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Abstract
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Factors produced within or administered directly into the tumor interstitium, such as cytokines,
chemokines, proteases, exosomes, microvesicles, or therapeutic agents, play important and
multifaceted roles in the regulation of malignant disease progression. Their bioavailability to
mediate signaling in distributed tissues outside of the tumor microenvironment, however, has not
been well described. We therefore sought to elucidate the relative extent to which factors from
within the primary tumor disseminate to systemic tissues as well as how these distribution profiles
are influenced by both hydrodynamic size and the remodeling tumor vasculature. To accomplish
this goal, we intratumorally co-infused into the dermal lesions of B16F10 melanoma-bearing mice
at prescribed times post tumor implantation a near infrared fluorescent tracer panel ranging from
5-500 nm in hydrodynamic diameter and compared the in vivo clearance and biodistribution
profiles to that of naive animals. Our results indicate that tumor growth reduces tumor-draining
lymph node accumulation and alters the distribution of tumor-derived factors amongst systemic
tissues. Despite these changes, previously developed principles of size-dependent lymph node
drug targeting are conserved in melanomas, suggesting their applicability to sentinel lymph node-
targeted drug delivery. Tumor progression was also found to result in a significant increase in the
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hydrodynamic size of factors originating from the tumor that accumulated within systemic tissues.
This suggests that tumor vascular remodeling may redirect the organism-wide signaling activity of
tumor-derived factors and may negatively contribute to disease progression by altering the
bioavailability of molecules important to the regulation of pre-metastatic niche formation and the
induction of anti-tumor immunity.
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Introduction

Tumor-secreted soluble factors (TSF) such as cytokines, chemokines, proteases, and
microparticles (including microvesicles and exosomes) mediate intercellular signaling at the
cell- and tissue-levels to regulate cellular proliferation [1], angiogenesis [2] and
lymphangiogenesis [3], recruitment of regulatory immune cells [4, 5], as well as
extracellular matrix remodeling [6] via their direct effects or nucleic and/or protein transfer.
Accordingly, numerous TSF and their associated signaling pathways activated within the
primary tumor have emerged as potential therapeutic targets given their implicated role in
the promotion of malignant disease progression associated with poor prognosis including
metastasis and anti-tumor immune suppression.

In addition to their function within the tumor microenvironment, TSF have reported
activities in signaling to distant tissues, such as the lymph nodes, liver, lungs, kidneys, and
spleen, which exacerbate disease progression. For example, intravenous (i.v.) infusion of
melanoma-derived exosomes promotes metastasis by directing host progenitor cell
differentiation toward a pro-metastatic phenotype [7]. Treatment with mammary tumor-
conditioned media can also induce lung and lymph node remodeling to accelerate
spontaneous metastasis [8]. Moreover, tumor antigen presentation in tumor-draining lymph
nodes (TDLN) is implicated in directing anti-tumor immune suppression [3, 9]. These data
therefore suggest mechanisms of signaling to distributed tissues that direct the activity of
TSF in facilitating disease progression that are not restricted to the primary tumor.

As such, mechanisms of TSF clearance from the tumor microenvironment and distribution
to disseminated tissues likely play important roles in the regulation of TSF signaling locality
and resulting function in cancer. This has been widely considered in the context of tumor
lymphatic transport function, in particular for its role in facilitating cellular invasion and
metastasis [10-12] and as a conduit for immune modulatory TSF to reshape the TDLN
immune microenvironment [3, 13]. The role of TSF clearance via the blood vasculature and
resulting distribution in systemic tissues on the other hand has been largely overlooked.
However, treatment with melanoma-conditioned media redirects Lewis lung carcinoma
metastasis from the lung to the kidney, spleen, intestine, and oviduct [14], tissues more
typical of melanoma dissemination, suggesting a potential role for systemically circulating
TSF in directing organism-wide responses to growing tumors. Interestingly, TDLN-targeted,
but not non-targeted, toll-like receptor ligand adjuvant therapy has been shown to be
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efficacious in reducing tumor burden [9] by exploiting localized depots of endogenously
produced tumor antigen within TDLN delivered via tumor-draining lymphatics. Thus, the
relative contribution of blood versus lymphatic-mediated TSF clearance and resulting
accumulation in associated tissues may not only influence TSF signaling activity and role in
disease progression but also susceptibility to therapeutic interventions neutralizing or
exploiting TSF function.

An added level of complexity in this problem is the influence of vascular remodeling that
occurs within growing tumors. Hyper-angiogenic signaling during tumor formation and
growth causes haphazard tissue remodeling and a tortuous, dilated, and leaky [15, 16] tumor
blood vascular network that is accompanied by lymphatic hyperplasia [17]. These
characteristics are well recognized to manifest in the enhanced permeability and retention
effect in which systemically circulating particulates at the nano- and microscales accumulate
to a greater extent within malignant relative to healthy tissues [18]. Yet while this is often
exploited for tumor-targeted drug delivery applications, its impact on the clearance and
biodistribution of TSF and therapeutic agents administered directly to the tumor remains as-
of-yet unknown.

Hence, although TSF and intratumorally administered therapeutic agents have been regarded
for their role in local signaling within the tumor microenvironment, their bioavailability in
distributed tissues and the impact of disease course on these biodistribution profiles has been
overlooked. Unfortunately, detection and quantification of endogenously produced TSF are
limited by significant dilutional effects as well as uncertainty in the spatial and temporal
source of constitutive or inducible reporter systems. Furthermore, biodistribution analysis of
specific exogenously supplied TSF is challenging due to degradation in vivo. To circumvent
these limitations, we established a panel of near-infrared fluorescent tracers comprised of
inert polymers that are resistant to hydrolysis and proteolytic degradation. Since TSF and
therapeutic agents such as small molecule drugs and engineered drug delivery vehicles vary
widely in hydrodynamic diameter and the rate and extent of blood versus lymphatic
clearance from healthy tissues are acutely size-dependent [19, 20], tracers over a
physiological biomolecule size-matched range of 5-500 nm in hydrodynamic diameter were
chosen. We examined in a temporal- and tissue-resolved manner the clearance and
biodistribution of fluorescent tracers after infusion into the B16F10 melanomas of C57BI6
mice at prescribed tumor growth phases or in the skin of naive animals. Our findings support
the hypothesis that lymphatic drainage significantly enriches levels of tumor-derived factors
in draining lymph nodes (dLN), that melanoma progression attenuates lymphatic-mediated
transport but not the predominant molecular size regime accumulating within TDLN, and
that vascular remodeling within advanced melanomas increases the access of factors derived
from the tumor interstitium to systemic tissues.

Materials and Methods

Cell culture

B16F10 murine melanoma cells were cultured in Dulbecco's Modified Eagle Medium
supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin/
amphotericin B. Media, serum, and antibiotics were obtained from Life Technologies
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(Carlsbad, CA). Cell lines were routinely checked and confirmed to be negative for
mycoplasma infection and rodent pathogens.

TSF analysis in tumor cell conditioned media

48 hour B16F10 cell-conditioned serum-free medium, concentrated 20x by lyophilization
after removing any possible cells by centrifugation at 300xg for 5 minutes, was fractionated
in a size-resolved manner on a Sepharose CL-6B (GE Healthcare, Pittsburgh, PA) gravity
chromatography column. The protein and deoxyribonucleic acid (DNA) content in
fractionated media was analyzed using the bicinchoninic acid assay (Thermo Fisher
Scientific Pierce, Waltham, MA) or by incubation with a 0.5x solution of GelRed (Biotium
Inc., Hayward, CA) on an orbital shaker followed by absorbance or fluorescence
measurements (BioTek Instruments Inc, Winooski, VT), respectively.

Near-infrared fluorescent tracers

500 and 50 nm fluorescent (580/610 nm and 660/680 nm excitation/emission, respectively)
carboxylate-modified microspheres were purchased from Life Technologies. 500 kDa or 10
kDa amine-dextrans (Sigma-Aldrich, St. Louis, MO) were covalently labeled by incubation
for 4 hours in 0.1 M NaHCO3 buffer at pH 8.4 on a shaker with Alexa Fluor 700 NHS-Ester
or Alexa Fluor 610-X NHS-Ester dye (Life Technologies), respectively. Individual
fluorescent dextran conjugates were purified from unreacted free dye by Sepharose CL-6B
gravity column chromatography. Purified dextran-fluorophore conjugates were confirmed to
be free of unconjugated dye by Sepharose CL-6B gravity column chromatography analysis.
The size and zeta potentials of 500 and 50 nm fluorescent microspheres as well as 500 and
10 kDa dextran-AF700 conjugates suspended in Dulbecco's Phosphate Buffered Saline (D-
PBS, Life Technologies) were confirmed using a Zetasizer Nano ZS (Malvern Instruments
Ltd, WR14 1XZ, United Kingdom). All reagents were used and maintained under sterile
conditions.

In vivo mouse melanoma model

C57BI6 mice were purchased from Jackson Laboratories. All protocols were approved by
the Institutional Animal Care and Use Committee. 0.5x10% B16F10 murine melanoma cells
were intradermally implanted into the left dorsal skin of 6-8 weeks old mice on day 0.
Tumors were monitored in anesthetized mice by caliper measurements of melanoma width,
length, and depth and reported as an ellipsoidal volume. For intradermal injections, a depth-
marked 27 gauge needle (Becton Dickinson, Franklin Lakes, NJ) was inserted
perpendicularly into the center of the tumor of mice anesthetized with isofluorane and 10 pL
of the fluorescent tracers (1.2x108 500 nm spheres, 7.9x1011 50 nm spheres, 23.8 pug 500
kDa AF700-dextran, and 3 pg of 10 kDa AF610-dextran) were co-infused as a saline
solution by syringe pump at a rate of ~300 nL per sec for a slow infusion rate that resulted
in minimal alterations in interstitial pressure. The day post B16F10 implantation indicates
the day on which tracer injections were made. Alternatively, naive mice were injected in the
same manner with the same fluorescent tracer panel solution in the dermal layer of the left
dorsal skin. For i.v. injections, 3 g of 10kDa AF610-dextran in 100 pL saline was injected
with a 29 gauge insulin syringe into the jugular vein of mice. The syringe was aspirated to

J Control Release. Author manuscript; available in PMC 2017 February 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rohner and Thomas Page 5

withdraw a small amount of blood before and after injection to confirm that the entire
volume was administered i.v.

Micro-computed tomographic imaging for vascular measurements

Animals were perfused with neutral buffered formalin for 10 minutes, a saline wash for five
more minutes, and MicroFil (Flow Tech Inc., Carver, MA) catalyzed at a viscosity
appropriate for small vessels (5 mL lead-based contrast agent: 2.5 mL diluent: 0.25 mL
curing agent) by syringe with the application of constant pressure. Afterwards, perfused
mice were carefully stored at 4°C overnight to cure the contrast agent. The following day,
skin or tumor samples were harvested and stored in D-PBS. Micro-computed tomographic
imaging was performed using a SCANCO Medical pCT50 (SCANCO USA, Inc., Wayne,
PA, USA). uCT image slices were constrained using manual selection of the sample outline
and processed with a Gaussian filter at a global threshold via the SCANCO Medical uCT
Evaluation Program before 3-dimensional reconstruction. In-house designed algorithms
were used to calculate the vascular volume, vascular surface area, and mean vessel diameter
within tissue samples [21].

Biodistribution analysis

At prescribed times post injection (p.i.), the tumor-draining and non-tumor-draining axillary
and brachial lymph nodes, tumor or skin at the injection site, along with the spleen, lungs,
liver, and kidneys were harvested and homogenized in D-PBS using 1.4 mm acid washed
zirconium grinding beads (OPS Diagnostics LLC, Lebanon, NJ) with a FastPrep-24
Automated Homogenizer (MP Biomedicals, Santa Ana, CA). Tissue homogenate
fluorescence was measured using a Synergy H4 BioTek plate reader and fluorescent tracer
standard curves were made in individual tissue homogenates. Prism 6 (GraphPad, LaJolla,
CA) was used to calculate exposure (as area under the curve from 1-72 hr post injection,
AUC) from either the measured % injected or concentration of tracer in each tissue as well
as the fluorescent tracer half-life of residence within the site of injection using one-phase
decay least-squares regression. Error propagation analysis was used to calculate the standard
error of AUC measurements. Concentrations are presented as the percent of tracer injection
amount per tissue volume calculated from the respective tissue's weight and assuming a
density of water.

Statistical analysis

Data are represented as the mean with S.E.M. and statistics were calculated using Prism 6.
Statistical significance was defined as p < 0.05 following two-way ANOVA and post-hoc
analysis with Tukey tests or one-way ANOVA followed by Fisher's Least Significant
Difference (LSD) test. One, two, three, and four symbols denoting statistical significance
represent p<0.05, 0.01, 0.001, and 0.0001, respectively, unless otherwise specified.

Results

TSF and fluorescent tracer surrogates

As a proxy for TSF produced in vivo, we first analyzed the size distribution of protein- and
DNA-containing species within B16F10 cell-conditioned media. Using gravity column
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chromatography, we found protein and DNA to be contained in fractions in both the large
(fractions 6-10 corresponding to hydrodynamic diameters ranging from ~10-1000 nm) and
small (fractions 15-24 corresponding to sizes < 10 nm) hydrodynamic size regimes (Fig.
1A). We thus chose to model this large size range of physiological TSF that also
corresponds to the broad size range of various anti-cancer therapeutic agents using a panel
of near-infrared fluorescently labeled tracers (Supplementary Table S1) verified free of
unconjugated dye (Fig. S1) with similar physiological levels of negative charge
(Supplementary Table S1) spanning from 5 to 500 nm in hydrodynamic diameter (Fig. 1B):
10kDa (5 nm) and 500kDa (30 nm) chainlike dextrans were chosen to represent small
peptides and larger protein complexes while 50 and 500 nm polystyrene spheres were
selected to model exosomes or nanoparticles and microvesicles or microparticles,
respectively (Fig. 1B-C). Hence, tracer features other than size, such as differences in
formulation as well as shape (e.g. spherical particles versus chain-like molecules), may also
influence the measured profiles of clearance and biodistribution.

Rates and extents of tracer clearance from the naive skin

To determine the rate of clearance from the skin and resulting distribution into disseminated
tissues, we co-infused the fluorescent tracer cocktail into the lateral dorsal skin of naive
animals and analyzed at timescales over which passive drainage (1-24 hr) versus active cell
mediated trafficking (72 hr) from peripheral tissues transpire [22, 23]. This approach thus
provides an attractive internal consistency that all tracers are tested in exactly the same
microenvironment of each tumor. Tracer fluorescence was quantified via endpoint analysis
of homogenized individual tissues rather than commonly used whole animal imaging
techniques, providing superior spatial resolution and limits of detection (Supplementary
Table S2). As such, the amount and resulting concentrations of infused tracers within
various tissue compartments could be quantified with high sensitivity.

We found the 5 nm tracer to be most extensively cleared, with less than 10% of the injected
amount retained after 1 hour p.i. whereas the tracers of larger sizes experienced much more
restricted clearance (Fig. 2A). In terms of the percent remaining 72 hours after injection
(Fig. 2B) and tissue half-life (Fig. 2C), we found a linear increase with respect to tracer size
up to 50 nm. For example, the amount remaining in the dermis after 72 hours was only 3%
of the initial injection for the 5 nm tracer, but approximately 50 and 80% for the 30 versus
50 and 500 nm tracers, respectively (Fig. 2B). The 5 nm tracer was also cleared most
quickly, with a calculated retention half-life of only about 10 minutes, while the larger
tracers were cleared more slowly with retention half-lives on the order of tens to hundreds of
hours (Fig. 2C).

Tracer biodistribution after clearance from naive skin

Concurrent with analyzing their clearance from naive skin, we measured the accumulation
of infused tracers within dLN or systemic tissues, including the lungs, spleen, liver, and
kidneys, in excised tissue homogenates via fluorescence. We found that 30 nm dextran
accumulated most appreciably within dLN at all measured time points (Fig. 2D). This
resulted in a dramatically higher exposure (% injected) of the 30 nm tracer within dLN
relative to both smaller (5 nm) and larger tracers (50 and 500 nm) tested here (Fig. 2E). No
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exposure (% injected) was seen in non-dLN (Fig. 2E), confirming this clearance was
lymphatic mediated. Conversely, 5 nm dextran was most appreciably found within
systemically distributed tissues (lungs, spleen, liver, and kidneys) (Fig. 2D) resulting in the
highest levels of total systemic exposure (% injected) of all tracers (Fig. 2F). Exposure (%
injected) in these tissues for the 5 nm tracer was highest in the kidneys whereas larger tracer
sizes accumulated predominantly in the liver (Fig. 2F). When accounting for tissue volumes,
these biodistribution profiles resulted in appreciable levels of dLN accumulation for 50 and
500 nm tracers only after 72 hr p.i., suggesting their transport was primarily via cell-
mediated uptake and migration to dLN (Fig. 2G). 5 nm dextran also accumulated in dLN,
though to a more modest extent, peaking at 24 hr p.i., suggesting a mechanism of passive
lymphatic drainage (Fig. 2G). Corroborating previous reports [24], 30 nm dextran, on the
other hand, demonstrated sustained accumulation within dLN at significantly higher levels
(5-20 fold) relative to all other tested tracer sizes at all tested time points p.i. (Fig. 2G). By
comparison, all tracer sizes exhibited dramatically lower concentrations in systemic tissues
(Fig. 2H). Over the size regimes tested, we consequently found a significant enrichment in
tracer concentrations within dLN relative to systemic tissues (Fig. 21). Most strikingly, the
30 nm tracer exhibited a three to six order of magnitude increase in dLN concentration
relative that seen in systemic tissues at all measured time points and 50 and 500 nm tracers
were found to be enriched by two to three orders of magnitude at 72 hours p.i. (Fig. 21).

Remodeling of the tumor vascular plexus with tumor growth

In order to evaluate the effect of melanoma growth and remodeling on tracer clearance and
resulting biodistribution from the dermis, we next evaluated the changes in the dorsolateral
dermal vasculature induced by growth of the B16F10 melanoma in immune-competent
C57BI6 mice (Fig. 3A). The melanoma vascular plexus exhibited branching irregularities as
early as day 5 post tumor implantation and by day 7 exhibited a striking hyper-vascularized
expansion (Fig. 3B). This was reflected in a more than doubling of vascular volume and
surface area between days 5 and 7 post tumor implantation (Fig. 3C). The mean vessel
diameter also increased throughout the course of tumor growth (p<0.05) to grow by as much
as 75% by day 9 post tumor implantation (Fig. 3D). The blood vasculature of growing
B16F10 melanomas also exhibited a significant enhancement in permeability that increased
with time post tumor implantation (p<0.01), as demonstrated by the accumulation of i.v.
infused 5 nm dextran within the tumor interstitium at 4 hours p.i. (Fig. 3E).

Malignancy increases locoregional tracer exposure

Given these remodeling responses, we evaluated the rate of clearance from the growing
melanomas at prescribed time points p.i. We found exposure (% injected) of 30-500, but not
5, nm tracers in all analyzed tumors was higher relative to that of naive skin tissues (Fig.
4A). When analyzed with respect to tumor stage, 50 and 500 nm tracers exhibited higher
levels of tumor exposure (% injected) relative to naive skin as early as 5 days post tumor
implantation whereas increased tumor exposure (% injected) began only at day 7 post tumor
implantation for 30 nm dextran (Fig. 4B). Although not statistically significant, as a result of
the slower clearance profiles from malignant tissues, the exposure (% injected) within
tumors increased by only 20% with malignant progression for the 500 and 50 nm tracers for
days 5, 7 and 9 post tumor implantation, but increased up to 50% more for the 30 nm tracer
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at days 7 and 9 (Fig. 4C). 5 nm dextran exposure (% injected) in the tumor also increased by
~60% at day 5 post tumor implantation but then decreased thereafter, reaching ~40% of
that seen in naive skin in day 9 tumors (Fig. 4C).

Tumor progression reduces dLN accumulation and increases systemic exposure to tumor-
derived factors

We next analyzed the biodistribution of systemically distributed tracers after infusion. At
day 5 and 7 post tumor implantation we noted a surprising increase in exposure (% injected)
in systemic tissues, which increased further by day 9 post tumor implantation for 5 nm
dextran but not for other larger tracers (Fig. 5A). Similar to the biodistribution seen after
clearance from naive skin (Fig. 2F), the tissue subjected to the most significant exposure (%
injected) to 30, 50 and 500 nm tracers was the liver (Fig. 5B). Contrastingly, whereas the 5
nm dextran disseminated primarily to the kidneys when cleared from the naive skin tissue
(Fig. 2F), 5 nm dextran was found to also accumulate in tumor-bearing animals in the liver
(Fig. 5B). These results corresponded to increases in the maximum concentrations of tracer
accumulating in the spleen, lungs, liver, and kidneys (Fig. 5C). Notably, the maximum
concentrations of 500 and 50 nm tracers were significantly non-zero in the lung tissue of day
9 melanoma-bearing animals in distinct contrast to naive and day 5 and 7 post tumor
implantation animals (Fig. 5C). These concentration profile changes resulted in an initial
increase in exposure (% injected) of 500 and 50 nm tracers in the spleen and 500 nm tracer
exposure (% injected) in the liver days 5 and 7 post tumor implantation that was greatly
diminished in day 9 tumors (Fig. 5D). Exposure (% injected) in day 9 tumor bearing animals
was reduced relative to naive animals with respect to 30 and 5 nm tracers in the spleen and
the 30 nm tracer in the liver, whereas liver exposure (% injected) to the 5 nm tracer was
elevated relative to that seen in naive animals at all tumor stages analyzed (Fig. 5D).
Accumulation of 30 nm dextran in the spleen and liver also occurred at earlier times post-
injection in day 7 and 9 melanoma bearing animals, shifting from a 24 hour p.i.
concentration peak in naive animals to a peak in concentration at 1-4 hour p.i. (Fig. 5E).

When analyzed in a time-resolved fashion, as in naive animals (Fig. 2G), clearance through
active cell-mediated trafficking via the lymphatics remained appreciable in day 5 tumor
bearing animals, as indicated by significant concentrations of the 500 and 50 nm tracers
within dLN only 72 hours p.i (Fig. 6A-B). This transport activity, however, was abolished in
day 7 and 9 tumors (Fig. 6A-B). Similarly, passive lymphatic drainage was also decreased
with tumor progression, as indicated by reduced levels of sustained 5 and 30 nm tracer
concentrations in dLN at all times p.i. (Fig. 6C-D). As a result, dLN exposure
(concentration) to all tracer sizes was significantly attenuated in tumor-bearing animals
relative to naive animals (Fig. 6E-F). Specifically, relative dLN exposure (concentration) to
all tracer sizes decreased rapidly with tumor progression, reaching near zero levels by day 7
for 5 and 50 nm tracers and for all tracer sizes at day 9 post tumor implantation (Fig. 6F).
Notably, however, exposure (concentration) of 30 nm tracers at even their most attenuated
levels (day 9 post tumor implantation) remained significantly higher (nearly two-fold) than
that of all other tracer sizes in even naive animals (Fig. 6E).
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When comparing the relative levels of exposure (concentration) of different tracer sizes with
respect to tumor stage in dLN versus systemic tissues, we found an increase in the relative
extents of transport of tracers 500, 50, and 5 nm in size into systemic tissues as indicated by
a decreasing ratio of dLN to systemic concentration AUC (Fig. 7A-C). While the 30 nm
tracer exhibited a reduced level of accumulation within dLN post tumor injection (Fig. 6E-
F), exposure (concentration) in dLN still remained two to three orders of magnitude higher
relative to that seen in systemic tissues (Fig. 7A). When normalized relative to the measured
ratios of naive animals, the 500 nm tracer experienced the most significant redirection into
systemic relative to dLN tissues at all tumor stages analyzed (Fig. 7B). However, both the
50 and 5 nm tracers also exhibited a bias towards increased accumulation in systemic tissues
rather than dLN by days 7 and 9 post tumor implantation (Fig. 7B). Changes in the
accumulation profile of 30 nm dextran, however, were less pronounced, even in day 9
tumor-bearing animals (Fig. 7B). This is because whereas for 500, 50, and 5 nm tracers an
increasing proportion accumulates in systemic tissues as the disease progresses, the 30 nm
tracer primarily accumulates (>99%) instead in dLN at all tumor growth stages analyzed
(Fig. 7C).

When assessing the relative exposure of each tracer size in individual tissues, we found
significant differences in tracer accumulation profiles that result from tumor formation and
growth, despite no substantial differences in the relative levels of exposure within the skin
versus tumor after injection (Fig. 7D). Specifically, 500, 50, and 30 nm tracers each
accounted for approximately a third of the total exposure at the site of injection irrespective
of tumor stage (Fig. 7D). The 5 nm tracer on the other hand exhibited little to no local
exposure (Fig. 7D), consistent with its rapid clearance (Fig. 2A). Irrespective of tumor stage,
30 nm was the predominant tracer size that accumulated within dLN and the proportion of
30 nm tracer of total accumulating within the dLN increased with tumor growth (Fig. 7D).
Strikingly, the livers of melanoma-bearing animals day 5 and 7 post tumor implantation
exhibited profiles of exposure strikingly similar to those seen within the tumor (albeit with
higher 5 nm tracer levels) rather than naive liver (Fig. 7D). Day 9, but not 5 or 7, melanoma-
bearing animals also exhibited lung exposure profiles more similar to that of the tumor
rather than naive lung, with exposure to only higher molecular weight tracers (equally
shared between 500 and 50 nm tracers) versus predominantly 5 nm, respectively (Fig. 7D).

Discussion

The deleterious effects of cancer are not limited to the primary tumor itself, as evidenced by
the sentinel lymph node's role in tumor immune suppression [3, 9] as well as the high
number of cancer-associated complications and mortalities associated with both metastasis
[25, 26] and thrombosis [27, 28]. Distant intercellular signaling can occur even prior to
metastasis to precipitate such effects, for example via remodeling of sentinel lymph nodes
[29], VEGFR1* haematopoietic progenitor cell recruitment to pre-metastatic niches [14],
and secretion of tumor-derived pro-coagulants and cytokines driving thrombosis [30].
Paracellular communication between cancer cells, their secreted factors, and the
endothelium within the malignant melanoma microenvironment that regulate vascular
permeability thus have a putative role in a myriad of pathways implicated in disease
progression.
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In numerous cancer types including melanoma [7], breast carcinoma [31-33], and prostate
carcinoma [34], amongst others [35, 36], circulating inflammatory cytokine [34], chemokine
[32, 37], enzyme [31], exosome [7], and/or microvesicle [35] levels and qualities are altered
relative to healthy controls and with respect to disease stage in both patients and pre-clinical
tumor models. These changes have been attributed to both higher production of such factors
within the tumor [14, 31, 37] and extratumoral host tissue response to tumor growth [38].
Our data support the notion that increased systemic exposure to TSF may accompany tumor
growth (Fig. 5) in a manner independent of TSF abundance since higher levels of exposure
in systemic tissues were noted in animals with late stage malignancies despite the same
amount of tracer being infused into each animal. These changes occurred before formation
of apparent metastases, suggesting that altered rates, magnitudes, and mechanisms of TSF
clearance arise as a result of tissue remodeling within the primary tumor microenvironment.

Increased systemic exposure to intratumorally infused tracers (Fig. 5) accompanied
enhanced intratumoral accumulation of a systemically administered tracer (Fig. 3E). For
example, in as early as day 5 lesions, the exposure of spleen and liver tissues to large 500
and 50 nm tracers was elevated (Fig. 5B) approximately two- to 30fold (Fig. 5D). Reduced
exposure was seen in animals with more advanced (day 9) lesions (Fig. 5B-D) and is likely
the result of interstitial matrix remodeling within the tumor [39, 40] leading to larger tracer
entrapment since levels of systemic exposure to 5 nm dextran continued to increase at this
tumor stage (Fig. 5A-B). Liver and spleen accumulation of large (30-500 nm) tracers
peaking at 1-4 hours p.i. in animals bearing early stage (day 5 and 7) malignancies rather
than 24 hr in naive animals (Fig. 5E) also supports the concept that these increases in
systemic exposure were the result of direct tracer uptake into the blood rather than enhanced
lymphatic clearance and return to the systemic circulation. Increased tumor vascular
permeability, as has been previously reported for this and other tumor models [41-43], thus
may also enhance blood-mediated clearance that manifests as increased tumor-derived factor
exposure in systemic tissues. Injection resulted in a small (~ 1 mmHg) increase in
interstitial pressure that was similar between naive and tumor tissues that returned to pre-
injection levels after removal of the needle (data not shown). However, it should be noted
that measured tracer pharmacokinetics could differ from those of native tissues in vivo.

Our data support the concept that tumor growth and remodeling confer the potential of TSF
to mediate signaling in distant tissues that is absent in healthy animals. Tumor-secreted
microparticles, including exosomes and microvesicles, which range in hydrodynamic
diameter from 30-100 nm and 100-1000 nm [44], respectively, have reported capacities to
support neovascularization [45], extracellular matrix remodeling [6], and
immunomodulation [33]. Here we demonstrate 500 and 50 nm tracers cleared from the
tumor to accumulate at elevated levels in the liver and spleen (Fig. 5D). Moreover, we found
these tracers to accumulate appreciably within the lungs of animals with advanced (day 9)
malignancies (Fig. 5C), a redirection in their biodistribution that occurred concurrently with
attenuated transport to TDLN (Fig. 6). TSF signaling that would take place within dLN in
naive animals appears to instead be redirected to lungs of tumor-bearing animals. Small to
intermediate size biomolecules secreted by tumors such as peptides, proteins, and other
biopolymers have also been implicated in a multitude of roles that exacerbate disease
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progression [33, 37]. We provide evidence that exposure of small molecules ~5 nm in
hydrodynamic size is also appreciably increased in systemic relative to dLN tissues in
tumor-bearing animals (Fig. 5). Overall, accumulation of 500, 50 and 5 nm tracers shifted
significantly from dLN to systemic tissues over the time course of disease progression
evaluated here (Fig. 7). As a result, profiles of TSF tracer accumulation in the liver and lung
diverged from that seen in naive animals and instead more closely mirrored those of the
primary tumor (Fig. 7D). This suggests that signaling processes active within the tumor
microenvironment have the potential to be operational in systemic tissues of melanoma-
bearing animals and may significantly regulate and negatively influence the course of
disease progression. They also indicate that therapeutic agents administered intralesionally,
for example oncolytic immunotherapy talimogene laherparepavec [46], may also result in
significant signaling activity outside of the primary tumor in distributed systemic tissues.

The effect of melanoma growth on tracer clearance and biodistribution diverged with respect
to its effects on blood versus lymphatic mediated transport. As opposed to increased levels
of uptake via the blood vasculature, melanomas at day 7 and later post implantation
demonstrated a dramatic attenuation in lymphatic function, which is regulated by local
inflammatory [47] and biomechanical [48] signaling, as evidenced by reduced levels of
tracer accumulation within dLN relative to that seen in naive animals (Fig. 6C-F). Parallel
reductions in lymphatic-mediated cellular migration to dLN, which are regulated by flow-
organized chemokine gradients and vascular signaling [49-51], were also observed (Fig. 6A-
B, E-F). These reductions coincided with tumor vascular volume and surface area doubling
relative to naive skin tissues at day 7 and 9 post tumor implantation (Fig. 3C). In line with
previous reports [24], the predominant lymph-draining tracers were found to be 30 nm in
size in both healthy (Fig. 2D-E,G) and malignant (Fig. 6E) skin. Interestingly, despite
reduced total levels of dLN accumulation, the relative accumulation of 30 nm tracer in dLN
relative to systemic tissues remained relatively unchanged. This indicates that despite
reductions in lymphatic transport function (Fig. 6), TSF approximately 30 nm in diameter
such as exosomes and large protein complexes continue to primarily signal extratumorally
within TDLN (Fig. 7C-D). These results also underscore the potential utility of drug
formulations ~30 nm in size to accumulate substantially in sentinel lymph nodes when
intralesionally administered.

Conclusions

In summary, we have demonstrated that tracer clearance from primary melanomas is
concurrently altered with tumor vascular remodeling and results in distinct biodistribution
profiles relative to those seen in healthy animals. These are the first measurements
juxtaposing the size-resolved biodistribution profiles of tumor-derived factors in naive
versus tumor-bearing animals to elucidate the influence of disease. Our results highlight the
role lymphatic drainage function plays in enriching TSF accumulation in dLN. Furthermore,
these data suggest that melanoma growth redistributes TSF signaling to systemic tissues by
compromising transport barriers in healthy tissues and that despite attenuation of total levels
of accumulation, previously developed principles of size-dependent lymph node drug
targeting are conserved in melanomas over the course of disease progression. Our findings
contribute evidence that tumor vascular remodeling not only manifests in the enhanced
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permeability and retention effect in solid tumors, but also increased access of factors from
the tumor interstitium to systemically distributed tissues. These results will inform the
rational design of sentinel lymph node-targeted drug delivery strategies as well as future
studies on how angioplastic therapy might be used to mitigate the pathological effects of
TSF in disease progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of B16F10 conditioned media and fluorescent tracers

(A) Size exclusion chromatography analysis of protein and DNA containing B16F10
conditioned media fractions and fluorescent tracers. (B) Physiological TSF, typical anti-
cancer therapeutic agents, and their size-matched tracers used for this study. (C) Dynamic

light scattering measurements of tracers.
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Figure 2. Tracer-dependent clearance and biodistribution into local versus systemic tissues after
intradermal injection in naive mice

Time-resolved retention profiles (A), % remaining after 72 hr (B), and retention half-lives
(T4/2, C) of tracers within skin. Time-resolved accumulation (D) and exposure (E-F) of
tracers in dLN and non-dLN (E) versus systemic tissues including the spleen, lungs, liver,
and kidneys (F). E, *** indicates significance relative to all other tracers by one-way
ANOVA and post-hoc Fisher's LSD tests. F, *** indicates significance relative to all other
tracers and kidneys vs all other tissues for 5 nm tracer by two-way ANOVA and post-hoc
Tukey's tests. AUC was calculated from measured levels of % of total tracer injected in
individual tissues 1-72 hr p.i. Tracer concentrations in dLN (G) and systemic tissues (H). (1)
Ratio of accumulating tracer concentrations within dLN to systemic tissues. G-I, * indicates
significance relative to all other tracers at the same time point by two-way ANOVA and
post-hoc Tukey's tests. § indicates significance for 500 nm tracer relative to all other time
points (H-1), ¥ for 50 nm tracer relative to all other time points in (G,I) but only vs 4 hr in
(H), T for 30 nm tracer vs 1 hr in (G) but relative to all other time points in (H,I), and { for 5
nm tracer vs 1 and 4 hr in (G) by one-way ANOVA and post-hoc Fisher's LSD tests; results
representative of n=9 mice per group performed in three independent experiments.
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Figure 3. B16F10 melanoma vascular remodeling
Representative B16F10 melanoma growth curve (A) and micro-computed tomography 3D

reconstructions of the tumor blood vasculature (B). Mean vascular volume (C), vascular
surface area (SA, C), and vessel diameter (D). (E) Intratumoral accumulation of i.v. injected
dextran. * indicates significance relative to day 0 (naive) and T relative to day 5 by ANOVA
and post-hoc Tukey's tests; n=3-5 mice per group.
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Figure 4. Tracer exposure is modestly increased in the tumor interstitium
(A-B) Tracer exposure within the skin or melanoma site of injection. (C) Tracer exposure

resolved by tumor day normalized to levels in naive skin. AUC was calculated from
measured levels of % of total tracer injected in individual tissues 1-72 hr p.i. Results
representative of n=6-9 mice per group performed in two to three independent experiments.
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Figure 5. Fluorescent tracers exhibit increased accumulation in systemic tissues with tumor
progression

(A-B) Total tracer exposure in systemic tissues including the spleen, lungs, liver, and
kidneys. ** indicates significance for day 9 vs naive for same tracer. *** indicates
significance for 5 nm tracer at day 9 in kidney vs all other groups by two-way ANOVA and
post-hoc Tukey's tests. (C) Maximum tracer concentrations measured over 72 hr
experimental timeframe. * indicates significance for day 9 vs all other groups of same tissue
and tracer, T p<0.001 for day 5 vs all other groups of same tissue and tracer, and § p<0.001
for day 7 vs all other groups of same tissue and tracer by one-way ANOVA with post-hoc
Fisher's LSD tests. (D) Fold change in tracer exposure within spleen and liver tissues
resulting from melanoma growth with respect to exposure measured after injection in naive
skin. AUC was calculated from measured levels of % of total tracer injected in individual
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tissues 1-72 hr p.i. (E) Time-resolved concentration of 30 nm tracer in spleen and liver
tissues. T p<0.05 for naive 24 hr time point vs 1 and 4 hr naive time points, ** p<0.01 for
day 9 4 hr time point vs all other day 9 time points, * p<0.05 for naive 24 hr time point and
day 9 four hr time point vs all other by one-way ANOVA with post-hoc Fisher's LSD tests.
Results representative of n=6-9 mice per group performed in two to three independent
experiments.
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Figure 6. Tumor progression reduces tracer accumulation within TDLN
(A-D) Time-resolved tracer concentrations within TDLN. f indicates significance relative to

all other time points for same group,  relative to 1 hr time point for same group, * relative
to naive, and § relative to naive and day 5 groups by one-way ANOVA with post-hoc
Fisher's LSD test. Tracer exposure within dLN is attenuated by tumor growth (E) relative to
naive skin (F). * indicates significance relative to all other tracers within same tumor day
group by one-way ANOVA with post-hoc Fisher's LSD test. AUC was calculated from
measured levels of tracer concentrations in individual tissues 1-72 hr p.i. Results
representative of n=6-9 mice per group performed in two to three independent experiments.
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Figure 7. Melanoma disease progression has no effect on the proportion of 30 nm tracer
(1_> exposure in TDLN but increases the exposure of other tracer sizes within systemic tissues
= (A) Ratio of accumulating tracer concentrations within dLN to systemic tissues with respect
S to tumor stage and (B) normalized to naive skin. (C) Proportion of dLN versus systemic
QZJ tissue exposure (concentration). (D) Proportion of accumulating tracers with respect to
g hydrodynamic size. AUC was calculated from measured levels of tracer concentrations in
8 individual tissues 1-72 hr p.i. Results representative of n=6-9 mice per group performed in
-é" two to three independent experiments.
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