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Melanoma is the most lethal form of skin cancer in the United States. Current American
Joint Committee on Cancer (AJCC) staging uses Breslow depth and ulceration as the two
primary tumor factors that predict metastatic risk in cutaneous melanoma. Early disease
stages are generally associated with high survival rates. However, in some cases, patients
with thin melanomas develop advanced disease, suggesting other factors may contribute
to the metastatic potential of an individual patient’s melanoma. This review focuses on the
role of the lymphatic system in the metastasis of cutaneous melanoma, from recent
discoveries in mechanisms of lymphangiogenesis to elements of the lymphatic system
that ultimately may aid clinicians in determining which patients are at highest risk.
Ultimately, this review highlights the need to integrate pathological, morphological, and
molecular characteristics of lymphatics into a “biomarker” for metastatic potential.
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INTRODUCTION

Melanoma is responsible for the majority of skin cancer related deaths in the United States. Despite
an increased incidence in the United States, melanoma mortality has decreased significantly in the
past few years (1). However, metastatic melanoma still carries a poor prognosis. The American Joint
Committee on Cancer (AJCC) staging system, 8th edition, has identified Breslow depth and
ulceration as important predictive factors of survival in patients with melanoma (2). When detected
at an early stage, melanoma can be treated with wide local excision and staged with sentinel lymph
node biopsy. However, more advanced disease requires a multidisciplinary approach that often
includes systemic therapy—from targeted treatments (BRAFi) to checkpoint inhibitors (3).
Nonetheless, up to 15% of patients who have thin melanomas ultimately develop metastatic
disease (4, 5). The best way to identify these high-risk patients, manage their nodal basin, and
improve their survival remains controversial (5). Therefore, further study is needed to improve risk
stratification and staging of melanoma.

Melanoma preferentially metastasizes to lymph nodes, leading to hypotheses that it spreads
through the lymphatic vasculature (4). However, the exact mechanisms of lymphatic invasion and
metastasis are not well-defined. Recently, experimental models have been developed that explore the
role of growth factors—such as VEGF-C—in lymphangiogenesis and eventual melanoma metastasis
(6). Furthermore, several studies have closely analyzed the alterations that occur in the lymphatic
system in response to melanoma, including changes in vessel size, density, and transport kinetics
(7–9). Together, these studies have suggested that the lymphatic system likely has an essential
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function in melanoma metastasis. This review will assess how the
lymphatic system may contribute to metastasis of cutaneous
melanoma, specifically focusing on factors that predict metastatic
potential and can be integrated into a lymphatic “biomarker.”
LYMPHATIC DENSITY, LYMPHATIC
INVASION, AND MELANOMA
METASTASIS

Given that melanomas often spread to lymph nodes, others have
hypothesized that melanomas that are likely to metastasize would
demonstrate increased lymphatic vessel density (LVD). Early
attempts to study lymphatic vasculature in melanoma were
limited by the challenge of distinguishing blood vessels from
lymphatics, leading some initial studies to conclude that
lymphatic density was unchanged in metastatic melanoma (10).
Once antibodies specific for lymphatic vasculature in the skin, such
as LYVE-1, were developed, investigating lymphatics was possible
(7). To test thehypothesis that tumors thatmetastasize to the lymph
nodes would show increased lymphatic density, Shields et al.
compared lymphatic density in melanoma to: 1) normal dermis,
2) basal cell carcinoma (BCC), and 3) Merkel cell carcinoma
(MCC). Both intratumoral and epitumoral lymphatic density
were found to be substantially increased in melanoma relative to
BCC or MCC, suggesting that lymphatic density is increased in
tumors thatpreferentiallymetastasize to lymphnodes. Furthermore,
increased lymphatic density was found to be associated with
melanomas that were more likely to metastasize than those that
were not. Finally, melanomas included in their study that had both
vascular and lymphatic invasion were frequently metastatic. These
results point to the possible value of utilizing both lymphatic vessel
density and lymphovascular invasion as important predictive
features in assessing metastatic potential.

Together, these observations were incorporated into the Shields
index, a predictive metric based on lymphatic invasion, lymphatic
density, and Breslow thickness to the metastatic potential of an
individual melanoma. While the initial Shields et al. study had a
relatively small sample size of 21 melanomas, several subsequent
studies have reported that increased lymphatic density leads to a
poorprognostic outcome (4, 7, 11, 12).BothEmmett etal. andSpiric
et al. attempted to use the Shields index to predict whether a
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melanoma was likely to metastasize (Table 1). In a retrospective
reviewof102melanomas,Emmett et al. found that theShields index
was the best technique for discriminating between metastatic and
non-metastatic melanomas, followed by lymphatic vessel density
alone, AJCC staging, and Breslow thickness (4). Similarly, Spiric
et al. reviewed 100melanoma specimens and found that the Shields
index performed better than either melanoma thickness or AJCC
staging at predicting metastatic potential of melanoma (7, 11).

Nonetheless, the role of lymphovascular invasion as a unique
predictive value in determining metastasis is unclear. A review of
1,029 melanomas from the Melbourne Melanoma Project found
lymphatic invasion to be a significant predictor of recurrence (13).
However, other studies concluded that lymphatic invasion is not a
significantlyuniquepredictorofmelanomametastasis (14–19).More
recent national cancer database analyses demonstrated that
lymphovasacular invasion by histopathological analysis is an
independent predictor of sentinel lymph node metastasis in
patients with T2 (20) but not T1 (17) melanoma, while a European
multi-institutional study suggested that lymphovascular invasionwas
an independent predictor of sentinel lymph node metastasis in
patients with T1b melanoma (21). The discrepancies in these
findings reveal the complexity of dissecting the role of
lymphovascular invasion in metastasis. Notably, several studies that
foundno association between lymphatic invasion andmetastasis had
large sample sizes, further contributing to this controversy (Table 2).

These studies suggest that lymphatic vessel density (LVD)
and the Shields index are valuable predictive tools. One possible
reason that LVD has not been adopted as a predictive factor in
clinical practice is the time-intensive nature of the procedure. In
their comparison of different methods of identifying LVD,
Emmett et al. compared the traditional Shields method to the
“hot spot method.” In the traditional Shields method, every
lymphatic within 350 µm of the tumor edge is counted. The
hot spot method requires that only three areas of subjective high
lymphatic density are counted and then averaged. When
compared, the time to complete the traditional Shields method
was 19 min per slide, while the hot spot analysis was only 5.5 min
(7). Despite being about four times faster, the hot spot method did
not yield a Shields index that was significantly different than the
traditional method. However, even the more cumbersome method
of calculating lymphatic vessel density has the potential to provide
important prognostic information for melanoma patients.
TABLE 1 | The Shields index to predict metastatic potential of cutaneous melanoma.

Authors Sample
size

Design Epitumoral lymphatic vessel density
method

Outcome

Shields
et al. (7)

21 Retrospective Complete
• All lymphatics counted
• x40 objective
• 350 µm from tumor edge

Index predicted metastasis more effectively than thickness alone

Emmett
et al. (4)

102 Retrospective Complete and hotspot
• x100 objective
• Three areas of subjectively high density

were counted and averaged

Hotspot faster but comparable
to complete method
Shields index (81% specific, 82% sensitive) predicted metastasis more effectively
than lymphatic vessel density and AJCC staging

Spiric
et al. (11)

100 Retrospective Hotspot Shields index (75% specific, 81.3% sensitive), performed better at predicting
metastasis than thickness and AJCC staging
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MECHANISMS OF LYMPHANGIOGENESIS

The mechanism of tumor spread from the primary to the sentinel
lymph node has been investigated in both animal models and
patients (Table 3). Studies have demonstrated that tumor-
draining lymph nodes enlarge prior to clinical evidence of
metastasis (8). However, the specific alterations and mechanisms
that lead to these changes are poorly understood.

VEGF-C has been studied extensively for its role in melanoma
growth and metastasis. Hoshida et al. evaluated lymphatic drainage
in C57BL/6 mice injected with the B16F10 murine melanoma cell
line using intravital microscopy. To confirm prior reports that
VEGF-C is involved in lymphangiogenesis, their team developed
VEGF-C overexpressing cell lines and noticed that tumor cell
delivery and lymph flow rate increased in the draining lymph
nodes in models of this cell line (22). This finding was largely
confirmed by Harrell et al. who injected B16F10 into the footpad of
C57BL/6mice and noted a dramatic increase in the size of lymphatic
sinuses and flow in the draining lymph node (23). Interestingly, the
study did not identify any alterations in the lymphatics immediately
adjacent to the tumor. Their result is inconsistent with findings in
human patients but may be related to the creation of the murine
model compared to primary melanomas from patients (4, 7, 11).
Finally, blocking the VEGF receptor-3 (a key receptor of VEGF-C)
in a murine B16F10 melanoma model inhibited lymphangiogenesis
and immunosuppressive cell infiltration, further suggesting that
Frontiers in Oncology | www.frontiersin.org 3
VEGF-C plays an important role in the growth of lymphatic
vessels in response to tumor (6). Furthermore, in a similar murine
model, the expression of VEGF-C was associated with infiltration of
immunosuppressive cells, including regulatory T cells into the
primary tumor (24). Tumors with VEGF-C expression were
shown to suppress naïve T cell activation in the draining lymph
node, even more strongly than preexisting vaccine-induced
immunity (24).

It is important to note that several of the aforementioned
studies employ a syngeneic B16F10 melanoma model, which
have been previously shown to have differences in vascularity
and other structural irregularities compared to human
melanoma (27). In addition, differences in the immunogenicity
and genetic background (lack of BRAF mutation) have called
into question the applicability of this murine melanoma model
(28, 29). Therefore, the biology revealed from research using
these models may not translate to patients.
LYMPHATIC VESSELS AND THE TUMOR
MICROENVIRONMENT

Given the role of lymphatic vessels in regulating immunologic
tolerance in normal environments, Lane et al. hypothesized that
they may regulate tumor environments (25). Their results from
TABLE 3 | Mechanistic studies evaluating melanoma metastasis.

Authors Model Key findings

Hoshida et al.
(22)

B16F10 melanoma with
C57BL/6 mice

VEGF-C overexpressing cell lines increased tumor cell delivery and flow rate

Qian et al. (8) Human NPC cell line in
BALB/c mice

Tumor-draining lymph nodes can enlarge prior to evidence of metastasis

Harrell et al. (23) B16F10 melanoma with C57BL/6 mice Increase in size of lymphatic sinuses and flow in draining lymph node of tumor
Fankhauser
et al. (6)

B16F10 melanoma model Blocking VEGF Receptor-3 inhibited lymphangiogenesis and immunosuppressive cell
infiltration

Lund et al. (24) B16F10 melanoma with C57BL/6 mice VEGF-C associated with infiltration of Treg into primary tumor; tumors with VEGF-C expression
suppressed naïve T cell activation

Lane et al. (25) C57BL/6J mice with B16F10.OVA, MC38,
YUMM1.7, YUMMER1.7 cells

Lymphatic endothelium plays a critical role in creating an immunosuppressive environment
permitting tumor growth

Commerford
et al. (26)

B16F10 melanoma with BALB/c and C57BL/6 mice Adhesion genes such as Jam3 or integrin aIIb differentially regulated in tumor draining lymph
nodes
TABLE 2 | Studies concluding that lymphatic invasion does not predict metastasis.

Authors Sample size Staining technique Outcome

Pettit et al. (16) 27
10 specimens
with LI

D2-40/S-100 dual
Immunohistochemistry

Lymphatic Invasion (LI) not associated with SLN metastasis

Egger et al. (17) 6894
T1b
Melanoma specimens
107 specimens with LI

n/a LI not a significant predictor of metastasis in T1b melanoma

Storr et al. (18) 202 specimens of thickness
≥ 0.75mm
27 specimens with LI

D2-40/CD34 No association with clinical outcome (relapse free or overall survival)

Rose et al. (19) 246 specimens
(18% with LI)

D2-40/CD34 LI not significant predictor of SLN
status
LI, lymphatic invasion.
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murine models found that non-hematopoietic PD-L1 is expressed
in lymphatic endothelial cells (LEC), limiting CD8+ T cell
accumulation. They further established that IFNg released by
activated CD8+ T cells can induce PD-L1 expression in LECs and
that loss of IFNg receptor leads to increased T cell accumulation.
These results suggest that the lymphatic endothelium has a critical
function in developing an immunosuppressive environment that
permits tumor growth. Implantation of B16F10 into B lymphocyte-
deficient mice demonstrated that lymphatic network size and flow
did not increase in the draining lymph nodes (23). Furthermore,
primary tumors implanted into the footpad of mice were noted to
attract myeloid cells and macrophages, but the tumor draining
lymph nodes would accumulate T and B lymphocytes, suggesting
that B lymphocytes are critical for the changes observed in distant
lymph nodes (23). Together, these results suggest that
immunosuppressive effects of melanoma are complex and
mediated by B lymphocytes, lymphatic endothelium, and growth
factors such as VEGF-C.

From these studies, targeting VEGF-C was considered to be a
promising approach for decreasing metastasis in melanoma.
However, the AVAST-M trial using adjuvant bevacizumab for
melanoma patients failed to identify a significant difference in
survival at 5 years (30, 31). Findings from studies, including
Fankhauser et al., suggest that the effect of immunotherapy is
potentiated in tumors that cause increased lymphangiogenesis.
In a murine model, adoptively transferred ex vivo activated
CD8+ T cells were able to respond to tumors in which VEGF-
C was expressed compared to tumors where VEGFR-3 was
blocked (6). To extrapolate their findings beyond mice, the
sera of human metastatic melanoma patients were tested for
VEGF-C. Consistent with their findings in murine models,
higher VEGF-C concentrations correlated with response to
immunotherapy and progression free survival.

Future studies may identify additional therapeutic targets of the
lymphatic system in melanoma metastasis. Commerford et al.
performed RNA sequencing of the LECs in the tumor draining
lymph node of mice injected with B16F10melanoma and compared
it to normal LECs (26). Cell-cell and cell-matrix adhesion genes such
as Jam3 or integrin aIIb were differentially regulated in the tumor-
draining lymph node, suggesting that LECs in tumor-draining
lymph nodes are altered at a transcriptional level. These results
could identify potential future targets to prevent lymphangiogenesis
in metastatic melanoma. Additional research needs to be performed
to translate these mechanistic insights in routine clinical practice.
Generally, the biomarkers associated with melanoma metastasis are
diluted in a routine blood draw, limiting their use (32). Broggi et al.
described use of postoperative lymphatic exudate and plasma in
stage III melanoma patients as a way to collect biomarkers including
factors not only associated with melanoma (LDH, S100B, S100A8)
but also linked to metastatic potential (CSF-1, galectin-3, MMP2-
MM-9). While this method could be used in patients with advanced
disease, the difficulty of accessing lymphatic exudate limits its use in
earlier stagemelanomas in which extensive lymph node dissection is
not typically performed.

Furthermore, recent research has shown that the tumor
microenvironment could potentially be affected following
Frontiers in Oncology | www.frontiersin.org 4
surgical alterations. Following inoculation of B16F10 melanoma
cells into BALB/c mice, Nakamura et al. performed bilateral
inguinal lymph node resection or a U-incision and noted that
tumor growth was significantly increased in mice with surgical
damage (33). Upon further histologic analysis of the tumor, they
noted that both the total number of CD4+ and CD8+ T cells and
apoptotic cells were significantly reduced in the mice that
underwent surgical intervention. These observations were also
seen when using an immunogenic tumor cell line (MC38).
Therefore, adaptive immunity mechanisms may be impaired by
the disruption of lymphatic vasculature following surgery, due to
impaired transit of tumor antigens through lymphatic vasculature
to regional lymph nodes and subsequent expansion of tumor-
specific T-cells.
LYMPHATIC TRANSPORT KINETICS

The kinetics of lymphatic transport have also been studied for
prognostic applications in melanoma (Table 4). In a prospective
trial of 276 patients, technetium-99m based lymphoscintigraphy
was used to determine whether a patient had fast (less than
20 min) or slow (greater than 20 min) lymphatic transit (34). In
this small feasibility study, all patients with slow drainage were
found to be disease-free at 2 year follow-up. Later studies
attempted to determine whether this scintigraphic appearance
time (SAT) would be a reliable factor to distinguish melanomas
based on their metastatic potential. Cammilleri et al. performed
lymphoscintigraphy on 88 subjects with limb and trunk
melanomas and retrospectively was able to determine that an
SAT greater than 30 min correlated with a negative predictive
value of 100% for the sentinel lymph node (35). These early
studies suggested that a retrospective distinction could be made
between SLN positive and SLN negative patients based on SAT
time. However, whenMahieu-Renard et al. applied a SAT time of
30 min in a prospective cohort of 150 patients, the study yielded a
negative predictive value of only 84.6% (65.1–95.6%) (36). It is
slightly surprising that a lymph node containing tumor might
have faster drainage, given that tumor infiltration of lymph
nodes would theoretically cause an obstruction of flow (36),
but likely the flow is unobstructed until large amounts of tumor
are present. However, as shown previously, metastatic melanoma
has been shown to significantly increase peritumoral lymphatic
density (7) and increase the size of tumor draining lymph
vasculature (23), factors that would likely contribute to
increased transport flow capacity. Furthermore, metastatic
melanoma is likely to result in an increase in activated
macrophages (23), leading to increased scintigraphic uptake.

More recently, Fujiwara et al. described the use of the area
extraction method to evaluate lymphatic kinetics in patients with
truncal melanoma (9). The method utilizes technetium-99m
phytate to perform dynamic lymphoscintigraphy and uses a
gamma camera to acquire images and develop time activity
curves (plotting tracer counts against time). Using this data,
the researchers were able to identify a plateau, which they
established as the scintigraphic saturation time (SST).
November 2020 | Volume 10 | Article 576190
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Compared to the prior efforts of estimating SAT which were
primarily based on researcher visualization, the SST represents a
more reproducible method since it does not depend on the
researcher’s visualization. To determine the lymphatic transit
rate (LTR), the distance between the primary tumor and the SLN
(using real-time fluorescence navigation with indocyanine green)
was calculated and then divided by the SST. Together, the LTR
and SST were found to be significant in determining the status of
the sentinel lymph node in patients with melanoma (9).

While there is evidence to support the notion that SAT can
possibly determine the likelihood of sentinel lymph node
positivity, some studies have contrarily suggested that there is
no significant difference in SLN metastasis and speed of
lymphatic transport. For example, Toubert et al. found in a
cohort of 160 patients that there was no difference in metastatic
SLN based upon speed of drainage using dynamic acquisition
and static imaging divided into fast (<20 min), intermediate (20–
30 min) or slow (>30 min) lymphatic drainage (37).
Lymphoscintigraphy and lymphatic transport are factors that
are difficult to standardize, which could account for the
differences in procedures. Lymphatic transport can be affected
broadly by several factors including age (38), weight (39),
musculature, changes in Starling forces, and body position
(40). The size of the colloid also significantly affects the SAT.
Both Camilleri et al. and Toubert et al. used the same colloid
(99mTc-rhenium sulfide) and therefore utilized the same SAT in
their respective studies. Maza et al. used a 99mTc-nanocolloid,
accounting for the difference in SAT (34). Both of these colloids
were smaller than the 99mTc-phytate employed by Fujiwara
et al. (9).

Furthermore, the transit time of lymphatic fluid varies greatly
based on region of the body. Specifically, lymphatic drainage
rates are significantly lower in the head and neck relative to the
extremities (41). Additionally, the use of lymphoscintigraphy in
the head and neck or perineal region can be obscured by shine-
through (9). Therefore, any protocol developed regarding the use
Frontiers in Oncology | www.frontiersin.org 5
of SAT as a predictive marker of SLN metastasis will require an
individualized approach based on these factors to yield
consistent, reproducible results. The area extraction method
developed by Fujiwara et al. appears to be a standardized way
of evaluating SST and LTR (9). However, their technique
required multiple and frequent imaging. Nonetheless,
techniques for assessing lymphatic transport efficiency will
require standardization prior to integration into staging
guidelines for melanoma, as differences in technique would
likely result in discrepancies in the predictive value of
these approaches.
DISCUSSION

The lymphatic system makes a critical contribution in melanoma
metastasis. Recent studies have suggested that factors like VEGF-
C and the lymphatic endothelium itself play an important role in
altering the immune system to support melanoma metastasis (22,
25). While these studies often rely on B16F10 melanoma models
that may not accurately replicate human biology, their findings
may ultimately yield important mechanistic insights. Several
studies have suggested that using lymphatic vessel density and
lymphatic invasion in the Shields index may aid in determining
the metastatic potential of melanoma (4, 7, 11),. Furthermore,
utilizing lymphatic transport kinetics as a predictive factor
appears to be a promising area of research (9, 35).

While these studies represent important steps toward
understanding the role that the lymphatic system plays in the
growth and metastasis of cutaneous melanoma, there are still
several areas that require further study. The original Shields
index was validated as a meaningful predictor of melanoma
metastasis by the work of Emmett et al. and Spiric et al. (4, 11).
However, all studies to date performed on the Shields index are
retrospective in nature; thus, a prospective study is needed to
TABLE 4 | Studies evaluating lymphatic transport kinetics as predictive of sentinel lymph node metastasis.

Authors Samplesize Location of mela-
noma

Melanoma
features

Type of
melanomaa

Design Colloid Time
cutoffsb

Variablec Resultsd

Maza et al.
(34)

276 Trunk, lower limbs,
upper limbs, head/
neck

pT1-T4 SS, NM,
LM, AL

Prospective Tc-99
nanocolloid

20 min SAT No SLN metastasis in slow
drainage
group

Cammilleri
et al. (35)

88 Trunk, upper limb,
lower limb

Stage I and
II

n/a Prospective Tc-99m colloidal
rhenium sulfide

30 min SAT No SLN metastasis in slow
drainage
group

Mahieu-
Renard et al.
(36)

Retro:
194
Prosp:
150

Limbs, trunk, hands/
feet, head/neck

Breslow:
≤1mm-
>4mm

SS, NM, AL,
LM

Retrospective,
prospective

Tc-99m colloidal
rhenium sulfide

30 min SAT Slow lymphatic drainage
had a
negative predictive value of
84.6%

Fujiwara
et al. (9)

11 Trunk n/a SS Retrospective Tc-99m phytate 30 min SST, LTR All SLNs with <1.8cm/min
LTR were non-metastatic

Toubert
et al. (37)

160 Upper limb, lower
limb, trunk, head/neck

Breslow
>1mm

n/a Prospective Tc-99m colloidal
rhenium sulfide

30 min SAT No significant difference
based on speed of
drainage
Novemb
er 2020 | V
aSuperficial spreading (SS), lentigo maligna (LM), acral lentiginous (AL), nodular melanoma (NL).
bLymphatic transport rate (LTR).
cScintigraphic appearance time (SAT), scintigraphic saturation time (SST), lymphatic transport rate (LTR).
dSentinel lymph node (SLN).
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establish the utility of the method. Furthermore, there are
contradictory reports in the literature regarding features such
as lymphatic invasion and their predictive potential, and future
studies are needed to reconcile these differences. Additionally,
while lymphatic transport kinetics have been shown to
successfully identify metastatic melanomas, future research is
needed to develop a reliable tool in clinical practice. The specific
techniques utilized for analysis of lymphatic transport need to be
refined to become more consistent and reproducible, and
specialized protocols will need to be developed based on the
type of colloid utilized and the affected body area. Finally, while
experimental models have revealed significant findings in the
role that melanoma plays in lymphangiogenesis, future study is
required to translate these genetic and mechanistic insights into
targeted therapies or biomarkers.

This review highlights several studies proposing the
lymphatic system as a critical player in melanoma metastasis.
Features such as lymphatic vessel density or lymphatic transport
kinetics might eventually serve as adjuncts to current staging
protocols to improve our ability to detect melanomas that are
high-risk. Furthermore, future research on the lymphatic system
and melanoma metastasis may aid in the development of
biomarkers or novel targeted therapies. However, while the
study of the lymphatic system may improve detection and
Frontiers in Oncology | www.frontiersin.org 6
management of melanomas that are likely to metastasize, there
is the possibility of overtreating patients who otherwise could
have been managed more conservatively. Future studies are
necessary to develop a more accurate lymphatic “biomarker”
that systematically integrates pathological, morphological, and
molecular data to identify high-risk melanomas that are under-
staged with current techniques.
AUTHOR CONTRIBUTIONS

RS, AZ, and AH jointly conceived the review. RS and AH
performed the literature review and wrote the manuscript. AZ
analyzed the quality of the transport analysis performed by
studies included in the literature review. RS, AZ, and AH
edited the manuscript at all stages. All authors contributed to
the article and approved the submitted version.
ACKNOWLEDGMENTS

The authors would like to gratefully acknowledge the manuscript
review by Dr. Marshall Urist, Professor Emeritus, UAB
Department of Surgery, Division of Surgical Oncology.
REFERENCES

1. Henley SJ, Ward EM, Scott S, Ma J, Anderson RN, Firth AU, et al. Annual
report to the nation on the status of cancer, part I: National cancer statistics.
Cancer (2020) 126(10):2225–49. doi: 10.1002/cncr.32802

2. Keung EZ, Gershenwald JE. The eight edition American Joint Committee on
Cancer (AJCC) melanoma staging system: implications for melanoma
treatment and care. Expert Rev Anticancer Ther (2018) 18(8):775–84. doi:
10.1080/14737140.2018.1489246

3. Joyce KM. Surgical Management of Melanoma. In: WH Ward, JM Farma,
editors. Cutaneous Melanoma: Etiology and Therapy. Brisbane (AU): Codon
Publications (2017). p. 91–100. doi: 10.15586/codon.cutaneousmelanoma.
2017.ch7

4. Emmett MS, Symonds KE, Rigby H, Cook MG, Price R, Metcalfe C, et al.
Prediction of melanoma metastasis by the Shields index based on lymphatic
vessel density. BMC Cancer (2010) 10:1–8. doi: 10.1186/1471-2407-10-208

5. Raica M, Jitariu A-A, Cimpean AM. Lymphangiogenesis and Anti-
lymphangiogenesis in Cutaneous Melanoma. Anticancer Res (2016) 36
(9):4427–35. doi: 10.21873/anticanres.10986

6. Fankhauser M, Broggi MAS, Potin L, Bordry N, Jeanbart L, Lund AW, et al.
Tumor lymphangiogenesis promotes T cell infiltration and potentiates
immunotherapy in melanoma. Sci Trans Med (2017) 9(407):1–12. doi:
10.1126/scitranslmed.aal4712

7. Shields J, Borsetti M, Rigby H, Harper S, Mortimer S, Levick J, et al.
Lymphatic density and metastatic spread in human malignant melanoma.
Br J Cancer (2004) 90(3):693–700. doi: 10.1038/sj.bjc.6601571

8. Qian C-N, Berghuis B, Tsarfaty G, Bruch M, Kort EJ, Ditlev J, et al. Preparing
the “soil”: the primary tumor induces vasculature reorganization in the
sentinel lymph node before the arrival of metastatic cancer cells. Cancer
Res (2006) 66(21):10365–76. doi: 10.1158/0008-5472.CAN-06-2977

9. Fujiwara M, Suzuki T, Takiguchi T, Fukamizu H, Tokura Y. Lymphatic transit
rate as a novel predictive parameter for nodal metastasis in primary truncal
skin cancers. J Dermatol (2016) 43:170–4. doi: 10.1111/1346-8138.13033

10. Waal RMD, Altena MCV, Erhard H, Weidle UH, Nooijen PTGA, Ruiter DJ.
Lack of lymphangiogenesis in human primary cutaneous melanoma.
Consequences for the mechanism of lymphatic dissemination. Am J Pathol
(1997) 150(6):1951–57.
11. Spiric Z, Eric M, Eri Z. Lymphatic invasion and the Shields index in predicting
melanoma metastases. J Plast Reconstr Aesthetic Surg (2017) 70(11):1646–52.
doi: 10.1016/j.bjps.2017.05.056

12. Dadras SS, Paul T, Bertoncini J, Brown LF, Muzikansky A, Jackson DG, et al.
A Novel Prognostic Indicator for CutaneousMelanomaMetastasis and Survival.
Am J Pathol (2003) 162(6):1951–60. doi: 10.1016/S0002-9440(10)64328-3

13. Matheson JAH, Marvelde LT, Mailer S, Speakman D, Spillane J, Henderson
MA, et al. Prospective evaluation of prognostic indicators for early recurrence
of cutaneous melanoma. Melanoma Res (2017) 27(1):43–9. doi: 10.1097/
CMR.0000000000000302

14. Moy AP, Duncan LM, Kraft S. Lymphatic invasion and angiotropism in
primary cutaneous melanoma. Lab Invest (2017) 97(2):118–29. doi: 10.1038/
labinvest.2016.131

15. Pastushenko I, Vermeulen PB, Carapeto FJ, Eynden GVD, Rutten A, Ara M,
et al. Blood microvessel density, lymphatic microvessel density and lymphatic
invasion in predicting melanoma metastases: systematic review and meta-
analysis. Br J Dermatol (2014) 170(1):66–77. doi: 10.1111/bjd.12688

16. Petitt M, Allison A, Shimoni T, Uchida T, Raimer S, Kelly B. Lymphatic
invasion detected by D2-40/S-100 dual immunohistochemistry does not
predict sentinel lymph node status in melanoma. J Am Acad Dermatol
(2009) 61(5):819–28. doi: 10.1016/j.jaad.2009.04.026

17. Egger ME, Stevenson M, Bhutiani N, Jordan AC, Scoggins CR, Philips P, et al.
Should Sentinel Lymph Node Biopsy Be Performed for All T1b Melanomas in
the New 8(th) Edition American Joint Committee on Cancer Staging System?
J Am Coll Surg (2019) 228(4):466–72. doi: 10.1016/j.jamcollsurg.2018.12.030

18. Storr SJ, Safuan S, Mitra A, Elliott F, Walker C, Vasko MJ, et al. Objective
assessment of blood and lymphatic vessel invasion and association with
macrophage infiltration in cutaneous melanoma. Mod Pathol (2012) 25
(4):493–504. doi: 10.1038/modpathol.2011.182

19. Rose AE, Christos PJ, Lackaye D, Shapiro RL, Berman R, Mazumdar M, et al.
Clinical relevance of detection of lymphovascular invasion in primary
melanoma using endothelial markers D2-40 and CD34. Am J Surg Pathol
(2011) 35(10):1441–9. doi: 10.1097/PAS.0b013e31822573f5

20. Egger ME, Stevenson M, Bhutiani N, Jordan AC, Scoggins CR, Philips P, et al.
Age and Lymphovascular Invasion Accurately Predict Sentinel Lymph Node
Metastasis in T2 Melanoma Patients. Ann Surg Oncol (2019) 26(12):3955–61.
doi: 10.1245/s10434-019-07690-4
November 2020 | Volume 10 | Article 576190

https://doi.org/10.1002/cncr.32802
https://doi.org/10.1080/14737140.2018.1489246
https://doi.org/10.15586/codon.cutaneousmelanoma.2017.ch7
https://doi.org/10.15586/codon.cutaneousmelanoma.2017.ch7
https://doi.org/10.1186/1471-2407-10-208
https://doi.org/10.21873/anticanres.10986
https://doi.org/10.1126/scitranslmed.aal4712
https://doi.org/10.1038/sj.bjc.6601571
https://doi.org/10.1158/0008-5472.CAN-06-2977
https://doi.org/10.1111/1346-8138.13033
https://doi.org/10.1016/j.bjps.2017.05.056
https://doi.org/10.1016/S0002-9440(10)64328-3
https://doi.org/10.1097/CMR.0000000000000302
https://doi.org/10.1097/CMR.0000000000000302
https://doi.org/10.1038/labinvest.2016.131
https://doi.org/10.1038/labinvest.2016.131
https://doi.org/10.1111/bjd.12688
https://doi.org/10.1016/j.jaad.2009.04.026
https://doi.org/10.1016/j.jamcollsurg.2018.12.030
https://doi.org/10.1038/modpathol.2011.182
https://doi.org/10.1097/PAS.0b013e31822573f5
https://doi.org/10.1245/s10434-019-07690-4
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Suresh et al. Lymphatics Predict Melanoma Metastasis
21. Maurichi A, Miceli R, Camerini T, Mariani L, Patuzzo R, Ruggeri R, et al.
Prediction of survival in patients with thin melanoma: results from a multi-
institution study. J Clin Oncol (2014) 32(23):2479–85. doi: 10.1200/
JCO.2013.54.2340

22. Hoshida T, Isaka N, Hagendoorn J, di Tomaso E, Chen YL, Pytowski B, et al.
Imaging steps of lymphatic metastasis reveals that vascular endothelial growth
factor-C increases metastasis by increasing delivery of cancer cells to lymph
nodes: therapeutic implications. Cancer Res (2006) 66(16):8065–75. doi:
10.1158/0008-5472.CAN-06-1392

23. Harrell MI, Iritani BM, Ruddell A. Tumor-Induced Sentinel Lymph Node
Lymphangiogenesis and Increased Lymph Node Precede Melanoma
Metastasis . Am J Pathol (2007) 170(2):774–86. doi : 10.2353/
ajpath.2007.060761

24. Lund AW, Duraes FV, Hirosue S, Raghavan VR, Nembrini C, Thomas SN,
et al. VEGF-C Promotes Immune Tolerance in B16 Melanomas and Cross-
Presentation of Tumor Antigen by Lymph Node Lymphatics. Cell Rep (2012)
1(3):191–9. doi: 10.1016/j.celrep.2012.01.005

25. Lane RS, Femel J, Breazeale AP, Loo CP, Thibault G, Kaempf A, et al. IFNy-
activated dermal lymphatic vessels inhibit cytotoxic T cells in melanoma and
inflamed skin. J Exp Med (2018) 215(12):3057–74. doi: 10.1084/jem.20180654

26. Commerford CD, Dietrich LC, He Y, Hell T, Montoya-Zegarra JA,
Noerrelykke SF, et al. Tumor lymphangiogenesis promotes T cell
infiltration and potentiates immunotherapy in melanoma. Cell Rep (2018)
25(13):3554–63. doi: 10.1016/j.celrep.2018.12.002

27. Pautu V, Mellinger A, Resnier P, Lepeltier E, Martin L, Boussemart L, et al.
Melanoma tumour vasculature heterogeneity: from mice models to human.
J Cancer Res Clin Oncol (2019) 145(3):589–97. doi: 10.1007/s00432-018-2809-z

28. Hooijkaas A, Gadiot J, Morrow M, Stewart R, Schumacher T, Blank CU.
Selective BRAF inhibition decreases tumor-resident lymphocyte frequencies
in a mouse model of human melanoma.Oncoimmunology (2012) 1(5):609–17.
doi: 10.4161/onci.20226

29. Becker JC, Houben R, Schrama D, Voigt H, Ugurel S, Reisfeld RA. Mouse
models for melanoma: a personal perspective. Exp Dermatol (2010) 19
(2):157–64. doi: 10.1111/j.1600-0625.2009.00986.x

30. Corrie PG, Marshall A, Nathan PD, Lorigan P, Gore M, Tahir S, et al.
Adjuvant bevacizumab for melanoma patients at high risk of recurrence:
survival analysis of the AVAST-M trial. Ann Oncol (2018) 29(8):1843–52. doi:
10.1093/annonc/mdy299

31. Corrie PG, Marshall A, Dunn JA, Middleton MR, Nathan PD, Gore M, et al.
Adjuvant bevacizumab in patients with melanoma at high risk of recurrence
(AVAST-M): preplanned interim results from a multicentre, open-label,
randomised controlled phase 3 study. Lancet Oncol (2014) 15(6):620–30.
doi: 10.1016/S1470-2045(14)70110-X

32. Broggi MAS, Maillat L, Clement CC, Bordry N, Corthesy P, Auger A, et al.
Tumor-associated factors are enriched in lymphatic exudate compared to
Frontiers in Oncology | www.frontiersin.org 7
plasma in metastatic melanoma patients. J Exp Med (2019) 216(5):1091–107.
doi: 10.1084/jem.20181618

33. Nakamura Y, Fujisawa Y, Okiyama N, Watanabe R, Tanaka R, Ishitsuka Y,
et al. Surgical damage to the lymphatic system promotes tumor growth via
impaired adaptive immune response. J Dermatol Sci (2018) 90(1):46–51. doi:
10.1016/j.jdermsci.2017.12.016

34. Maza S, Valencia R, Geworski L, Sandrock D, Zander A, Audring H, et al.
Influence of fast lymphatic drainage on metastatic spread in cutaenous
malingant melanoma: a prospective feasibility study. Eur J Nuclear Med
Mol Imaging (2003) 30(4):538–44. doi: 10.1007/s00259-003-1114-4

35. Cammilleri S, Jacob T, Rojat-Habib MC, Hesse S, Berthet B, Giorgi R, et al.
High negative predictive value of slow lymphatic drainage on metastatic node
spread detection in malignant head limb and trunk cutaneous melanoma. Eur
J Oncol (2004) 91(7-8):225–8.

36. Mahieu-Renard L, Cammilleri S, Giorgi R, Gaudy-Marqueste C, Mundler O,
Richard M-A, et al. Slow Dynamics of Lymphoscintigraphic Mapping Is
Associated to the Negativity of the Sentinel Node in Melanoma Patients. Ann
Surg Oncol (2008) 15(10):2878–86. doi: 10.1245/s10434-008-0080-2

37. Toubert M-E, Just P-A, Baillet G, Kerob D, Hindie E, Verola O, et al. Slow
Dynamic Lymphoscintigraphy Is Not a Reliable Predictor of Sentinel-Node
Negativity in Cutaneous Melanoma. Cancer Biother Radiopharm (2008) 23
(4):443–50. doi: 10.1089/cbr.2008.0468

38. Conway WC, Faries MB, Nicholl MB, Terando AM, Glass EC, Sim M, et al.
Age-related lymphatic dysfunction in melanoma patients. Ann Surg Oncol
(2009) 16(6):1548–52. doi: 10.1245/s10434-009-0420-x

39. Ogasawara Y, Ikeda H, Takahashi M, Kawasaki K, Doihara H. Evaluation of
Breast Lymphatic Pathways with Indocyanine Green Fluorescence Imaging in
Patients with Breast Cancer. World J Surg (2008) 32:1924–9. doi: 10.1007/
s00268-008-9519-7

40. Stanton AWB, Patel HS, Levick JR, Mortimer PS. Increased Dermal
Lymphatic Density in the Human Leg Compared with the Forearm.
Microvasc Res (1999) 57(3):320–8. doi: 10.1006/mvre.1998.2141

41. Uren RF, Hawman-Giles R, Thompson JF. Variation in cutaneous lymphatic
flow rates. Ann Surg Oncol (1997) 4(3):279–81. doi: 10.1007/BF02306624

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Suresh, Ziemys and Holder. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
November 2020 | Volume 10 | Article 576190

https://doi.org/10.1200/JCO.2013.54.2340
https://doi.org/10.1200/JCO.2013.54.2340
https://doi.org/10.1158/0008-5472.CAN-06-1392
https://doi.org/10.2353/ajpath.2007.060761
https://doi.org/10.2353/ajpath.2007.060761
https://doi.org/10.1016/j.celrep.2012.01.005
https://doi.org/10.1084/jem.20180654
https://doi.org/10.1016/j.celrep.2018.12.002
https://doi.org/10.1007/s00432-018-2809-z
https://doi.org/10.4161/onci.20226
https://doi.org/10.1111/j.1600-0625.2009.00986.x
https://doi.org/10.1093/annonc/mdy299
https://doi.org/10.1016/S1470-2045(14)70110-X
https://doi.org/10.1084/jem.20181618
https://doi.org/10.1016/j.jdermsci.2017.12.016
https://doi.org/10.1007/s00259-003-1114-4
https://doi.org/10.1245/s10434-008-0080-2
https://doi.org/10.1089/cbr.2008.0468
https://doi.org/10.1245/s10434-009-0420-x
https://doi.org/10.1007/s00268-008-9519-7
https://doi.org/10.1007/s00268-008-9519-7
https://doi.org/10.1006/mvre.1998.2141
https://doi.org/10.1007/BF02306624
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Dissecting the Lymphatic System to Predict Melanoma Metastasis
	Introduction
	Lymphatic Density, Lymphatic Invasion, and Melanoma Metastasis
	Mechanisms of Lymphangiogenesis
	Lymphatic Vessels and the Tumor Microenvironment
	Lymphatic Transport Kinetics
	Discussion
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


