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Lymphangiogenesis is associated with human and
murine cancer metastasis, suggesting that lymphatic
vessels are important for tumor dissemination. Lym-
phatic vessel alterations were examined using B16-
F10 melanoma cells implanted in syngeneic C57Bl/6
mice, which form tumors metastasizing to draining
lymph nodes and subsequently to the lungs. Footpad
tumors showed no lymphatic or blood vessel growth;
however, the tumor-draining popliteal lymph node
featured greatly increased lymphatic sinuses. Lymph
node lymphangiogenesis began before melanoma
cells reached draining lymph nodes, indicating that
primary tumors induce these alterations at a distance.
Lymph flow imaging revealed that nanoparticle tran-
sit was greatly increased through tumor-draining rel-
ative to nondraining lymph nodes. Lymph node lym-
phatic sinuses and lymph flow were increased in mice
implanted with unmarked or with foreign antigen-ex-
pressing melanomas, indicating that these effects are
not due to foreign antigen expression. However, tumor-
derived immune signaling could promote lymph node
alterations, as macrophages infiltrated footpad tumors,
whereas lymphocytes accumulated in tumor-drain-
ing lymph nodes. B lymphocytes are required for
lymphangiogenesis and increased lymph flow
through tumor-draining lymph nodes, as these al-
terations were not observed in mice deficient for B cells.
Lymph node lymphangiogenesis and increased lymph
flow through tumor-draining lymph nodes may actively
promote metastasis via the lymphatics. (4m J Pathol
2007, 170:774—786; DOI: 10.2353/ajpath.2007.060761)

The contribution of the lymphatic system to tumor metas-
tasis is being increasingly appreciated through studies of
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murine as well as human cancers.” The discovery of the
vascular endothelial growth factors VEGF-C and VEGF-D,
which activate lymphatic vessel growth by stimulating
VEGF receptor (VEGFR)-3 expressed on lymphatic endo-
thelium, allowed examination of the role of lymphangio-
genesis in tumor dissemination.?® In mice, VEGF-C or
VEGF-D overexpression promotes tumor lymphangio-
genesis and lymph node (LN) metastasis,* ® whereas
inhibition of VEGFR-3 signaling blocks lymphatic vessel
growth and tumor dissemination.”® In human cancers,
increased VEGF-C or VEGF-D expression is often asso-
ciated with metastasis or poor prognosis.®® Moreover,
identification of tumor cells in tumor-draining sentinel LNs
is increasingly used to diagnose metastatic cancers, in-
cluding melanoma and breast cancer.®'° These findings
indicate that the lymphatic system is involved in tumor
dissemination to secondary organs, presumably by lym-
phatic delivery to the lymph nodes and to the systemic
circulation via the thoracic duct. Abnormal blood vessel
growth in tumors can alternatively promote tumor dissem-
ination via the bloodstream, so that the lymphatic or the
vascular systems can mediate metastasis depending on
the particular type of cancer examined.”

Although the contribution of lymphatic vessels to tumor
metastasis has been experimentally demonstrated, little
is known yet about the mechanisms involved in tumor
dissemination via the lymphatics. High tumor interstitial
fluid pressure is thought to promote tumor cell entry into
lymphatic vessels that have lower fluid pressure.'"'?
Intratumoral lymphatic vessel growth often correlates with
metastasis of human melanoma, breast, or head and
neck cancers, > '® where tumor cells can be observed
within lymphatic vessels, suggesting that lymphatic ves-
sel growth is important for tumor spread. However, stud-
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ies of murine and human tumors indicated that intratu-
moral lymphatics are often nonfunctional,’® whereas
expansion of peritumoral lymphatic vessels could instead
mediate metastasis.'® Moreover, a recent study demon-
strated that inhibition of lymphangiogenesis does not
block metastasis to tumor-draining LNs in mice."” Hence,
much remains to be learned about how tumor cells enter
and travel through lymphatic vessels and lymph nodes
during metastasis to secondary organs.

Diagnosis of cancer metastasis frequently involves ex-
amining tumor-draining sentinel LNs for cancer cells.
However, an active role of sentinel LNs in tumor dissem-
ination via the lymphatics has not been considered until
recently. We discovered extensive lymphangiogenesis in
LNs from Eu-c-myc transgenic mice developing lympho-
mas'® even before the development of lymphomas,
which could contribute to lymphoma dissemination. In
this model, Myc-expressing immature B cells accumulate
in LN before progressing to form a highly metastatic
lymphoma.' LNs of Eu-c-myc mice exhibit active lym-
phatic sinus growth at early stages of lymphoma forma-
tion, whereas lymphatic vessels in other organs are
unaffected.'® Lymphangiogenesis within LNs from Eu-c-
myc mice is accompanied by a 23-fold increase in lymph
flow through LNs, as determined by a footpad dye injec-
tion assay. These findings led us to propose that LN
lymphangiogenesis and increased lymph flow could ac-
tively promote dissemination of lymphomas to secondary
organs.

Our discovery of LN lymphangiogenesis in mice de-
veloping metastatic B cell ymphomas suggested that the
LN could also be involved in lymphatic dissemination of
solid tumors. In this study, we used the B16-F10 meta-
static melanoma model to examine whether alterations of
tumor or LN lymphatic vessels arise in mice developing
metastatic solid tumors. The B16-F10 melanoma cell line
was derived from a spontaneous melanoma arising in a
C57BI/6 mouse.?° Footpad injection of these cells pro-
duces metastatic melanoma detected in the tumor-drain-
ing LN and subsequently in the lungs.®" In this study, we
identified extensive LN lymphangiogenesis and in-
creased lymph flow through LNs draining B16 melano-
mas, which could promote dissemination of these tumors
via the lymphatics.

Materials and Methods

Mouse Tumor Models

B16-F10 murine melanoma cells (American Type Culture
Collection, Manassas, VA) were tested for mycoplasma
or virus contamination before injection into mice (Re-
search Animal Diagnostic Laboratory, University of Mis-
souri, Columbia, MO). In some experiments, Anjou 293
packaging cells®® were transiently transfected with the
LXCG plasmid, a defective murine retroviral vector®® en-
coding enhanced green fluorescent protein (GPF) (Clon-
tech Laboratories, Inc., Mountain View, CA) downstream
of the human cytomegalovirus immediate early promoter
(generously provided by Dr. John Rasko, University of
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Sydney, Sydney, Australia). Viral supernatants were col-
lected and incubated with B16 cells in 8 ug/ml Polybrene
(Sigma-Aldrich, St. Louis, MO) for 2 days. Transduced
cells were flow sorted for GFP positivity.

Four- to 5-week-old C57BL/6J wild-type, homozygous
C57BL/6J-Tyrc2Y/J albino (carrying a spontaneous mu-
tation in the tyrosinase gene), or homozygous uMT
C57BI/6 mice deficient for B lymphocytes were obtained
from Jackson Laboratories (Bar Harbor, ME) and main-
tained in sterile microisolator rooms. Mice were injected
in one hind footpad with 200,000 GFP-expressing or un-
marked B16-F10 cells in a 50-ul volume of Hanks’ buff-
ered saline solution,?' whereas the other footpad was
injected with saline solution alone. After 18 to 22 days,
mice were imaged under anesthesia for 30 minutes (see
below) and euthanized with CO,, and tissues were dis-
sected. Experimental methods involving animals were
approved by the Fred Hutchinson Cancer Research Cen-
ter Animal Care and Use Committee.

Immunostaining and Flow Cytometry

Footpads or LN were serially sectioned to analyze the
entire tissue. Eight-um cryosections were fixed in ace-
tone for 10 minutes, dried for 15 minutes, and formalin-
fixed for 10 minutes, followed by 30 minutes of treatment
with 0.3% hydrogen peroxide in methanol. Sections were
immunostained with the following antibodies: MECA-32
(BD Biosciences, Bedford, MA), 10.1.124 8.1.1,242°
CD31 (BD Biosciences), or LYVE-1 (Upstate, Temecula,
CA). Immunostaining was detected using horseradish
peroxidase-labeled secondary antibodies with Vector VIP
followed by methyl green counterstaining (Vector Labo-
ratories, Burlingame, CA). Lymphatic vessel area was
measured in 616 X 484-um fields of 100X magnification
images of 10.1.1 antibody-stained LN sections, using the
NIH Imaged program (National Institutes of Health, Be-
thesda, MD). Blood vessel area or density was similarly
measured in LN sections immunostained with MECA-32
antibody. Individual lymphatic or blood vessels in the
footpad were visually hand-counted by direct examina-
tion of microscope fields at X100 magnification. Statisti-
cal analysis was performed by the two-tailed Student’s
t-test.

Immunofluorescent staining with mitotic phosphohis-
tone H3 (Upstate), 10.1.1, GFP (Molecular Probes, Eu-
gene, OR), F4/80 (eBioscience, San Diego, CA), or con-
trol antibodies used acetone and formalin fixation and
detection with fluorescein isothiocyanate (FITC)- or Al-
exa-labeled secondary antibodies (Molecular Probes)
followed by mounting in DAPI-containing media
(Vectashield; Vector Laboratories). Fixed sections were
also directly immunostained with FITC-labeled MI/70
Mac-1 (BD Biosciences), rat IgG2b (BD Biosciences), or
B220 antibodies (Caltag, Carlsbad, CA) after blocking
with CD16/CD32 antibody to Fc receptor (Fc Block, BD
Biosciences).

The lymphocyte composition of LNs was determined
by LN dissociation between frosted glass slides, nylon
filtration, cell counting in a hemocytometer, and immuno-
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staining with FITC-CD3 and PE-B220 (Caltag) followed by
propidium iodide staining and flow cytometry.

Optical Imaging

Real-time fluorescence images were obtained using a
Xenogen VIS Imaging System 100 equipped with a
Cyb.5 filter set (Xenogen, Alameda, CA). Identical illumi-
nation settings (lamp voltage, filters) were used for all
images, and fluorescence emission was normalized to
fluorescent efficiency, where the value of each pixel in an
efficiency image represents the fractional ratio of fluores-
cent emitted photons per incident excitation photon.?®

Mice were anesthetized with 2 to 3% isoflurane, and
were positioned supine in the Xenogen IVIS, with legs
taped to expose the popliteal fossa. The dorsal toe of
each hindfoot was then injected with 25 ul of Qtracker
705 nontargeted quantum dots (Qdot Corporation, Hay-
ward, CA) or with 25 ul of Cy5.5-labeled magnetic nano-
particles (Nanocs, Inc., New York, NY), both diluted 1:1 in
0.3% Evans blue (Sigma-Aldrich) in saline. For determin-
ing lymph flow, total fluorescent efficiency of the popliteal
LN area of the right and left leg of the animal were
calculated over regions of interest using Living Image
software (Xenogen) integrated with Igor (Wavemetrics,
Lake Oswego, OR). Preinjection images were used to
subtract background autofluorescence in the region of
interest. Statistical analysis was performed with a two-
tailed Student’s paired t-test.

Results

Lymphatic and Blood Vessels Are Normal in
B16 Footpad Tumors

The B16 melanoma cell line reliably undergoes metasta-
sis to the tumor-draining popliteal LN and subsequently
to the lungs within a few months after implantation in the
footpad of syngeneic C57BI/6 mice.?" The lymphatics of
the foot drain directly through the popliteal LN,?” which is
advantageous for analysis of tumor spread through the
draining LN. We used this model to characterize lym-
phatic and blood vessels in the primary tumor and drain-
ing popliteal LN as a first step to examine the involvement
of the lymphatic system in dissemination of these tumors.
Four-week-old albino C57BI/6 mice were injected in one
rear footpad with B16 cells, whereas the other rear foot-
pad was injected with saline as an internal control. The
melanoma cells were infected with a GFP-expressing
retroviral vector to monitor tumor cell metastasis. Footpad
tumors and LN were analyzed 18 to 22 days after tumor
implantation, when tumors reached a 3- to 6-mm
diameter.

Serial sections of the resulting melanomas were ana-
lyzed by immunostaining with the 10.1.1 antibody, which
specifically recognizes murine lymphatic endotheli-
um.'®24 The growing melanomas did not obviously alter
the lymphatic vessels of the footpad. Lymphatic vessels
are sparse in the control leg footpad and are also rarely
observed within the footpad tumor (Figure 1A, arrows).
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Figure 1. Normal representation of lymphatics and blood vessels in footpad
melanomas in albino mice. A: Control footpad or B16 footpad tumor immu-
nostained with 10.1.1 lymphatic endothelial antibody both show sparse
purple-stained lymphatic vessels (arrows) with methyl green counterstain-
ing. The black melanin pigment identifies the B16 tumor (right panel, aster-
isk). B: LYVE-1 immunostaining also identifies sparse lymphatic vessels
(arrows) in control (left panel) or B16 footpads (right panel). C: Blood
vessels immunostained with MECA-32 antibody (arrows) are similar in
control footpads (left panel) and in footpad tumors (right panel). D: CD31
immunostaining also shows similar blood vessels in control and B16 foot-
pads. All panels are shown at X100 magnification. E: Image quantification
demonstrates similar lymphatic vessel density in seven control and 10 B16
tumor-bearing footpads. F: Image quantification confirms similar blood ves-
sel density in seven control and eight tumor-bearing footpads. Standard
errors are shown.

Previous studies suggested that abnormal lymphatic ves-
sels in the tumor periphery could mediate lymphatic me-
tastasis.'® However, we did not observe any increase in
the number or size of occasional peritumoral lymphatic



vessels. Immunostaining with the LYVE-1 antibody, which
also recognizes lymphatic endothelium®® confirmed that
lymphatic vessels are sparse in control footpads or in
tumors (Figure 1B). These visual observations were con-
firmed by counting vessel density in regions spanning
footpad tumors or in corresponding regions of the control
leg footpad. Lymphatic density was similar in tumors and
in control footpads (Figure 1E). These findings indicate
that B16 melanoma growth within the footpad is not ac-
companied by intratumoral or peritumoral lymphatic ves-
sel growth.

Blood vessels in or around B16 footpad tumors were
also unaffected by tumor growth, as shown by immuno-
staining with the vascular endothelial-specific MECA-32
antibody®® (Figure 1C, arrows). This finding was con-
firmed by immunostaining for CD31 (Figure 1D). Quanti-
tation of MECA-32-positive vessels showed similar blood
vessel density in tumors and in control footpads (Figure
1F). These findings indicate that B16 tumors do not ob-
viously alter the vascular supply at early stages of tumor
growth.

Lymph Node Lymphangiogenesis Is an Early
Response to Tumor Growth

Our finding that footpad melanomas fail to induce lym-
phatic or blood vessel growth suggested that some other
mechanism promotes B16 tumor dissemination. The pop-
liteal LN draining the footpad melanoma was examined to
determine whether vessels in this lymphatic organ are
altered by tumor growth. 10.1.1 immunostaining of the
control leg popliteal LN showed sparse lymphatic si-
nuses restricted to the cortex (Figure 2A). However, the
popliteal LN from the tumor-draining leg showed greatly
increased and enlarged lymphatic sinuses distributed
throughout the cortex and medulla (Figure 2, B and C).
Lymphangiogenesis was consistently observed in the tu-
mor-draining LNs from 10 mice whether the tumor was
implanted in the left or right foot (data not shown). The
LYVE-1 antibody, which also recognizes lymphatic endo-
thelium,?® shows the expanded lymphatic sinuses (Fig-
ure 2H) in a pattern similar to that obtained with the 10.1.1
antibody (Figure 2, B and C). The 8.1.1 antibody to po-
doplanin expressed on lymphatic endothelium3° also
recognized these lymphatic sinuses (data not shown),
confirming that lymphatic endothelium is increased within
these LNs. These findings indicate that the tumor some-
how promotes expansion of lymphatic sinuses in the
draining LN.

Quantification of the area occupied by 10.1.1-positive
lymphatic vessels in LNs by NIH ImagedJ measurement of
microscope images demonstrated a ninefold increase in
lymphatic vessel area in the tumor-draining LNs relative
to the control LNs (Figure 3A). These data confirm that
lymphatic sinus expansion is consistently induced in the
tumor-draining LN within 3 weeks after tumor implantation
in the footpad. The effects of the melanomas on lym-
phatic vessels are restricted to the tumor-draining LNs,
as control leg popliteal LNs from tumor-bearing mice
showed the same sparse pattern of lymphatic sinuses

Tumor-Draining LN Alterations 777
AJP February 2007, Vol. 170, No. 2

(Figure 2A) as popliteal LNs from normal littermates (data
not shown). Moreover, the nondraining mesenteric LN of
tumor-bearing or control mice showed normal lymphatic
sinuses (data not shown).

The expansion of lymphatic sinuses in the tumor-drain-
ing LN could result from the proliferation of lymphatic
endothelial cells. We tested whether lymphatic endothe-
lial cell proliferation is involved by immunostaining LN
with anti-phosphohistone H3 antibody that recognizes a
phosphorylated serine 10 residue specific for mitotic
cells.®" Punctate phosphohistone staining of mitotic nu-
clei was often detected in 10.1.1-positive lymphatic en-
dothelial cells in tumor-draining LNs (Figure 2G, arrows),
whereas phosphohistone staining was rarely observed in
control LNs (data not shown). Actively dividing cell pop-
ulations show 1 to 2% positivity for mitotic phospho-
histone H3,%% so that our frequent detection of mitotic
lymphatic endothelium indicates that proliferation con-
tributes at least in part to the expansion of lymphatic
sinuses in tumor-draining LN.

Lymph Node Lymphangiogenesis Precedes
Tumor Metastasis

To determine whether the LN alterations are associated
with invasion by melanoma cells, we analyzed tumor-
draining LNs for the presence of melanoma cells. Sec-
tions throughout the entire LN were either directly ex-
amined for immunofluorescent GFP cells, were stained
with GFP antibodies, or examined by light microscopy
for the black-pigmented melanoma cells. The lungs of
these animals did not yet contain metastases, in agree-
ment with previous studies showing that lung metasta-
ses are not visible until several months after implanta-
tion.2" At 18 to 22 days after implant, only two of 10 LNs
contained pigmented metastases that were GFP-posi-
tive (Figure 21, arrow), whereas one LN contained a
small cluster of GFP-positive cells (data not shown).
The other seven nonmetastatic tumor-draining LNs
showed no sign of melanin- or GFP-positive (Figure 2J)
cells. The extent of lymphangiogenesis in LNs contain-
ing metastases (Figure 2B) was similar to that ob-
served in LNs that did not yet contain melanoma cells
(Figure 2C). These findings suggest that tumors in the
foot act at a distance to induce lymphangiogenesis
within the popliteal LN before melanoma cells are de-
tectible within the LN. On the other hand, a small
number of undetected tumor cells within the LN could
potentially provoke this strong response.

We tested whether the tumor-draining LN also un-
dergo angiogenesis in response to tumor-derived sig-
nals. MECA-32 immunostaining identified capillaries
and high endothelial venules throughout the cortex and
medulla of the control leg popliteal LN (Figure 2D). The
pattern of MECA-32 antibody immunostaining was sim-
ilar in the tumor-draining popliteal LNs with (Figure 2E)
or without (Figure 2F) metastasis. Quantitation of blood
vessel area (Figure 3B) or density (Figure 3C) from
microscope images using the NIH Imaged program
confirmed that there was no significant blood vessel
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A. 10.1.1

Figure 2. Melanoma-draining LNs undergo lym-
phangiogenesis in albino mice. 10.1.1 immuno-
staining of wild-type LN shows few cortical (C) or
medullary (M) lymphatic sinuses (A), whereas a
tumor-draining popliteal LN containing a mela-
noma metastasis (B) or a LN that does not yet
contain melanoma cells (C) shows extensive lym-
phangiogenesis throughout the cortex and me-
dulla. Control (D), metastatic (E), or pre-meta-
static (F) LNs show similar blood vessel density by
MECA-32  immunostaining. Immunofluorescent
staining for mitotic phosphohistone H3 detected
with FITC-labeled secondary antibodies, and
10.1.1 lymphatic endothelial immunostaining with
Alexa 594-labeled secondary antibodies shows mi-
totic lymphatic endothelium in tumor-draining LN
(G, arrows). Nuclear DAPI staining is also shown.
Immunohistochemical staining with LYVE-1 anti-
body confirms increased lymphatic sinuses in pre-
metastatic tumor-draining LNs (H). Melanoma
cells are detected in draining LNs by their GFP
expression (I, arrow). Pre-metastatic LN does not
contain GFP-positive cells (J). Scale bars = 25 um.

growth in the tumor-draining popliteal LN. These find-
ings indicate that B16 tumors activate lymphangiogen-
esis within the draining LN without inducing blood ves-
sel growth.

LN Lymphangiogenesis Is Accompanied by
Increased Lymph Flow

We previously found that LN lymphangiogenesis in
Eu-c-myc mice is accompanied by a 23-fold increase

C. 10.1.1

in lymph flow as measured by incorporation of TRITC
dextran into draining popliteal and iliac LNs after foot-
pad injection.’® Here, we developed a real-time imag-
ing assay to measure lymph flow in B16 tumor-bearing
mice to determine whether the lymphangiogenesis we
identified in melanoma-draining LN is also associated
with a functional increase in lymph transit. In this as-
say, near-infrared fluorescent nanoparticles are in-
jected into the rear toes, followed by imaging of lymph
flow in the Xenogen IVIS imaging system. Quantum
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Figure 3. Lymphangiogenesis in the tumor-draining LN is not associated with angiogenesis. Measurement of 10.1.1-positive lymphatic vessel area in seven control
and seven tumor-draining leg popliteal LNs shows a ninefold increase in lymphatic vessels (A). This increase is statistically significant by #test (V = 34, *P <
0.0001). In contrast, MECA 32-positive blood vessel area (B) and density (C) are similar in control and tumor-draining leg popliteal LNs (N = 36). Standard errors

are shown.

dots of 52-nm diameter and Cy5.5-labeled nanopar-
ticles of 30-nm diameter were tested. Both of these
nanoparticles are of optimal size to be transported into
the lymph but not into the blood stream.®3 Mice were
injected in the dorsal toe located several millimeters
away from the ventral footpad tumor. Immunostaining
analysis showed sparse lymphatic vessels in the dorsal
toe, which were similar in the tumor-bearing and con-
trol legs (data not shown).

Mice bearing left footpad melanomas were imaged
from 2 to 30 minutes after injection of quantum dots into
both rear toes. Quantum dots were detected within 2
minutes in the tumor-draining popliteal LN (Figure 4A, P),
whereas they were not detected in the control leg LN.
This increased uptake into the tumor-draining popliteal
LN persisted for over 30 minutes, whereas the control LN
slowly developed a detectible signal by 30 minutes after
injection. All eight mice imaged with quantum dots or with
Cy5.5 nanoparticles showed much more lymph flow
through the tumor-draining popliteal LN. As a control,
normal littermates were injected with nanoparticles in
both feet. Nanoparticles were not visible in either popli-
teal LN of normal littermates until 30 minutes after injec-
tion (Figure 4B), confirming that increased lymph flow is
restricted to tumor-draining LNSs.

Lymph from the foot primarily drains through the pop-
liteal LN and then to the internal iliac LN, whereas some
lymph also drains through the inguinal and axillary LNs.?”
Quantum dots were also detected within 2 minutes in the
inguinal (Figure 4A, |) and axillary LN (Figure 4A, A)
draining the tumor, and these signals increased over 30
minutes of imaging. Ex vivo imaging of these LNs after
euthanasia and dissection confirmed that they contained
quantum dots (data not shown). These findings indicate
that tumors can affect lymph flow for some distance
through the draining lymphatic system. However, in most
of the mice Xenogen detection of nanoparticles was lim-
ited to the popliteal LN. We were also unable to detect
lymph flow through the tumor-draining iliac LN. This is
probably due to their internal location in the peritoneum,
where fluorescence is quenched. However, Evans blue
dye co-injected with the nanoparticles preferentially ac-
cumulated in the iliac LN draining the tumor-bearing leg
in mice autopsied within minutes after dye injection (data

not shown), indicating that lymph flow through visceral
tumor-draining LNs is also increased.

Lymph flow was quantitated in tumor-bearing and con-
trol mice injected with quantum dots or Cy5.5 nanopar-
ticles by measuring the fluorescent signal (fluorescent
efficiency) in a region of interest over each popliteal LN.
On average, high levels of nanoparticles were detected
in the tumor-draining popliteal LN within less than 2 min-
utes after injection, and these high levels persisted for 30
minutes (Figure 4C). In the control leg, popliteal LN signal
increased at a slower rate (Figure 4D). Lymph flow was
compared between the popliteal LN of the tumor-draining
and control legs of individual mice to more accurately
assess the difference in lymph flow rate. Lymph flow
through the tumor-draining LN was 21-fold higher within 2
minutes, decreasing to twofold over normal by 30 minutes
after injection (Figure 4E). Normal litermates showed no
difference in lymph flow in either leg at any time point
(Figure 4F). These data demonstrate that lymph flow is
specifically increased through tumor-draining LNs.

Tumor Lymphangiogenesis Is Not Due to
Melanin or GFP Antigen-Induced Immune
Response

The melanoma cells used for these studies were engi-
neered to express exogenous GFP to assist in monitoring
for tumor cell metastasis to LNs. Moreover, these tumor
transplant studies were performed using albino C57BI/6
mice, which do not produce melanin, for optimal fluores-
cent imaging of lymph flow.?® Hence we investigated
whether the LN alterations we identified could involve an
immune response to the foreign GFP or melanin antigens
in albino mice by transplanting unmodified melanoma
cells to establish tumors in black C57BI/6 (melanin-pos-
itive) mice. Black C57BI/6 mice developed 3- to 6-mm
tumors with similar kinetics as albino (melanin-negative)
C57BI/6 mice bearing GFP-positive melanomas and
showed a similar incidence of detectible LN metastases
in 2 of 10 mice. The tumor-bearing footpads of the black
mice showed no obvious growth of lymphatic or blood
vessels as determined by immunostaining (data not
shown). In contrast, the tumor-draining popliteal LN of
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Figure 4. Lymph flow increases in the tumor-draining LNs of albino mice. A: Quantum dots were injected into both dorsal rear toes of albino C57BI/6 mice bearing
tumors in the left rear footpad, and mice were imaged from 2 to 30 minutes after injection. Shown is a representative set of supine images. The popliteal LN in
the tumor-draining leg (P, arrow) is positive for quantum dots within 2 minutes after injection, and the increased signal persists for 30 minutes relative to the
control leg. The inguinal (I, arrow) and axillary (A, arrow) LNs draining the tumor are also positive. B: Control albino C57Bl/6 mouse injected with quantum
dots shows no visible signal in either popliteal LN until 30 minutes after injection. C: Measurement of quantum dot or Cy5.5 nanoparticle fluorescent efficiency
in a region of interest drawn over the tumor-draining popliteal LN from eight tumor-bearing mice. Lymph flow is significantly increased in the tumor-draining LN
relative to the control nondraining LN by paired #test. *P < 0.04, *P < 0.02. D: Fluorescent efficiency slowly increases in popliteal LN draining the control leg
of tumor-bearing mice. E: Pairwise comparison of fluorescent efficiency in the tumor-draining and control LNs from individual mice demonstrates increased lymph
flow in tumor-draining LNs expressed as a fold increase in lymph flow over the control LNs. F: Control mice not bearing tumors showed no difference in lymph
flow through each popliteal LN. Standard errors are shown.

black mice showed extensive growth of 10.1.1-positive vessel density is unaffected (Figure 5D). This specific acti-
lymphatic sinuses relative to control nondraining LN (Fig- vation of LN lymphatic vessel growth is very similar to that
ure 5A). MECA-32-positive blood vessels were similar in observed with GFP or melanin antigen-expressing tumors
the control and tumor-draining LNs (Figure 5B). Quanti- (Figures 2 and 3). These findings indicate that LN lym-
fication confirmed that lymphatic vessel area increases phangiogenesis is not due to expression of foreign antigens

12-fold in tumor-draining LNs (Figure 5C), whereas blood and instead involves a response to tumor growth.
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A. 1011 fur, as it blocks fluorescence detection.?® Black mice
Control LN bearing unmodified melanomas in the left rear footpad
2 : showed nanoparticles appearing in the tumor-draining
popliteal LN within 2 minutes after injection and in-
creasing over 30 minutes, whereas they appeared
much more slowly in the control leg LN (data not
shown). Quantification of popliteal LN fluorescent sig-
nals showed significantly higher levels of lymph flow
through the tumor-draining LN from 2 through 30 min-
utes after injection (Figure 6A), whereas lymph flow
slowly increased in the control leg LN (Figure 6B).
Comparison of the popliteal LN signal in tumor-drain-
ing versus nondraining LNs of individual mice identi-
fied a 33-fold increase in quantum dots in the tumor-
draining LN relative to the control LN within 2 minutes,
and increased lymph flow was sustained over 30 min-
utes after injection (Figure 6C). This rapid lymph flow
profile is very similar to that observed for albino mice

C. bearing GFP-positive tumors (Figure 4). These findings
= > indicate that the increased lymph flow through tumor-
B om0 * @ draining LNs involves a response to tumor growth,
% —_— ﬁ 5 rather than a response to GFP or melanin antigens.
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£ 2000 T = /

= g~ Inflammatory Cells Accumulate in B16 Footpad
= m o I

3 Control LN B16 LN Contiol LN B16 LN Tumors and Tumor-Draining LNs

Figqre 5. ]Tymphangioge'nesis in LNs draining tumors that do not express Because the Iymphangiogenesis we observe in tumor-
foreign antigen. A: Popliteal LNs from the control leg of black (melanin- . . .

positive) mice implanted with unmarked (GFP-negative) tumors show few dramlng popllteal LNs occurs in the absence of meta-
cortical (C) or medullary (M) lymphatic sinuses with 10.1.1 immunostaining static B16 tumor cells, we hypothesized that inﬂammatory
(left panel), whereas B16 tumor-draining popliteal LN shows extensive : A

growth of lymphatic sinuses throughout the cortex and medulla (right cells COUlq traffic from the fOOtpad to the drammg L_N and
panel). B: MECA-32-positive blood vessels are equally abundant in control prOdUCe Slgﬂa|S that induce LN-SpeCIﬂC |ymphanglogen‘
(left panel) or tumor-draining (right panel) LNs. Scale bars = 25 um. C: esis. For example, macrophages often infiltrate tumors
Quantification of lymphatic vessel area demonstrates a 12-fold increase in d ind | hati | th b ti
lymphatic vessels in six tumor-draining LNs versus six control LNs, which is an Caf? Induce ymp atic vessel grow y secreting
statistically significant by rtest (*P< 0.0001, N = 24). D: Blood vessel density lymphatic endothelial growth factors such as VEGF-A,
is equal in tumor-draining LNs compared with control LNs (N = 16). Standard VEGF-C. and VEGF-D.3*3% Moreover. B Iymphocytes can

errors are shown.

strongly promote lymphangiogenesis, in part by secret-
ing VEGF-A."®3¢ Thus, we used immunostaining to as-

We adapted the imaging assay to measure lymph sess infiltration of macrophages and B lymphocytes in
flow in black tumor-bearing mice using near infrared the primary tumor and draining LN from black C57BI/6
quantum dots. The legs were shaved to remove black mice implanted with unmarked B16-F10 cells. The F4/80
A. Tumor-draining LN B. Control LN C. Tumor-bearing mice
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Figure 6. Lymph flow increases in the tumor-draining LN of black mice. Black C57/Bl6 mice implanted with unmarked B16 tumors were imaged after quantum
dot injection into both rear dorsal toes, and quantum dot fluorescent efficiency was measured in regions of interest over the popliteal LN in the tumor-draining
and control legs from 10 tumor-bearing mice. Quantum dot accumulation is increased in the B16 tumor-draining popliteal LN (A) relative to the nondraining
control leg LN (B) from 2 through 30 minutes of imaging, and this difference is statistically significant (* 7 < 0.04, **P < 0.03). Pairwise comparison of lymph flow
through the tumor-draining versus control LNs from individual mice (C) demonstrates increased lymph flow through the tumor-draining LNs. Standard errors are
shown.
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and Mac-1 antibodies were used to detect antigens ex-
pressed on macrophages as well as some types of leu-
kocytes.®” 28 The primary footpad tumors showed dense
accumulations of Alexa 568-labeled F4/80- and/or FITC-
labeled Mac-1-positive cells (Figure 7B, right panel),
whereas positive cells were rarely detected in the control
footpad (Figure 7B, left panel). Many cells were positive
for both the macrophage markers F4/80 and Mac-1. The
cells that are positive for only F4/80 or Mac-1 could be
granulocytes®” or eosinophils,®® respectively. These find-
ings indicate that there is extensive infiltration of macro-
phages and other leukocytes within the primary footpad
tumor, which could potentially contribute to signaling of
lymphangiogenesis within the tumor-draining LN.

The LNs were then examined to test whether the mac-
rophage or leukocyte content of the tumor-draining LN is
also increased. Alexa 568-labeled F4/80 or FITC-labeled
Mac-1-positive cells were rarely observed in the control
popliteal LN (Figure 7E, left panel) or in the tumor-drain-
ing LN (Figure 7E, right panel). These findings indicate
that whereas myeloid cells infiltrate the primary tumor,
they do not accumulate within the tumor-draining LN.

A recent study indicated that immunization with bac-
terial antigens induces inflammation at the injection site,
accompanied by accumulation of B lymphocytes and
lymphangiogenesis in the draining LN.%® To determine
whether B cells may be present in B16 tumors, we per-
formed immunostaining using the B cell-specific B220
antibody. Footpad tumors or control footpads did not
contain FITC-labeled B220-positive B lymphocytes (Fig-
ure 7C), indicating that macrophage infiltration of the
primary tumor does not involve B lymphocytes. Control
LNs showed a normal distribution of FITC-labeled B220-
positive B cells confined to the cortical region adjacent to
cortical Alexa 568-labeled 10.1.1-positive lymphatic si-
nuses (Figure 7F, left panel). In contrast, B cells were
found throughout the enlarged tumor-draining LN, among
the expanded lymphatic sinuses of the cortex and me-
dulla (Figure 7F, right panel). Flow cytometry analysis of
B220-positive B lymphocytes and CD3-positive T cells
identified a significant eightfold increase in B cell content
within tumor-draining LNs relative to the control LNs, in
addition to a threefold increase in CD3-positive T cell
content (Figure 8). These findings indicate that B and T
lymphocytes accumulate in the tumor-draining LN but not
in the primary tumor.

B Lymphocytes Are Required for Tumor-
Draining LN Lymphangiogenesis

The major alteration we identified thus far, which corre-
lates with tumor-draining LN lymphangiogenesis, is the
accumulation of B lymphocytes and, to a lesser extent, T
lymphocytes in the draining LN. We next directly exam-
ined a role for B lymphocytes in B16 tumor-associated LN
lymphangiogenesis using homozygous uMT transgenic
mice, which are deficient for B lymphocytes due to dele-
tion of the membrane segment of the Igu heavy chain
gene.®® B16 tumor cells were injected into the footpad of
wMT mice, where they grew at the same rate as tumors

transplanted into wild-type mice, reaching 3 to 6 mm
diameter within 18 to 22 days (data not shown). Immu-
nostaining for the Alexa 568-labeled 10.1.1 lymphatic
endothelial marker demonstrated that the tumor-draining
LN does not undergo lymphangiogenesis in uMT mice
deficient for B lymphocytes (Figure 7G, right panel). Fur-
thermore, additional immunostaining revealed that F4/80-
and Mac-1-positive cells accumulated in the footpad tu-
mors of uMT mice (Figure 7D, right panel) to the same
extent as in wild-type mice (Figure 7B, right panel). These
findings indicate that macrophage infiltration of the foot-
pad tumor is not sufficient to induce LN lymphangiogen-
esis. Instead, B lymphocyte accumulation within the
draining LN is required for the expansion of LN lymphatic
sinuses in response to tumor growth.

LN Lymphangiogenesis Is Required for Tumor-
Induced Lymph Flow

Our finding that uMT mice do not undergo lymphangio-
genesis in the tumor-draining LN allowed us to test
whether this LN lymphangiogenesis is required to in-
crease lymph flow from tumors. The Xenogen lymph flow
assay was used to compare lymph flow through the pop-
liteal LN in the tumor-draining and control leg of uMT
mice. As previously shown, wild-type mice implanted with
B16 footpad tumors exhibited a 33-fold increase in lymph
flow by 2 minutes after injection, which persisted over 30
minutes at much higher levels than normal (Figure 6). In
pMT mice, lymph flow through the tumor-draining popli-
teal LN was increased only threefold relative to the con-
trol LN, by 2 minutes after quantum dot injection, de-
creasing to twofold over normal by 10 minutes after
injection (Figure 9, black bars). The differences between
lymph flow in uMT and wild-type mice were statistically
significant from the 5 to 30 minute time points (Figure 9).
These findings demonstrate that B cell-associated LN
lymphangiogenesis is required to increase lymph flow
through the tumor-draining LN.

Discussion

Increasing evidence supports involvement of the lym-
phatic system in metastasis of a variety of cancers, al-
though little is known yet about the mechanism of tumor
cell dissemination. In this study, we found that B16 mel-
anomas, which are thought to metastasize via the lym-
phatics, surprisingly do not show lymphatic vessel
growth in or adjacent to footpad tumors. In fact, tumor
lymphatic vessels seemed normal even after tumors me-
tastasized to the draining LN. Instead, we discovered that
the popliteal LNs draining the footpad tumors undergo
early and extensive growth of lymphatic sinuses, even
before tumor cells are detectible within the LNs. These
findings demonstrate that tumor-derived signals promote
lymphangiogenesis in the draining LN at a distance. We
also found that tumor-derived lymphangiogenesis is re-
stricted to the tumor-draining LN, since popliteal LNs
from the control rear leg or from the internal mesenteric



LN show normal sparse lymphatics. These results sug-
gest that tumor-derived signals are transported via the
lymphatics to the draining LN, where they induce local-
ized lymphatic vessel growth. Lymphangiogenesis has
also been identified in the LNs of mice developing lym-
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Figure 8. Lymphocytes accumulate in tumor-draining LNs. B220-positive B
lymphocytes (black bar) and CD3-positive T lymphocytes (white bar) from
control or B16 LNs were measured by flow cytometry. B cell content was
significantly increased in tumor-draining LNs, and this change was statisti-
cally significant by #test (N = 3, P < 0.05).

phomas'® and in LNs draining murine squamous cell
carcinomas.*® Human LNs infiltrated with metastatic mel-
anoma® also show lymphatic vessel growth, suggesting
that sentinel LN lymphangiogenesis may be a common
feature of murine and human cancers, which could con-
tribute to tumor dissemination.

The extensive lymphangiogenesis we identified in B16
melanoma-draining LN is associated with a 20- to 30-fold
increase in lymph flow from the dorsal toe through the
tumor-draining LN. A previous study observed a two- to
sixfold increase in radiotracer clearance out of B16 foot-
pad tumors,*’ supporting our finding that lymph flow is
increased from the foot on through the draining LN. Lym-
phatic vessels are thought to propel lymph by passive
influx of fluid into initial lymphatics because of higher
tissue interstitial fluid pressure and by spontaneous con-
traction of smooth muscle cells enveloping the collecting
lymphatic vessels.*®43 Tumors often increase interstitial
fluid pressure,’"** which could contribute to the ob-

Figure 7. Immune cell accumulation in the primary tumor and tumor-drain-
ing LN. A: Light microscopy of control (left panel) or B16-implanted (right
panel) footpads identifies black-pigmented melanoma cells restricted to the
B16 footpad. B: Immunostaining of the same footpad regions with Alexa
568-labeled F4/80 and FITC-labeled Mac-1 antibodies shows extensive accu-
mulation of F4/80 and/or Mac-1-positive macrophages and other leukocytes
throughout the footpad tumor (right panel) in wild-type mice, whereas these
cells were absent from the control footpad (left panel). Nuclei are stained
with DAPI. C: FITC-labeled B220 immunostaining shows that there are no B
lymphocytes in control or B16 footpads of wild-type mice. Control Alexa
568-labeled anti-rat IgG antibodies show no immunostaining of footpads. Dz
Alexa 568-labeled F4/80 and FITC-labeled Mac-1-positive cells are abundant
in footpad tumors (right panel) but not in control footpads (left panel) from
uMT B cell-deficient mice. E: Control (left panel) or tumor-draining (right
panel) LNs from wild-type mice show few Alexa 568-labeled F4/80 or
FITC-labeled Mac-1-positive cells. F: FITC-labeled B220-positive lympho-
cytes and Alexa 508-labeled 10.1.1-positive lymphatic sinuses are restricted
to the cortex (C) of control LN (left panel), whereas B16 tumor-draining LN
features B220-positive B lymphocyte accumulation throughout the cortex
and medulla (M) alongside enlarged 10.1.1-positive lymphatic sinuses (right
paneD). G: LN from uMT mice do not contain FITC-labeled B220-positive B
lymphocytes, and Alexa 568-labeled 10.1.1-positive lymphatic sinuses are
restricted to the cortex of both control (left panel) or tumor-draining (right
panel) LNs. Scale bars = 50 um.
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Figure 9. Normal lymph flow through tumor-draining LN in uMT B lympho-
cyte-deficient mice. Quantum dots were injected into both feet of tumor-
bearing uMT mice, and regions of interest were quantitated over 30 minutes
of Xenogen imaging in four mice. Lymph flow through the tumor-draining LN
was not significantly increased relative to the control leg LN (black bars), in
contrast to the large increase in lymph flow through the tumor-draining LNs
of wild-type mice (data from Figure 6C shown as a dashed line). This
difference in lymph flow through the tumor-draining LN of uMT and wild-
type mice is statistically significant by #test (*P < 0.04, **P < 0.02).

served increase in lymph flow. However, we injected the
dorsal toe of these mice, which is located several milli-
meters away from the footpad tumor, so that fluid pres-
sure would need to increase over some distance from the
tumor to influence toe lymphatic function.

Although the lymphatic vessels draining the toe and
footpad seem normal, a previous study identified a 20 to
60% increase in the diameter of the major lymphatic
vessel emptying into the popliteal LN draining B16 foot-
pad tumors,*’ which could promote tumor-draining
lymph flow. However, in this study we found that tumor-
derived signals exert a much more pronounced effect on
lymphatic sinuses within the draining LNs of wild-type
mice, as the lymphatic sinus area is increased more than
ninefold, and the ellipsoid volume*® of the popliteal LN is
four times larger than normal (data not shown). Taken
together, these findings indicate that the major alteration
associated with increased lymph flow in wild-type mice is
the extensive growth of LN lymphatic sinuses. Moreover,
we show in this study that tumor-draining LNs of uMT B
cell-deficient mice show normal low lymph flow, which is
associated with a failure to induce LN lymphangiogen-
esis in the tumor-draining LN. These findings suggest
that LN lymphangiogenesis actively promotes lymph
drainage from the tumor. This hypothesis is supported by
our previous finding that lymph flow is greatly increased
in Eu-c-myc transgenic mice developing lymphomas,
where lymphangiogenesis is restricted to LNs."® Further
investigation should identify the mechanism of increased
lymph flow associated with LN lymphangiogenesis.

Macrophages and other leukocytes infiltrate B16 foot-
pad tumors, whereas B cells accumulate throughout tu-
mor-draining LNs. A recent study also identified alter-
ations in immune cell trafficking into B16 tumor-draining
LN, with decreased homing and sticking of naive lympho-
cytes in LN high endothelial venules and modestly in-
creased rolling and sticking of polymorphonuclear

cells.*® Taken together, these studies indicate that im-
mune cell function is significantly altered from primary
tumors through tumor-draining LNs. Our studies in B
cell-deficient uMT mice further indicate that macrophage
infiltration of the footpad tumors is not sufficient to induce
LN lymphangiogenesis, since uMT mice show extensive
macrophage infiltration of the footpad tumors similar to
that of wild-type mice, whereas not exhibiting LN lym-
phangiogenesis. In contrast, B lymphocyte accumulation
in the tumor-draining LN is required for LN lymphangio-
genesis and increased lymph flow, as uMT mice lacking
B cells did not show these lymph node alterations. The
contribution of tumor-infiltrating macrophages to vessel
alterations in the draining LN remains to be defined.

B cell accumulation within LNs is also associated with
LN lymphangiogenesis in Eu-c-myc mice developing
lymphomas.'® Moreover, a recent study demonstrated
that immunization with bacterial antigens results in B cell
accumulation in draining LNs, which induces LN lym-
phangiogenesis.®® In both models, B cell accumulation
was associated with increased VEGF-A production in the
LN. Further support for these associations were obtained
in a study of transgenic mice expressing high levels of
VEGF-A in tumor cells, which induced lymphangiogen-
esis in the tumor-draining LN.*® VEGF-A may not be the
only factor inducing LN lymphangiogenesis, as inhibition
of VEGFR-2 signaling only partially inhibited LN lym-
phangiogenesis in response to bacterial immunization.®®
Inhibition of VEGFR-3 signaling also partially inhibited LN
lymphangiogenesis,®® indicating that VEGF-C or VEGF-D
could also promote expansion of LN lymphatic sinuses.
We were unable to detect VEGF-A or VEGF-C within the
B16 tumor-draining LN by immunostaining (data not
shown). However, these factors activate lymphatic endo-
thelial proliferation at very low concentrations,*”*® so that
biologically significant accumulation within tumor-drain-
ing LNs may not be detectible. The LN of Eu-c-myc
transgenic mice, which are filled with VEGF-A-producing
immature B cells, show extensive growth of blood as well
as lymphatic vessels, '® whereas in this study we find that
B16 tumor-draining LNs show lymphatic but not blood
vessel growth. This suggests that multiple factors regu-
late blood versus lymphatic vessel growth within the LN.
Further analysis of B cell-derived signals should give
insight to the contributions of VEGF-A and other growth
factors to lymphatic vessel growth in tumor-draining LNs.

Although the tumor-draining lymph nodes undergo ex-
tensive lymphangiogenesis, the primary B16 melanomas
showed no sign of lymphatic or blood vessel growth.
B16-F10 melanomas are known to produce VEGF-A, and
the tumor-infiltrating macrophages could potentially con-
tribute VEGF-A, VEGF-C, and VEGF-D,%® which should
promote blood as well as lymphatic vessel growth.*® Our
failure to identify vessel growth in B16 melanomas sug-
gests that additional factors regulate the activity of endo-
thelial growth factors within the primary tumor.

The recruitment of macrophages to B16 tumors and
the associated B lymphocyte accumulation in draining
LNs is surprising in light of multiple reports that the B16
melanoma is poorly immunogenic in syngeneic mice,
allowing tumors to readily grow and metastasize after



implantation,®© whether or not foreign antigens are ex-
pressed from the tumor.®"52 It remains to be determined
why B16 tumors fail to produce an effective anti-tumor
immune response. Immune cell infiltration is often asso-
ciated with immunological tolerance to tumors, in part by
VEGF-A-mediated inhibition of dendritic cell function.®® A
similar mechanism could operate in B16 melanomas,
which secrete high levels of VEGF-A.%*

Our finding that B16 tumors induce LN lymphangio-
genesis and increase lymph flow through tumor-draining
LN suggests that these alterations could actively promote
lymphatic metastasis of melanoma cells to draining LN
and subsequently to the lungs. Increased lymph propul-
sion through tumor-draining LNs could reduce fluid pres-
sure within initial lymphatic vessels, promoting tumor cell
entry into the occasional lymphatic vessels found in or
around the melanomas. After entry into lymphatic ves-
sels, tumor cell transit into and through the draining LNs
could be further promoted by increased lymph flow. In
support of the idea that LN alterations promote metasta-
sis, we did not observe LN metastasis in uMT B cell-
deficient mice showing normal lymph flow. Examination
of additional murine and human cancers should deter-
mine whether tumor-draining LN lymphangiogenesis and
increased lymph flow is a feature of cancers in general or
if these alterations are predictive for those cancers that
metastasize via the lymphatics. In either case, the devel-
opment of noninvasive imaging methods to measure LN
lymphatic sinuses or lymph flow could provide a useful
tool for cancer diagnosis. A requirement for B lympho-
cytes in stimulating LN alterations, resulting in lymphatic
tumor dissemination, could also provide a new target for
the development of therapies to block metastasis.
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