table 1). We used a region of the lower leg that allowed visualization
of collecting lymphatic vessels and of a large vein draining the intradermal injection site in
the mouse paw. When unconjugated NIR dye IRDye 800CW (D800) was injected, venous
uptake was clearly visible through the skin, along with limited perfusion of lymphatic
vessels (Supplementary Figure S1A). The dye diffused quickly into the interstitium,
consistent with previous data indicating that molecules less than 6 kDa easily diffuse out of
collecting vessels [29]. When unconjugated ICG was injected, uptake was predominantly via
lymphatic vessels (Supplementary Figure S1B) but ICG was clearly seen entering the blood
vessels when the paw was manipulated to simulate movement (Video 1). Thus, commercial
dyes revealed limited utility for the study of lymphatic vessels due to their small size [6].
Therefore, we tested PEG-based NIR tracers with larger molecular weight and size.
Injection of the macromolecular conjugates P10D800 and P20D800 resulted in specific
uptake only into lymphatic vessels (Supplementary Figures S1C and D), even after
manipulation of the paw. Importantly, collecting vessel pulsations were clearly visualized
(Video 1). Lymphatic specific uptake was also seen with the larger tracers P4A0D800 and L-
ICG.

After intradermal injection of IRDye conjugates, initial and collecting lymphatic vessels
could be non-invasively visualized at several anatomical locations with very low tissue
autofluorescence with Cy5 or ICG filter sets. In the mouse tail, NIR imaging with P4A0D680
allowed visualization of two pulsing collecting vessels located under the skin on either side
of the lateral tail vein (Figure 1B), in addition to the hexagonal dermal lymphatic pattern
[30]. Lymphatic vessels of the ear (Figure 1C) and collecting lymphatic vessels of the flank
(Figure 1D) could also be imaged with P20D800 and P40D680. However, the mouse limb
was the most suitable site for visualization of a complete network of collecting vessels,
including both the popliteal and the sciatic LNs (Figure 1E, Video 2). While either D680-
and D800-based tracers resulted in excellent visualization of collecting lymphatic vessels at
this region, D680 conjugates performed slightly better, likely due to increased dye quantum
yield and brighter LED technology at this wavelength. We selected the P20D680 tracer for
the development of longitudinal quantitative lymphatic imaging due to its smaller size (vs.
P40D680), which facilitated interstitial diffusion and clearance from the injection site.

3.2 Quantification of pulse rates

We next investigated whether it was possible to noninvasively quantify the pulsatile
function of collecting lymphatic vessels. We acquired videos of one acquisition per second
of the lower limb of C57BL/6 albino mice during injection of P20D680 (Figure 2A). Shortly
after injection, the popliteal afferent lymphatic vessels were perfused and pulsing was
detected (Figure 2B, Video 3). After application of external compression to stimulate the
initial lymphatic uptake of tracer, additional collecting vessels were perfused and pulse rates
became more frequent and consistent between mice (12.7+£1.7 vs. 9.6+2.6 pulses/min
p<0.001) (Figure 2C-E; Video 3). The entire collecting vessel network draining into the
popliteal nodes, including both afferent lymphatic vessels, was consistently perfused,
allowing pulse rate analyses to be performed non-invasively in multiple vessels
simultaneously.

3.3 Visualization of tumor-draining lymphatic vessels

We next visualized the collecting lymphatic vessels that are draining from 4T1 murine
breast tumors implanted subcutaneously in the rear flank. When tumors had reached
approximately 10 mm in diameter, P4A0D800 tracer was injected peritumorally. Immediate
uptake and transport of tracer by a tumor-draining collecting vessel into the large collecting
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vessel on the flank that drains from the inguinal LN to the axillary LN was seen (Video 4).
When collecting vessels were directly exposed, vessels draining tumors were dilated in
comparison to non-tumor draining collecting vessels, but showed effective valve function
without detectable backflow (Supplementary Figure S2 and Video 5). Thus, despite
increased lymphatic flow from the tumor, collecting lymphatic vessels were able to adapt by
increasing their diameter and by maintaining functionality of their one-way valves to
prevent backflow.

We next investigated the lymphatic vessels draining B16 footpad melanomas over time
(Figure 3A), in parallel to assessment of LN metastases by bioluminescence imaging at two
different time points (days 18 and 32). A significant increase in bioluminescence of tumor-
draining popliteal LNs was recorded on day 32 compared to day 18, with 3 of 6 animals
demonstrating LN metastasis at this time (Figure 3B, Supplementary Figure S3). On the
days following bioluminescence imaging (days 19 and 33), NIR imaging was performed
with P20D680. Pulse rates in afferent lymphatic vessels were significantly decreased at day
19 (10.941.7 pulses/min, p<0.01) and day 33 (8.7£1.1 pulses/min, p<0.001) after tumor
implantation, compared to baseline pulse rates before tumor implantation (13.0+0.81 pulses/
min) (Figure 3C). However, no significant differences in pulse rates were found in efferent
lymphatic vessels (Figure 3C). Closer examination revealed more dilated collecting vessels
with irregular pulsing in mice that harbored LN metastases when compared to baseline or
non-metastasis bearing mice (Figure 3D-G, Video 6). These data indicate that lymphatic
drainage from the primary tumor remains functional but that metastatic growth in draining
LNs might be correlated with impaired lymphatic function.

3.4 Impairment and rerouting of lymphatic drainage

The finding that mice with LN metastases appeared to have impaired lymphatic function,
together with our previous finding of a negative correlation between lymphatic flow through
LNs and the extent of metastases by B16 footpad melanomas [10], led us to investigate this
phenomenon in further detail. We next imaged mice with confirmed LN metastases, using a
B16-F10-luc2 cell line transfected with tdTomato fluorescent protein to enhance
visualization of LN metastases by stereomicroscopy. At 35 days after implantation of tumor
cells into the footpad, /7 vivo bioluminescence imaging was performed to confirm the
presence of popliteal LN metastases. In these mice (/7=8), we then performed
stereomicroscope imaging of collecting lymphatic vessels. In mice harboring LN metastases,
there was evidence of backflow through valves of collecting vessels that drained to sentinel
LNs (Video 7). In one extreme case, there appeared to be a complete blockage of flow
through the tumor-draining LN as assessed by L-ICG (Figure 4), which is confined to flow
through LN sinuses due to its large size [27]. Five minutes after peritumoral injection of L-
ICG, there were dramatic differences in the pulsing patterns of the two afferent vessels that
were draining into the popliteal LN (Video 8 and Figure 4B). One vessel showed strong
pulsations, while the other vessel showed only weak contractions. The LN showed
increasing fluorescence signal intensity over time, indicating that the flow of L-ICG through
the LN was impeded. Fluorescence imaging of the popliteal LN /n situ revealed strong
signal, originating from tdTomato expressing metastatic tumor cells, in one half of the node,
near the point of entry of the dysfunctional afferent collecting vessel (Figure 4C-E).

Dysfunctional lymphatic flow might lead to interstitial accumulation of fluid, especially in
tumors with increased vascular permeability. Consistent with this, mice with LN metastases
had an increased interstitial diffusion of the lymphatic tracers in the peritumoral region,
indicating that initial lymphatics had impaired lymphatic uptake (Figure 5A). Importantly,
this interstitial spread of tracer led to the perfusion of pre-collector lymphatic vessels that
were not draining to the larger collecting vessels leading to the popliteal LN. In total, 3 out
of 8 mice examined with metastasis demonstrated a rerouting of flow away from the
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lymphatic vessels that drained into the popliteal LN (Figure 5B and C and Video 9). These
vessels instead drained towards the inguinal LN (Figure 5D), which contained tumor cells in
two of the mice examined.

We next investigated in a second tumor model, the 4T1 breast tumor model, whether
collecting lymphatic dysfunction might occur due to nodal metastatic growth. The 4T1 cells
were retrovirally transduced with Venus fluorescent protein to allow the detection of
metastases /n situ. We then injected tumors subcutaneously into the flank of Balb/c mice.
Notably, LN blockage by metastatic tumor cells was also found in this model, as
peritumorally injected L-ICG was retained at the entrance of the afferent lymphatic vessel
into the tumor-draining inguinal LN (Supplementary Figure S4A). Once this LN was
exteriorized, a Venus* fluorescent signal, originating from metastatic tumor cells, was found
in the region where the afferent vessel entered into the LN (Supplementary Figure S4B).
Importantly, also in this model, a blockage of lymphatic flow to the sentinel node led to a
rerouting pattern, with filling of the tracers into collateral vessels (Supplementary Figure
S4C).

In summary, our results indicate that lymphatic flow can be obstructed by the growth of
sentinel LN metastases. In some cases, this may result in rerouting of both lymphatic flow
and the spread of tumor cells to alternative LNs (Figure 6).

4. Discussion

In this study, we have developed lymphatic-specific tracers and NIR imaging
instrumentation for the non-invasive, quantitative /77 vivo imaging of lymphatic vessel
drainage and contractile function. Despite the prevailing notion that free ICG binds albumin
or other serum proteins after tissue injection and therefore might allow the specific imaging
of lymphatic vessels, we found that a significant proportion of ICG enters into blood vessels,
even at concentrations lower than those used in previous studies [20, 21]. These findings,
together with its low quantum yield and the reported inhibition of lymphatic vessel pulsing
[25], indicate that ICG is not the ideal tracer for quantitative NIR lymphatic imaging despite
its current use in the clinic [24]. While L-ICG can increase brightness, stability and
lymphatic specificity of ICG [10], concerns about its relatively large size and long term in
vivo stability hinder its application to longitudinal quantitative lymphatic imaging. In
contrast to ICG, our findings clearly reveal that PEG-IRDyes of molecular weight 10 kDa
and above are exclusively drained by lymphatic vessels after tissue injection. Unlike
previously employed lymphatic nanocolloids, the use of PEG-IRDye tracers prevented
excessive phagocytosis and retention in draining LNs, issues that have hindered clinical
translation of QDs [23]. We found that a tracer size of 20 kDa was ideal for efficient
perfusion of collecting lymphatics and for enhanced interstitial diffusion and clearance from
the injection site, enabling repeated, longitudinal imaging studies of the lymphatic system.

Using a specially NIR adapted stereomicroscope, these tracers enabled unprecedented
quality of visualization of collecting lymphatic vessels and of draining LNs /7 vivo. NIR
light allows deeper imaging through the skin resulting in an improved non-invasive
visualization of lymphatic vessels, as compared to visible wavelengths. This was in
particular revealed by the more detailed imaging of lymphatic vessels in the mouse tail
compared with previous lymphangiography studies [30], and by the ability to visualize
popliteal afferent lymphatic vessels without the need for surgical intervention [14].
Compared to previous NIR imaging approaches in mice, which typically use a whole-animal
macroscopic imaging approach [10, 20], the imaging methods developed here demonstrated
significant improvements in both spatial and temporal resolution. Video rate imaging at the
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level of a single collecting lymphatic vessel was achieved allowing for visualization of
pulsatile dynamics and valvular function.

Quantitative assessments of flow and pulsatile function in collecting lymphatic vessels are
challenging due to the wide range of extrinsic and intrinsic factors that affect the
contractility of these vessels [6, 7, 31]. It is generally accepted that extrinsic factors play the
major role by generating periodic interstitial pressure fluctuations that open and close the
overlapping junctions between endothelial cells, allowing the entry of fluid [32, 33]. These
extrinsic factors include skeletal muscle movement, breathing, and arteriole pulse and
vasomotion [7, 31]. In contrast, intrinsic contractility is critical for the transport of lymph in
collecting vessels. Acute increases in fluid load cause vessel distension to trigger the
contractions of these vessels [34], and many other factors affect their intrinsic contractility
[13]. Studies of lymphatic function are further complicated by the fact that a subject at rest
under anesthesia has a greatly diminished uptake of tracers into the initial lymphatics [7,
31]. Perhaps due to these challenges, there has been controversy whether peripheral
collecting lymphatic vessels in mice pulse or not [35], even though intrinsic contractility of
murine lymphatics was demonstrated as early as 1949 [36]. Since imaging in mice is not
possible without anesthesia, we assessed pulse rates after external compression of the
injection site to stimulate lymphatic uptake. This led to consistent perfusion and pulse rates
that are in agreement with previous findings in mesenteric vessels in mice and in isolated rat
mesenteric vessels [35, 37].

Our findings of functional flow in tumor-draining collecting lymphatic vessels before the
development of LN metastases are in contrast to previous concepts of impaired lymphatic
function associated with tumor growth [38] but are in line with recent reports of increased
flow through LNs in experimental tumor models [9, 10]. The decreases in lymphatic vessel
pulse rate with tumor progression appeared at first surprising, given the increased
intralymphatic pressure due to the increased fluid load from the tumor. However, there is
evidence that vessel dilation might correlate with dysfunction. Dilated vessels are associated
with slower pulse rates and/or with a reduced ability of valves to close, indicating a limited
ability of the distended vessel to contract [21, 39, 40]. Chronic exposure to factors draining
from the tumor, such as nitric oxide or inflammatory mediators, might also have direct
effects on the dilation and contractility of collecting lymphatic vessels [14, 41]. Indeed,
addition of supernatant from a B16 melanoma cell line to isolated murine collecting
lymphatic vessels resulted in a 40% inhibition of pulsing frequencies [42], similar to the
33% reduction in pulse rates that we determined /n vivo from baseline to day 33 of tumor
growth. Further studies are needed to investigate which tumor derived factors may influence
collecting lymphatic vessel function.

Despite decreased pulse rates, there was sufficient lymphatic transport from the tumors until
downstream obstructions were present. Resistance to flow in metastatic LNs may be as
important to lymphatic dysfunction as the tumor effects on the lymphatic vessels
themselves, since we previously found that flow through tumor-draining LNs was inversely
correlated to the bioluminescence signal created by LN metastases [10]. This is in agreement
with reported changes in lymphatic flow once metastases are present [12, 43] and similar to
other cases where LN flow resistance was experimentally induced [44, 45]. Interestingly,
unlike afferent vessels, we found no differences in efferent popliteal lymphatic vessel pulse
rates during the progression of the tumor, perhaps indicating that the LN is able to
“normalize” dysfunction to some degree by either fluid exchange mechanisms or by venous
absorption of contractility inhibitors [46]. Whether this preservation of efferent lymphatic
function could possibly contribute to the further spread of tumor cells from LN metastases
remains to be determined.
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Importantly, our study demonstrated a rerouting of tumor drainage after the establishment of
sentinel LN metastasis. This rerouting might have been due to de novo growth of lymphatic
vessels or by allowing access to preexisting collateral lymphatic vessels. Although it is
widely accepted that tumor-associated initial lymphatic vessels and lymphatic sinuses in
LNs remodel [1, 3], remodeling and formation of new tumor-draining collecting lymphatic
vessels has not been reported. We found increased interstitial diffusion of the injected
tracers from the tumors towards functional collecting vessels, supporting a hypothesis of
rerouting of fluid towards a “path of least resistance” into preexisting vessels.

5. Conclusions

Our results reveal for the first time in an experimental setting that the growth of metastases
can lead to lymphatic flow obstructions in the primary draining LN, which may result in
rerouting of lymph flow - and potentially cancer spread - to alternate LNs. This concept
might have major clinical relevance for the procedure of sentinel LN mapping and
dissection, which is currently the standard of care in melanoma and breast cancer [4].
Metastatic sentinel LNs might not be detected due to lymphatic vessel obstruction and
rerouting of the drainage of peritumorally injected tracer to different LNs. Our findings
provide a functional explanation for the clinically reported findings of lymphatic obstruction
in melanoma, penile cancer and breast cancer patients [47-49] that could result in a higher
rate of false negatives during LN mapping procedures. The fact that NIR technology is
already established and clinically used should facilitate the translation of more sophisticated
in vivo imaging techniques that can help to detect LN metastases even in the presence of
obstructed lymphatic transport.
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Figure 1.

NIR fluorescence stereomicroscope instrumentation and visualization of lymphatic vessels
with lymphatic tracers in C57BL/6 albino mice. (A) Stereomicroscope setup for /n vivo
imaging with four separate LED illumination wavelengths and NIR sensitive EMCCD
camera. (B) Imaging of lateral side of the tail after intradermal injection of 3 pL of 25 uM
P40D680 with visualization of superficial lymphatics and two deeper collecting vessels.
Scale bar: 2 mm. (C) Imaging of ear lymphatic vessels after intradermal injection of 1 pL of
50 .M P20D800 into ear tip. Scale bar: 200 wm. (D) Visualization of collecting vessels of
the flank after intradermal injection of 10 uL of 25 wM P40D680 at the tail base. Scale bar:
2 mm. (E) Imaging of collecting vessels in the lower leg and popliteal LN after intradermal
injection of 5 pL of 25 uM P20D680 into foot skin. Scale bar: 2 mm.
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Figure2.

Effect of external compression on lymphatic vessel perfusion and collecting vessel pulse
rates in C57BL/6 albino mice (/7=8). (A) Cartoon of lymphatic vessel network draining the
hind limb of a mouse with blue box indicating imaged region. (B) Representative video
frame after intradermal injection of 5 pL of 25 pM P20D680 into hind paw showing uptake
into collecting vessels. Scale bar: 2 mm. (C) Same mouse after external compression,
showing higher fluorescence intensity in afferent vessels and draining LN. Additional
perfused lymphatic vessels are indicated with white asterisks. Scale bar: 2 mm. (D) Pulse
rate analysis of afferent collecting vessels (7=2 per mouse), performed for 3 min starting one
minute after injection or compression. Three afferent vessels were insufficiently perfused to
perform analysis after injection. ***p<0.001. (E) Representative plots showing fluorescent
signals in afferent vessels and popliteal LN in a representative mouse after injection (left)
and external compression (right). Sustained increases in pulse rates are seen in both afferent
vessels with higher fluorescent intensity, indicating increased perfusion of the vessels and
LN.
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Figure 3.

Lc?ngitudinal pulse rate analysis of collecting lymphatic vessels with P20D680 and LN
metastasis detection after B16 footpad tumor induction (/7=6). (A) Timeline of tumor
induction (at day 0) and longitudinal imaging timepoints (BLI: bioluminescent imaging,
NIR: Near-infrared collecting vessel analysis). (B) Quantification of /n vivo
bioluminescence imaging of popliteal LN for detection of metastases at days 18 and 32 after
tumor induction. Bioluminescent signal is shown in photons/s/cm?/sr. Dashed line indicates
threshold for LN positive for metastasis. * indicates p<0.05. (C) Quantification of pulse
rates of afferent (/=2 per mouse) and efferent popliteal collecting lymphatics before and at
days 19 and 33. **p<0.01, ***p<0.001. (D) Representative image of collecting lymphatic
vessels in lower limb before tumor induction. (E) Image of collecting vessels in the same
mouse at day 33 after bioluminescent tumor signal was found in the popliteal LN. (F and G)
Representative images of collecting vessels in a different mouse before and at day 33 with
no metastatic LN signals. Scale bars: 1 mm.
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Dysfunction of popliteal collecting lymphatic vessels in a B16 footpad tumor bearing mouse
with LN metastases. (A) Screen capture of video beginning five minutes after L-1CG
injection (5 p.L of 30 wM) into hind paw. (B) Quantification of afferent popliteal collecting
lymphatic pulsing and LN fluorescent signal demonstrating strong pulses in right afferent
vessel with irregular pulses in left afferent vessel. (C) NIR image of popliteal LN after skin
removal showing intense L-1CG signal at junction of left afferent vessel and LN (yellow
arrows). (D) Fluorescent image demonstrating strong tdTomato signal on left side of
popliteal LN (white asterisk). (E) Overlay of images demonstrating strong tdTomato signal
in LN at site of afferent vessel entry into popliteal LN. Scale bars: 500 pm.
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Figureb.

Lymphatic dysfunction and rerouting of lymphatic flow in mice bearing B16 footpad tumors
with popliteal LN metastases. (A) Imaging of dermal and collecting lymphatic vessels in the
lower limb after PA0D680 injection, demonstrating increased interstitial signal in the dermal
region (black asterisks) and uptake by collateral vessels (yellow arrows). Scale bar: 1 mm.
(B) Representative image after P40D680 injection of a mouse with rerouted flow toward
collecting vessel network (yellow arrows) that drains towards the inguinal LN. Dermal
backflow is seen in one region of the skin (yellow asterisk) Scale bar: 2 mm. (C)
Representative image after ICG liposome injection of a mouse with more extensive
rerouting of flow into dilated collateral vessels (yellow arrows) that drain towards the
inguinal LN. Scale bar: 2 mm. (D) NIR image of the inguinal LN of the mouse shown in (C)
demonstrating intense ICG liposome signal. Scale bar: 1 mm. Inset shows merged ex vivo
image of tdTomato positive cells (red) in the inguinal node with no colocalization with ICG
liposome signal in lymphatic sinus. Inset scale bar: 500 m.
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Figure6.

Model of lymphatic flow and tumor spread from footpad tumors. (A) Normal drainage
pattern from footpad through two afferent vessels through popliteal LN to efferent lymphatic
draining into sciatic LN. (B) After tumor induction and early stage growth, expansion of
lymphatic network though lymphangiogenesis leads to increased flow from tumor. (C)
Increased lymphatic flow and seeding of metastases to popliteal LN. (D) Growth of
metastases in popliteal LN may induce lymphatic dysfunction and impaired flow through
this route, which leads to a rerouting of flow towards alternate LNs. Eventually, metastasis
may occur in the alternate inguinal LN.
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