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Lymphatic vessels are thought to contribute to metastasis primarily by serving as a trans-
portation system. It is widely believed that tumor cells enter lymph nodes passively by the
flow of lymph. We demonstrate that lymph node lymphatic sinuses control tumor cell entry
into the lymph node, which requires active tumor cell migration. In human and mouse
tissues, CCL1 protein is detected in lymph node lymphatic sinuses but not in the peripheral
lymphatics. CCR8, the receptor for CCL1, is strongly expressed by human malignant mela-
noma. Tumor cell migration to lymphatic endothelial cells (LECs) in vitro is inhibited by
blocking CCR8 or CCL1, and recombinant CCL1 promotes migration of CCR8* tumor cells.
The proinflammatory mediators TNF, IL-1(3, and LPS increase CCL1 production by LECs and
tumor cell migration to LECs. In a mouse model, blocking CCR8 with the soluble antagonist
or knockdown with shRNA significantly decreased lymph node metastasis. Notably, inhibi-

tion of CCR8 led to the arrest of tumor cells in the collecting lymphatic vessels at the
junction with the lymph node subcapsular sinus. These data identify a novel function for
CCL1-CCR8 in metastasis and lymph node LECs as a critical checkpoint for the entry of

metastases into the lymph nodes.

Metastasis of tumor cells to the regional lymph
nodes is one of the key indicators of tumor ag-
gressiveness. Lymph node status is a powerful
predictor of patient survival and it is one of the
key parameters used for determining the stage
of disease progression and treatment options
(Greene et al., 2006; Morton et al., 2006). Despite
the paramount importance of lymph node sta-
tus for the patient outcome, the mechanisms
by which tumor cells are recruited to the lymph
nodes are poorly understood.

According to the current paradigm, once
tumor cells gain access to the lymphatic vessels,
they are carried with the flow of lymph into the
sentinel lymph nodes where they subsequently
reside. Entry of tumor cells into the lymphatics
has been thought to occur randomly, as a conse-
quence of tumor cell invasion through tissue.
However, recent findings indicate that tumor
cells are guided into the lymphatic vessels by
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chemokines produced by lymphatic endothe-
lium (Ben-Baruch, 2008; Das and Skobe, 2008).
The CCL21-CCR7 ligand-receptor pair is
thought to play a central role in directing tumor
cells to the lymph nodes. CCL21 is constitutively
expressed by the lymphatic vessels (Gunn et al.,
1998; Podgrabinska et al., 2002; Kerjaschki et al.,
2004; Shields et al., 2007a), and its receptor
CCRY7 is expressed by melanoma and breast can-
cer cells (Mdller et al., 2001; Houshmand and
Zlotnik, 2003). Overexpression of CCR7 in
melanoma has been shown to facilitate tumor
metastasis to the lymph nodes in a mouse
model (Wiley et al., 2001) and clinical studies
have confirmed the association between CCR7
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expression in tumors and lymph node metastasis (Mashino et al.,
2002; Cabioglu et al., 2005; Ishigami et al., 2007). Another che-
mokine receptor important for metastasis is CXCR4. It is the
most widely expressed chemokine receptor in cancer and it has
been shown to direct tumor cells to the lung and other distant
organs, as well as to the lymph nodes (Miiller et al., 2001).

CCRS8 is a G protein—coupled receptor (GPCR), which in
humans is selectively activated by the CC chemokine CCL1/
I-309 (Roos et al., 1997; Tiffany et al., 1997; Goya et al., 1998).
In mice, the novel chemokine CCL8 has recently been identi-
fied as a second agonist for CCRS8, but no human ortholog has
yet been found (Islam et al., 2011). CCRS8 plays a rather unique
role in the regulation of immune response. It is preferentially
expressed by activated T helper type 2 (T42) cells (D’ Ambrosio
etal., 1998; Zingoni et al., 1998; Islam et al., 2011) and it medi-
ates T2 cell recruitment to the sites of inflammation (Chensue
et al., 2001; Gombert et al., 2005; Islam et al., 2011). Because
Ty2 cells are primary drivers of allergy and asthma, CCRS8 acti-
vation has been implicated in allergic inflammation and pulmo-
nary hypersensitivity (Chensue et al., 2001; Gombert et al.,
2005; Islam et al., 2011). Other functions of CCRS8 include
T cell homing to skin in the steady state (Schaerli et al., 2004;
Ebert et al., 2006), the role in DC migration to the lymph
nodes (Miller and Krangel, 1992; Qu et al., 2004), and the role
in thymic development (Louahed et al., 2003). Consistent with
its role in recruitment of T cells to tissues, CCL1 is constitu-
tively expressed by dermal blood vasculature (Schaerli et al.,
2004; Gombert et al., 2005). In the skin, CCL1 is also expressed
by melanocytes and by Langerhans cells but not by keratino-
cytes (Schaerli et al., 2004; Gombert et al., 2005). Inflammatory
cytokines and microbial products dramatically induce CCL1
expression (Gombert et al., 2005).

In cancer, the CCL1-CCRS axis has been implicated in
leukemia and in lymphoma. The CCL1-CCRS8 autocrine
loop has been shown to protect lymphoma and T cell leuke-
mia cells from apoptosis in vitro (Van Snick et al., 1996; Ruckes
et al., 2001; Louahed et al., 2003) and to play a role in T cell
transformation (Tamgiiney et al., 2004). Whether the CCL1~
CCRS axis plays a role in solid tumors is not yet known.

Here, we demonstrate a novel function for CCL1-CCRS
in controlling the egress of tumor cells from the afferent lym-
phatics into the lymph node. We made an unexpected discov-
ery that the lymphatic endothelial cells (LECs) at the junction
of the collecting lymphatic vessel and the lymph node repre-
sent a barrier for entry of tumor cells into the lymph node.
Activation of tumor cell CCR8 by CCL1, which is produced
by LECs of the lymph node subcapsular sinus (SCS), allows
entry of tumor cells into the node and subsequent formation of
lymph node metastases. These data identify a novel mechanism
of regulation of cell entry into the lymph node.

RESULTS

Identification of CCL1 as the major tumor cell
chemoattractant produced by LECs

We examined the effects of media conditioned by lymphatic
endothelium on the chemotaxis of several human melanoma
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and breast carcinoma cell lines. LEC—conditioned media
(CM) was chemotactic for most metastatic cell lines tested
(Fig. 1 A). The highly metastatic cells MDA-MB-435 and
SK-MEL-25 showed the highest increase in migration, fol-
lowed by MCF-7 and MDA-MB-231 cells. In contrast, non-
tumorigenic human breast epithelial cell lines MCF-10F and
184-B5 and a low metastatic melanoma cell line, MEL-501,
did not show a significant increase in chemotaxis in response
to LECs. SK-MEL-28 cells did not show increased migration
to LEC-CM; however, this cell line has very high basal mi-
gration levels (unpublished data) so that increases are difficult
to detect. These results indicate that metastatic tumor cells
acquire responsiveness to the chemotactic signals derived
from the lymphatic endothelium.

The induction of tumor cell chemotaxis by LEC-CM was
completely abolished by pretreatment of tumor cells with per-
tussis toxin, indicating that the chemotactic effect is mediated
through GPCRs (Fig. 1 B). We therefore screened for chemo-
kine production by LECs and found that CCL1 mediates
much of the chemotactic activity found in the LEC-CM.
CCL1 mRNA and protein were constitutively expressed by
cultured LECs, as determined by RT-PCR, Western blotting,
and ELISA (see Fig. 2, B and D). CCL1 protein was detected
in LEC-CM by Western blotting as a heparin-bound fraction.
A function-blocking monoclonal antibody to CCL1 reduced
chemotaxis of MDA-MB-435 and SK-MEL-25 cells to LEC-
CM by 73 and 60%, respectively (Fig. 1 C). Depletion of
CCL1 with a different specific polyclonal antibody reduced
tumor cell migration to a similar extent (Fig. 1 D). In agree-
ment, chemotaxis in response to LEC-CM, which was de-
pleted using heparin, showed a decrease of 62% (unpublished
data). Conversely, addition of thCCL1 showed an increase in
tumor cell chemotaxis (Fig. 1 E) but not haptotaxis (unpub-
lished data). CCL1 was not expressed by MDA-MB-435 and
SK-MEL-25 cells (see Fig. 5 A), indicating its paracrine role in
these models. CCL1 had no effect on tumor cell growth or
survival in vitro (unpublished data).

Consistent with its function in cell migration, thCCL1 in-
duced cytoskeletal rearrangements and altered in vitro tumor
cell morphology from elongated to round, as determined by
F-actin staining (Fig. 1 F). These effects, which are a prerequi-
site for cell motility (Burger et al., 1999), were transient in
nature; first changes were observed at 20 min, the effect was
most pronounced at 40 min, and at 60 min of exposure to
CCL1, cell shape largely returned to normal. Collectively,
these data identify CCL1 as a potent tumor chemotactic factor
produced by LECs.

CCL1 mediates tumor cell migration to inflamed LECs

Treatment of LECs either with proinflammatory cytokines
or with LPS resulted in a dramatic increase of CCL1 mRNA
expression (Fig. 2 A). Within 18 h, both TNF and IL-1 in-
creased CCL1 mRNA 543- and 340-fold, respectively, as
determined by qPCR. LPS increased CCL1 mRNA expres-
sion by 400-fold (Fig. 2 A). ELISA and Western blot analysis
of the CM collected from LECs treated with TNF, IL-18, or

CCL1 and lymph node metastasis | Das et al.
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Figure 1. Tumor cell chemotaxis to LECs is mediated by CCL1.

A) Migration of breast cancer and melanoma cells to LEC-CM in a Boyden chamber

assay. MCF-10F and 184-B5, nontumorigenic human breast epithelial ceII lines; MCF-7, MDA-MB-231, and MDA-MB-435, breast cancer cell lines;
SK-MEL-28, SK-MEL-25, and MEL-501, melanomas. (B) Migration of MDA-MB-435 cells to LEC-CM in presence of pertussis toxin (PTx) or cholera toxin
(CTx). (C) Effects of a monoclonal anti-CCL1 neutralizing antibody on MDA-MB-435 and SK-MEL-25 chemotaxis to LEC-CM. (D) Tumor cell migration to
LEC-CM depleted of CCL1 with a polyclonal anti-CCL1 antibody. (E) Migration of tumor cells to 50 ng/ml rhCCL1, in comparison to LEC-CM. (F) Cell shape
change of MDA-MB-435 cells stimulated with 50 ng/ml human CCL1. Cells are stained with rhodamine-labeled phalloidin (red) and Hoechst (nuclei; blue).
Data are representative of three experiments. Migration (fold increase) is calculated as cell migration (total cell area) to LEC-CM/cell migration to basal
medium. Error bars indicate SD, n=3.% P < 0.05;*, P < 0.01;** P <0.001. Bar, 10 um.

LPS showed increased amounts of the secreted CCL1 protein
(Fig. 2, C and D). CCL1 protein levels were also increased by
serum (unpublished data).

CM collected from LECs treated with TNF or LPS stimu-
lated tumor cell chemotaxis to an even greater extent than CM
obtained from untreated LECs (~12-fold vs. 8-fold increase,
respectively; Fig. 2, E and F). Increased tumor cell chemotaxis
to inflamed LECs was completely abolished by depleting CCL1
(Fig. 2, E and F). Neither TNF nor LPS had a direct effect on
tumor cell migration (unpublished data) indicating that proin-
flammatory cytokines facilitate tumor cell migration indirectly
by up-regulating CCL1 expression in LECs.

In agreement with the in vitro data, CCL1 protein was
strongly up-regulated on lymphatic vessels in mouse skin upon

JEM Vol. 210, No. 8

treatment with TNF or application of FITC (Fig. 2, G-L).
CCL1 protein was also strongly up-regulated on dermal lym-
phatic vessels in human foreskins treated ex vivo with TNF
but was not detectable on dermal lymphatics of normal mouse
skin (Fig.2, G and H) or human skin (not depicted) by immuno-
staining. Collectively, these data demonstrate that proinflam-
matory stimuli strongly up-regulate CCL1 expression in vitro
and in vivo.

Tumor cell lines express functional CCR8 receptor

Human CCL1 binds to and exclusively activates CCR8 (Roos
et al., 1997; Tiffany et al., 1997; Goya et al., 1998). We exam-
ined the expression of CCR8 by the tumor cells that responded
to CCL1 with increased migration (Fig. 3 and see Fig. 5).
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Figure 2.

Inflammatory cytokines increase CCL1 production by LECs and tumor cell migration to LEC-CM. (A) Real-time qPCR analysis for CCL1

mRNA upon treatment of LECs with 50 ng/ml TNF, 500 ng/ml LPS, or 50 ng/ml IL-1B for 3, 6, and 18 h. Error bars indicate mean + SD, n = 3. (B) RT-PCR
for CCL1 mRNA expression in cultured LECs. cDNA from PMA-stimulated Jurkat cells (50 ng/ml, 48 h) was used as a positive control. (C and D) Western
blot (C) and ELISA (D) for CCL1 protein in conditioned medium from LECs treated with 100 ng/ml TNF, 500 ng/ml LPS, or 50 ng/ml IL-1 for 48 h, and CM
from Jurkat cells treated with 50 ng/ml PMA for 48 h. Error bars indicate mean + SD, n = 2. (E and F) Effects of CCL1 depletion on tumor cell (MDA-MB-
435) migration to LEC-CM generated in presence of 50 ng/ml TNF (E) or 500 ng/ml LPS (F) for 48 h. Bars indicate mean + SD, n = 3. Data are representa-
tive of three experiments. *, P < 0.05. (G-L) Immunostaining of mouse skin for either LYVE-1 or podoplanin (both green) and for CCL1 (red); boxed areas in
Jand L depict the overlay. Images are representative of at least six skin samples per group. Arrows, lymphatic vessels; ep, epidermis. Bars, 50 pm.

SK-MEL-25 and MDA-MB-435 cells expressed CCRS
mRNA, as determined by RT-PCR (Fig. 3 A and see Fig.5 A).
Western blot analysis showed expression of CCRS protein
by both tumor cell lines in vitro and in vivo, and this was
further confirmed by FACS (Fig. 3,A and B;and see Fig. 5 B).
Primary melanocytes did not show any detectable levels of
CCRS8 by FACS (Fig. 3 B).

To determine whether CCR8 mediates cell migration, we
examined the effects of MC148, a specific CCRS8 antagonist,
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on chemotaxis of tumor cells to LEC-CM. MC148 is a highly
selective CCR8 antagonist derived from the human poxvirus
Molluscum contagiosum, which binds to CCRS8 with the same
affinity as its endogenous ligand CCL1 (Liittichau et al.,
2000). Preincubation of the tumor cells with MC148 po-
tently blocked tumor cell migration (Fig. 3 C), indicating
that CCR8 mediates most of the chemotactic response to
LEC-CM. MC148 also prevented the cytoskeletal rearrange-
ments and cell shape change of tumor cells (MDA-MB-435)

CCL1 and lymph node metastasis | Das et al.
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Figure 3. CCR8 expression and function in tumor cell lines. (

A) Expression of CCR8 mRNA (RT-PCR, in vitro) and protein (Western blot, in vitro and

in vivo) by MDA-MB-435 and SK-MEL-25 cells. (B) FACS analysis was performed on cultured tumor cells and primary melanocytes. (C) Effects of CCR8
antagonist MC148 on tumor cell chemotaxis to LEC-CM. Error bars indicate mean + SD, n = 3.* P < 0.05. (D) Effects of CCR8 antagonist MC148 and per-
tussis toxin (PTx) on cytoskeletal rearrangements induced by rhCCL1 in MDA-MB-435 cells. Cells are stained with phalloidin (red) and Hoechst (nuclei,
blue). Data are representative of three experiments. (E and F) Changes of cytosolic Ca?* concentration measured by FACS in Fluo-4-labeled cells upon
addition of human (E) or mouse (F) CCL1 (12.5 or 25 nM as indicated). The black arrow indicates the time of CCL1 addition. MC148 was added at 25 nM.
Data are expressed as percentile fluorescence intensity of Fluo-4 dye bound to Ca?*. Data are representative of at least two experiments. (G) Cell shape
change of MDA-MB-435 cells stimulated with 50 ng/ml mouse CCL1 for the times indicated. Cells are stained with rhodamine-labeled phalloidin (red).

Bars, 10 pm.

stimulated with thCCL1, and the effect was comparable to
that of pertussis toxin, a broad inhibitor of GPCR signaling
(Fig. 3 D).These data demonstrate that CCL1 mediates its ef-
fects on tumor cell migration by activating CCR8 and GPCR
signaling in tumor cells.

Chemoattraction induced by chemokines is associated
with a transient rise in intracellular calcium after receptor ac-
tivation, a hallmark of GPCR-mediated signal transduction

JEM Vol. 210, No. 8

(Houshmand and Zlotnik, 2003). To further assess the func-
tionality of CCRS8 expressed by human tumor cells, we mea-
sured intracellular calcium flux upon the addition of human
rCCL1 to three cell lines: SK-MEL-25 and MDA-MB-435
cells, which endogenously express CCR8; and HEK293 cells,
which were transfected to overexpress CCR8 (Fig. 3 E).
Treatment of cells with thCCL1 led to a rapid increase in
the intracellular calcium level. MC148 completely inhibited
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Figure 4. CCR8 expression in human malignant melanoma. Immunohistochemistry for CCR8 (red) on human melanoma tissue array (A-D), samples
of primary melanomas in the skin (E-1), and melanoma metastases in the human lymph node (J-M). Tumors showed various staining patterns for CCR8:
membrane (A and B), cytoplasmic (C), or no staining (D). (E-H) Serial sections of human melanoma in the skin immunostained for CCR8 (E and G), or sec-
ondary antibody control (F and H). (G and H) Higher magnification of the boxed area in E and F. CCR8, red; endogenous melanin, brown. (I) Highly pig-
mented melanoma negative for CCR8. (J-L) Metastatic melanoma localized in the subcapsular zone of the lymph node stained for CCR8 (J and L) or
secondary antibody control (K) on the serial sections. (L) Higher magnification of the boxed area in J. (M) CCR8 expression in metastatic melanoma local-
ized in the follicular zone of the lymph node. Images are representative of 87 primary tumors and 8 lymph node samples. ¢, capsule; t, tumor; f, follicle.

Bars: (J and K) 200 pum; (A-F, I, L, and M) 100 um; (G and H) 25 pm.

influx of [Ca?"] induced by rhCCL1, but in the absence of
CCL1, MC148 had no effect on [Ca®*] mobilization.
Because it has not been unequivocally demonstrated that
mouse CCL1 activates human CCRS8, we also performed cal-
cium flux studies upon addition of mouse CCL1 to human cells
(HEK-293, SK-MEL-25, and MDA-MB-435; Fig. 3 F). Re-
combinant mouse CCL1 rapidly increased intracellular calcium
level, whereas the CCR8 antagonist MC148 completely inhib-
ited mCCL1-induced [Ca?*"] flux. Similar to human CCL1,
mouse CCL1 also induced cytoskeletal rearrangements in
MDA-MB-435 cells (compare Fig. 3 G to Fig. 1 F). These data
establish mouse CCL1 as an agonist for human CCRS.

CCR8 is expressed in human metastatic melanoma

We examined the expression of CCR8 by immunohistochem-
istry on a tissue array containing 90 cases of human malignant
melanomas, in another cohort of 19 samples of human mela-
noma in the skin, and in 8 lymph nodes with melanoma me-
tastases. Analysis of the tissue array showed CCRS8 expression
in 71% of the samples at variable levels of intensity (Fig. 4,
A-D). Approximately half of the positive samples (34%)
showed strong membrane staining. Some melanomas showed
intense staining for CCR8 throughout the specimen, whereas
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others showed a focal pattern of expression (Fig. 4, A and B).
Melanomas showing weak or moderate levels of CCR8 mostly
exhibited homogenous cytoplasmic staining (Fig. 4 C).

Analysis of a different cohort of patient samples (n = 19)
also showed that CCRS8 is expressed in melanoma; 18/19
samples (95%) stained positive for CCRS8, whereas 11/19 sam-
ples (57%) were strongly positive (Fig. 4, E-T). Melanin distri-
bution in the tumor did not overlap with the CCR8 expression
pattern and amelanotic melanomas also expressed CCRS. In
the lymph nodes, seven out of eight metastases were positive
for CCRS8 (Fig. 4, J-M). In accordance with the in vitro data,
melanocytes in the skin did not express the CCRS8 receptor.
Lymphatic vessels in the normal or tumor-associated skin were
CCRS negative. A subset of blood vessels (arterioles) was
CCRS positive, in agreement with the published data (Haque
et al., 2004). A small subset of tumor-infiltrating lymphocytes
in the skin and in the lymph nodes was also CCRS8 positive
(unpublished data).

Blocking CCR8 inhibits lymph node metastasis

To examine the role of CCRS8 in tumor metastasis, we
transfected three tumor cell lines to constitutively express
either the MC148 soluble antagonist or a CCR8 shRNA:

CCL1 and lymph node metastasis | Das et al.
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Figure 5.

Blocking CCR8 inhibits lymph node metastasis. (A and B) Expression of CCR8 inhibitor MC148 in tumor cell lines as indicated. (A) RT-PCR

of cultured tumor cells for hCCL1, MC148, and hCCR8 mRNA. ¢cDNA from LECs served as a positive control for CCL1. B-Actin served as a loading control.

(B) Western blot for hCCR8 protein in lysates of cultured cells, MC148 protein

in tumor cell CM in vitro, and MC148 in tumor lysates in vivo. B-Actin

served as a loading control. C, pcDNA vector control; M, MC148. (C) Tumor growth of pcDNA control and MC148-expressing MDAcl.6 or MDAcl.13 cells.
Each data point represents mean tumor volume + SEM, n = 10 mice per group. (D) Quantification of total vessels (CD31+) in tumors as indicated. Bars
represent the mean vessel area + SEM per 108 um? total area; MDAcl.13, n = 4; SK-MEL-25, n = 3 tumors. (E and F) Efficiency of shRNA-mediated CCR8
knockdown in tumor cells. qPCR for human CCR8 (E) and Western blot analysis (F) in different tumor cell lines in vitro and in tumors in vivo, as indicated.
(F) CCR8 knockdown in MDA-MB-435 cells was performed with shCCR8 sequence 1, shCCR8(1); in SK-MEL-25 with the sequence 2, shCCR8(2); and in

MDA cl. 13 with shCCR8 sequences 1 and 2. Error bars indicate mean + SD, n =

3. (G) Incidence of intranodal metastases upon CCR8 inhibition with the

MC148 soluble antagonist or upon CCR8 knockdown with shRNA. Metastasis incidence is calculated as the number of LN with GFP* tumor cells, divided
by the total number of LN examined. ND, not determined; ns, not significant; ** P < 0.001.

(1) SK-MEL-25 melanoma cells, (2) a highly metastatic subclone
of MDA-MB-435 cells, which expresses VEGF-C (MDACI.13),
and (3) parental MDA-MB-435 cells (MDACcL.6; Skobe et al.,
2001b; Roberts et al., 2006; Das et al., 2010). Expression of
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MC148 mRNA and protein was confirmed by RT-PCR
and Western blotting, respectively (Fig. 5, A and B). High
levels of MC148 protein were detected in the CM of trans-
fected cells as well as in tumor lysates. MC148 expression did
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Expression of CCL1 in the mouse skin, tumor, and lymph node lymphatic vessels. (A-0) Double immunostaining for either LYVE-1 or

podoplanin (lymphatic vessels, red) and mouse CCL1 (green). (A-C) Mouse skin overlying the tumor. (D-F) MDAcl.13 tumor xenograft. (G-L) Capsule and
the lymph node cortex of the naive (G-I) and the tumor-draining (J-L) lymph node. (M-0) Lymph node medullary sinuses staining negative for CCL1.
Images are representative at least n = 5 samples per group. ep, epidermis. Bars, 100 pm.

not change levels of endogenous CCRS and it did not alter
tumor growth of any of the three cell lines in mice or in vitro
(Fig. 5, A-C; and not depicted). CCR8 knockdown with
shRINA was confirmed in vitro and in vivo by qPCR and by
Western blotting (Fig. 5, E and F).

Notably, inhibition of CCRS8 with MC148 significantly
reduced the incidence of lymph node metastases (Fig. 5 G), as
determined by fluorescence microscopy. In the SK-MEL-25
tumor model, metastasis to sentinel lymph nodes was de-
creased from 42% in the parental cells to 0% in the MC148-
expressing cells. In the MDAcl.13 model, incidence of lymph
node metastases was 78% in the control versus 20% in mice
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bearing MC148-expressing tumors. MDAcl.6 parental tu-
mors showed a 35% incidence of lymph node metastases in
the control group and 10% in the MC148 transfectants. Fur-
thermore, knockdown of CCRS in vivo using two indepen-
dent shRINA constructs also significantly reduced lymph
node metastases, yielding results very similar to those obtained
with the MC148 inhibition approach (Fig. 5 G).
Examination of primary tumors for angiogenesis and other
histopathological parameters did not reveal major differences
between the control and treated groups in any of the tumor
models (Fig. 5 D and not depicted). Intratumoral lymphangio-
genesis, which was induced only in MDAcl.13 tumors

CCL1 and lymph node metastasis | Das et al.



(Skobe et al., 2001a; Roberts et al., 2006), was not altered with
MC148 or with the shRNA knockdown (unpublished data).

Together, these findings demonstrate that inhibition of
CCRS8 leads to a significant reduction of lymph node metas-
tases. Because none of the tumor cell lines expressed the CCRS8
ligand CCL1 (Fig. 5 A), these data suggested that CCRS8 on
tumor cells is activated by host-derived CCL1.

CCL1 is expressed by the lymph node SCSs

Because CCL1 induced tumor cell chemotaxis in vitro and
because it was highly up-regulated by inflammatory stimuli
in vitro and in vivo, we hypothesized that CCL1 may be ex-
pressed by tumor-associated lymphatic vessels and facilitate
tumor cell entry into the lymphatics at the primary tumor
site. Surprisingly, we could not detect CCL1 in the lym-
phatic capillaries associated with the primary tumors in mice
(Fig. 6). Neither intratumoral lymphatics nor lymphatics in
the skin overlying tumors were positive for CCL1 by immu-
nostaining (Fig. 6, A—F). Other stromal cells were also nega-
tive for CCL1. Unexpectedly, CCL1 was detected mainly
in the SCSs of the lymph nodes, specifically on the lym-
phatic endothelium of the SCS which was VEGFR-3"sh/
Podoplaninh¢"/LYVE-1"" (Fig. 6, G-L; and not depicted).
The staining pattern of CCL1 in the tumor draining lymph
nodes and in the naive LN was similar, indicating constitutive
expression. CCL1 was immunostained without permeabili-
zation and it was clearly present on the luminal side of the ves-
sels, indicating that it is displayed on the cell surface (Fig. 6,
J-L; and Fig. 2, I-L). Medullary sinuses (VEGFR-3high/
Podoplanin®V/LYVE-1"gh; not depicted) were negative for
CCL1, and only occasionally a few lymphocytes stained
positive (Fig. 6, M—O).

Chemokine CCLS8 has been recently identified in mice
(but not in humans) as a second agonist for CCR8 (Islam
et al., 2011). We therefore examined mouse tissues for the
presence of CCL8 protein by immunostaining. Tumors and
lymph nodes were negative for CCL8, whereas CCL8 pro-
tein was detected in skin keratinocytes, consistent with the
previous findings (Islam et al., 2011). CCL8 was not detected
in the lymphatic vessels in the skin, tumors, or lymph nodes
(unpublished data).

The localization of CCL1 in mouse and in human tissues
was very similar (Fig. 7). In normal human skin, CCL1 was
detected by immunostaining in only a small subset of blood
vessels but not in dermal lymphatics (Fig. 7, A and B). In
human melanoma, CCL1 was also detected in a subset of
blood vessels, and occasionally in tumor cells (unpublished
data), but not in the lymphatic vessels (Fig. 7, C=F). In the
lymph nodes with melanoma metastases, lymphatic endothe-
lium of the SCSs was positive for CCL1 (Fig. 7, G-J). In ad-
dition, a small subset of lymphocytes and a small fraction of
blood vessels were also CCL1 positive. These results suggested
that the CCL1-CCRS interaction is not required for tumor
cell entry into the lymphatic capillaries and that the CCRS8-
mediated tumor cell interaction with LECs occurs down-
stream from the primary tumor.
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Figure 7. CCL1 expression in human tissues. Immunohistochemical
staining for podoplanin (lymphatic vessels) and for human CCL1 on serial
sections of normal human skin (A and B), melanoma in the skin (C-F), and
lymph nodes with melanoma metastases (G-J). (E and F) Higher magnifi-
cation of the boxed area in C and D. (G-J) Serial sections of human lymph
node with melanoma metastases stained with H&E (G) or immunostained
for podoplanin (H) or CCL1 (I and J). (H) Podoplanin identifies lymphatic
vessels of the SCS (arrows) and lymphatics associated with melanoma
metastases in the cortex. (I) CCL1 staining (red, arrows) on a serial section.
(J) Higher magnification of the boxed area in I. Images are representative
of at least 10 skin samples, 14 primary tumors, and 8 lymph node sam-
ples. Arrows, lymphatic vessels; t, tumor; ep, epidermis; ¢, capsule. Bars:
(A-F, H, and 1) 100 um; (G) 250 um; (J) 25 um.

Blocking CCR8 arrests metastases in the afferent lymphatic
vessels and inhibits tumor cell entry into the lymph node

Because we identified the SCS of the lymph node as a main
site of CCL1 production, we examined in more detail the
characteristics of metastases within the lymph node and at the
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Figure 8. Blocking CCR8 inhibits tumor cell entry into the lymph node from collecting lymphatics. (A-D) Metastases from control, pcDNA empty
vector transfected MDAcl.13 cells (GFP, green) in the sentinel lymph nodes. (A) Stereomicroscope captured epifluorescent image of the intact lymph node
showing metastases in the afferent lymphatic vessel and inside the lymph node parenchyma (boxed area). (B-D) Ex vivo multiphoton imaging of GFP-labeled
metastases (green) combined with second harmonic generation (SHG, red), showing metastases scattered throughout the lymph node cortex. (B and C) View
from the top of the lymph node (from the outside). (D) View from the lymph node parenchyma (from the inside). SHG visualizes collagen fibers in the lymph
node capsule (red). (E-H) Metastases from MDAcl.13/MC148 tumors. (E) Stereomicroscope captured epifluorescent image showing metastasis in the afferent
lymphatic vessel (in-transit metastasis) but not in the lymph node parenchyma. Junction of the lymphatic vessel and the lymph node is sharply demarcated,
indicating tumor cell arrest at that location (boxed area). (F-H) ex vivo multiphoton images of metastases (GFP, green) in the afferent lymphatic vessel com-
bined with SHG (red), which visualizes collagen fibers of the lymphatic vessel wall. (F and G) Lateral view of the vessel. (H) View into the vessel lumen.

(1) Bar graph depicts the incidence of intranodal metastases and in-transit metastases by MDAcl.13 tumors upon inhibition of CCR8 with MC148 or upon
down-regulation with shRNA. Incidence is calculated as percent of all samples positive for either intranodal or in-transit metastases (pcDNA control, n = 15;
MC148, n = 15; sh control, n = 14; shCCR8(1), n = 12; shCCR8(2), n = 8). (J) Scanning electron microscopy micrograph of a lymph node cross section showing
MDACcl.13/shCCR8(1) metastasis in the lymphatic vessel at the junction with the SCS (boxed area); similar site as depicted in E. (K and L) Lymphatic endothe-
lium at the floor of the SCS bordering the tumor visualized by scanning electron microscopy at high magnification (K) or by immunofluorescent staining for
LYVE-1 (L). Images are representative of at least n = 9 mice per group. Arrows, lymphatic endothelium; t, tumor. Bars: (A-H, J, and L) 100 pm; (K) 5 um.

lymph node interface. Remarkably, the sentinel lymph nodes
of MDACclL.13/MC148 tumors were mostly free of metastases;
however, large clusters of metastatic cells were present in the
afferent lymphatic vessels leading to the lymph node (Fig. 8).
In the MDACcl.13/MC148 group, metastases were arrested at
the junction of the afferent lymphatic vessel and the lymph
node, and this border was sharply demarcated (Fig. 8 E).
Analysis of the junction by scanning electron microscopy and
by immunostaining for lymphatic endothelial markers showed
that LECs were the cellular boundary at which the tumor
was arrested (Fig. 8, J-L). The collecting lymphatic vessels
were greatly distended, particularly in the proximity of the
lymph node, and large tumor clusters were seen attached to
the luminal wall of lymphatic vessels. In most cases metastases
resided in the collecting lymphatics over long distances.

This presence of metastases in the afferent lymphatic ves-
sels away from the primary tumor, but before the regional
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lymph node basin, is referred to as in-transit metastasis (Balch
et al., 2001; Pawlik et al., 2005; van Deurzen et al., 2008). In-
hibition of CCRS8 with MC148, or by knockdown with
shRINA, increased the ratio of in-transit to intranodal metas-
tases (Fig. 8 I). In the MDAcL.13 control group, 93% of the
mice with metastases were lymph node positive and only 7%
presented with in-transit metastases. In contrast, when the
CCRS antagonist was expressed, this ratio was reversed; as
many as 73% presented with in-transit metastases, whereas
only 27% had intranodal metastases (Fig. 8 I). Knockdown of
CCRS using two different shRINA constructs confirmed these
results (% in-transit metastases: control 0% vs. shCCRS8(1)
83% vs. sShCCR8(2) 75%; Fig. 8 I). In the MDA-MB-435
parental and SK-MEL-25 tumor models the trend was similar;
however, these tumors did not induce lymphangiogenesis and
therefore did not have as high a metastatic burden in the lym-
phatic vessels as MDAcl.13 tumors. In the MDACcL.6 tumors,
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Figure 9. Steps of lymph node metastasis. (A-C) SCS of the sentinel lymph node stained with Abs against VEGFR-3 or CD31 as indicated. (A) Dilation
of lymphatic sinuses before the entry of tumor cells. VEGFR-3 immunostaining visualizes LECs of the sinuses and the columns connecting the floor and
the roof of the sinus. (B) Single tumor cells (GFP, green) present in the lumen of the SCS or attached to the lymphatic endothelium. (C) Early stage of
metastatic growth in the SCS along the lymphatic endothelium. (D-F) Scanning electron microscopy micrographs depicting architecture of the SCS at
high resolution. (D) Lymphatic endothelia at the roof and the floor of the SCS are connected by numerous column-like structures. (E) Horizontal bridges
between the columns in the subcapsular space. (F) Metastatic lesion confined to the SCS. (G) Metastasis in the afferent lymphatic vessel (dashed line) at
the junction with the lymph node (boxed area). Image shown is a composite of three images stitched together. (H and I) High magnification of the boxed
area in G, showing metastasis in the SCS at the junction of the lymphatic vessel and the LN and in the adjacent LN cortex. Lymphatic endothelium at the
border to the lymph node cortex, i.e., the floor of the SCS, is immunostained for podoplanin (arrows). (J-L) Metastasis in the LN parenchyma. Lymphatic
vessels are stained with the Abs to LYVE-1 (J and K), podoplanin (L), MDAcl.6 (A), or MDA cl.13 (B-L). t, tumor; ¢, capsule. Bars: (D and E) 10 um; (F) 20 pm;

(A-C and H-L) 100 um; (G) 200 um.

in-transit metastases increased from 46 to 78% (control 6/13
vs. MC148 7/9 positive LN, respectively), and in SK-MEL-25
from 0 to 33% (control 0/14 vs. MC148 4/12 positive LN,
respectively). The incidence of lymph node metastases was
significantly decreased in all tumor models when CCRS8 was
inhibited (Fig. 5 G).

Collectively, these observations demonstrate that the
junction of the afferent lymphatic vessel and the lymph node
sinus represents a barrier for tumor cell entry into the lymph
node. Furthermore, the data indicate that blocking CCRS8
on tumor cells prevents tumor cell extravasation from the
collecting lymphatics into the lymph node, but it does not

JEM Vol. 210, No. 8

inhibit tumor cell entry into the lymphatics at the primary
tumor site.

Sequential steps of lymph node metastasis

We next sought to characterize the sequence of events lead-
ing to lymph node metastasis by immunostaining, scanning
electron microscopy, and multiphoton intravital imaging.
We have observed that dilation of the SCS preceded the ar-
rival of MDACcIL.13 tumor cells into the sentinel lymph nodes
(Fig. 9, A=C; and Fig. 6 J). The SCS was lined by a continu-
ous layer of LECs which stained positive for CD31, VEGFR-3,
podoplanin, and LYVE-1 (Fig. 9, A—C and J-L). Furthermore,

1519



the SCS was traversed by the columns connecting the roof
and the floor of the sinus, which were continuous with the
lymphatic endothelium and also stained positive for CD31,
VEGFR-3, podoplanin, and LYVE-1 (Fig. 9, A and B; and
not depicted). High resolution analysis by scanning elec-
tron microscopy showed numerous columns within the sinus,
spaced on average 11.9 um apart from each other (range:
6.2—20.8 um; mean column diameter: 2.0 um + 0.61; Fig. 9 D).
The mean height of the dilated sinus was 8.6 pm (range:
4.5-13.0 um). Some columns were transversally intercon-
nected (Fig. 9 E), dividing the space within the sinus further
into smaller compartments with a mean diameter of 5.25 um
(range: 3.6—7.8 pum). These studies revealed a complex
microanatomy of the SCS and suggested that the small di-
mensions of the SCS and the columns bridging the SCS may
pose a barrier for the free movement of cell clusters laterally
into the sinus.

Multiphoton imaging studies in live mice showed that the
tumor lesion at the junction of the lymphatic vessel and the
SCS exhibited very little movement; only occasional single
cells were seen extending and retracting protrusions (Fig. 10,
A and B; and Video 1). In the SCS, which was visualized by
Evans blue lymphatic tracer and imaged at 35 um below the
lymph node capsule, small tumor clusters consisting of as few
as five cells were stationary and did not move through the
sinus with the flow of lymph within the observation period of
several hours. In contrast, many leukocytes were actively
crawling through the sinus with mean velocity of 3.4 um/min
(Fig. 10 C, Video 2, and not depicted). Lymph flow into the
sinus was not hindered by the tumor metastasis because the
SCS readily filled with the Evans blue tracer, and it was evi-
dent that some leukocytes were passively drifting through the
sinus with the flow of lymph at much higher velocities.
Several single tumor cells present in the SCS were devoid of
any movement, suggesting that they were adherent to the
lymphatic endothelium. In addition, individual tumor cells
were seen slowly moving through the SCS (mean velocity
0.5 pm/min) independently of lymph flow (Fig. 10 D,Video 3,
and not depicted). In agreement with these real-time in vivo
observations, immunostaining of tissue sections showed single
cells and small clusters of tumor cells attached to the lymphatic
endothelium of the SCS (Fig. 9, B-D).

Intravital imaging of metastases further upstream in the
collecting lymphatic vessels showed small and large tumor cell
clusters that were not moving with the flow of lymph during
the time examined but were attached to the luminal surface of
the lymphatic endothelium (Fig. 10, E and F; and Video 4).
Within the tumor cell clusters, some cells exhibited amoeboid
movement and were seen migrating into a different position
(Fig. 10 F and Video 4). Tumor cell clusters were only par-
tially obstructing the lymphatic vessel lumen, suggesting that
the tumor cell arrest at the lymphatic vessel wall occurred by
an active mechanism and not because the tumor cell emboli
occluded the vessel lumen.

Once tumor cells reached the lymph node, in some cases
they seemed to have crossed the floor of the SCS right at the
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Figure 10. Intravital multiphoton imaging of metastases. (A-F) Still
images from the time-lapse videos (Videos 1-4) obtained by in vivo multipho-
ton microscopy of metastases from MDAc!.13 tumors. (A-D) Metastasis at the
junction of the afferent lymphatic vessel and the lymph node. (A) Maximum
intensity projection image showing an afferent lymphatic vessel leading into
the SCS (junction is indicated by *). Collagen fibers of the lymph node capsule
and the lymphatic vessel wall are visualized by SHG (blue). SCS contains a large
cluster of tumor cells (GFP, green). Evan's Blue tracer (white) labels the lym-
phatic vessel and the SCS. Some LN cells have taken up the Evan's blue dye and
appear white. Blood vessels are labeled by i.v. injection of 2 MDa rhodamine
dextran (red). (B) Higher magnification of the boxed area in A (25 um wide)
showing a tumor cell with an extended and retracted protrusion at different
time points as indicated in minutes. (C and D) Tumor cells (GFP, green) in the
SCS (white) in the single plane 35 um beneath the LN capsule. Leukocytes in
the SCS appear black on the white background. (C) The pink line delineates
movement of one leukocyte tracked over 61 min (distance traveled: 210 um).
(D) Higher magnification view showing one tumor cell which changed position
(arrows) and another tumor cell in the proximity which remained stationary
(arrowheads). (E) Tumor cell clusters in the collecting, afferent lymphatic vessel
remain in the same position within the 65-min observation period. Lymphatic
valve (dashed lines) is shown closed and partially open at indicated time points.
Arrow points to a migrating cell. (F) Higher magpnification of an area in E.
Assingle cell is shown (arrows, dotted lines) which migrates into a different
plane within the 20 min from the onset of cell shape change. See also
Videos 1-4. LV, lymphatic vessel. Bars: (A, C, and E) 100 um; (D and F) 30 um.
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junction of the afferent lymphatic vessel and the lymph node
(Fig.9, G-I). In most cases, however, metastases were first
seen in the SCS (Fig. 9, B, C, and F) and then later in the
lymph node cortex (Fig. 9, J-L). Metastases continued to
grow within the subcapsular space and eventually completely
occluded the SCS (Fig. 9 F). Remarkably, the integrity of the
lymphatic endothelial layer was not disrupted even when very
large lesions were present within the sinus. Collectively, these
data indicate that the egress of tumor cells from the afferent
lymphatic vessel into the lymph node consists of at least two
distinct steps: (1) tumor cells entry into the SCS and (2) sub-
sequent transmigration across the floor of the SCS into the
lymph node cortex. We conclude that the entry of tumor cells
into the lymph node cortex requires active cell migration.

DISCUSSION

We have demonstrated here that the entry of tumor cells
from the afferent lymphatics into the lymph nodes requires
activation of the CCRS8 receptor on tumor cells. Inhibition
of CCRS led to the arrest of tumor cells in the collecting
lymphatic vessels and prevented lymph node metastases.
CCL1, the ligand for CCRS, was expressed by lymph node
lymphatic sinus, but not by lymphatic capillaries, indicating
that the signals from lymph node SCS LECs control tumor
cell entry into the node. These data identify lymph node
LEC:s as a critical checkpoint for entry of metastases into the
lymph nodes.

Although the recent data indicate that the entry of cells
from peripheral tissues into the lymphatics is regulated by
chemokines (Debes et al., 2005; Shields et al., 2007b), the
exit of cells from the collecting lymphatics into the lymph
node has been considered a passive process (Nathanson, 2003;
Achen et al., 2005; Alitalo et al., 2005). Conventional wis-
dom implies that tumor cells which enter lymphatics will be
delivered into the draining lymph nodes by the flow of lymph.
Our data challenge the current paradigm and indicate that the
exit from the afferent lymphatics into the lymph node is a
distinct, controlled step, thus adding the rate of tumor cell
egress from the afferent lymphatics as another rate limiting
step for metastasis.

Our experiments revealed that the entry of tumor cells
into the lymph node consists of at least two sequential phases:
(1) tumor cell entry into the sinus and (2) subsequent migra-
tion across the floor of the sinus into the LN cortex. Both
steps require active cell migration in the tumor models exam-
ined. Blocking CCRS8 prevented tumor cells from entering
laterally into the sinus and from transmigrating across the LECs
into the LN cortex, which led to the arrest of tumor cells at
the junction of the afferent lymphatic vessel and the LN. No-
tably, based on the ultrastructural appearance of rat carcinoma
cells in the LN sinuses, it has been suggested three decades ago
that rat mammary carcinoma cells first settle and proliferate in
the SCS and then invade across the lining of the sinus by ac-
tive movement (Carr et al., 1985). Furthermore, consistent
with our findings, one study reported that when delivered di-
rectly into the lymphatic system, human osteosarcoma and
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murine melanoma cells arrest at the junction of the afferent
lymphatic vessel and the LN (Hayashi et al., 2007).

In the majority of the cases, SCS was the first site of lymph
node metastasis in the tumor models we examined, which is
consistent with the clinical observations (Carr, 1983; Dewar
et al., 2004). We were puzzled by the finding that blocking of
CCRS8 inhibited tumor cell entry into the sinus, which is typ-
ically depicted as a hollow space to which lymph and leuko-
cytes have free access. On the contrary, we noted that in the
naive mice SCS did not have an open lumen, as determined
by light microscopy and scanning electron microscopy. Simi-
larly, lymphatic capillaries are generally observed in a col-
lapsed state and are presumed to open only transiently (Pepper
and Skobe, 2003). It is plausible that the closed SCS may pre-
clude passive flow of tumor clusters, and even single cells, into
the sinus. The dilation of the sinus may be a prerequisite for
allowing the entry of tumor cells into the SCS because in
tumor-bearing mice, pronounced dilation of the sinus always
preceded the arrival of tumor cells, independent of CCRS8-
CCL1 interaction. Tumor clusters may not even be able to
enter into the dilated sinus as floating emboli based on the size
restriction. Dilated sinuses in mice measured, on average,
8.6 um in diameter, whereas the diameter of a circulating
tumor cell is at least 15 pm on average (Vona et al., 2000) and
the size of tumor microemboli correspondingly larger. Scan-
ning electron microscopy studies revealed that the SCS was
further divided vertically and horizontally into smaller com-
partments, resulting in passages 5-15 pm wide, consistent
with the previous studies which showed that the SCS in rat
LNs is supported by the intraluminal cells which create a
meshwork within the sinuses (Ohtani and Ohtani, 2008; Jia
et al., 2012). It remains to be determined whether human
lymph nodes exhibit similar features. These studies revealed a
complex microanatomy of the SCS and suggested that the
narrow passages within the sinus impede passive flow of tumor
clusters laterally into the sinus.

We showed by intravital imaging that some tumor cells
crawled slowly through the sinus with the mean velocity of
0.5 pm/min. For comparison, single tumor cells in primary
tumors have been reported to move at speeds ranging from
0.1 to 4 um/min (Condeelis and Segall, 2003; Roussos et al.,
2011). The rate of tumor cell movement in the SCS was much
slower than the reported flow velocities of lymph, which range
from ~180 pm/min in lymphatic capillaries to up to 1,300
pm/min in the collecting vessels (Swartz, 2001; Dadiani et al.,
2006; Tal et al., 2011), further precluding the possibility that
the observed cell movement was a result of passive drifting
with the flow. Within the SCS, single cells and tumor cell
clusters were seen attached to the luminal side of LECs, sug-
gesting active adhesion. Similarly, in the afferent collecting
lymphatics, many tumor clusters not fully obstructing the
lumen were adherent to the LEC lining, indicating that the
occlusion of the vessel with the tumor is not a result of me-
chanical entrapment of large tumor clusters but a consequence
of active adhesion to LECs and subsequent growth. Collectively,
these results suggest a scenario whereby tumor cells advance
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from the lymphatic vessel into the SCS as a combination of cell
migration along the sinus and the concomitant growth.

CCL1 produced by the SCS LECs may promote tumor cell
entry into the LN by increasing tumor cell motility. This is sup-
ported by our data, which showed that activation of CCRS8 on
tumor cells by the soluble CCL1 induced cytoskeletal changes
and chemotaxis in vitro. Furthermore, in support of the con-
cept that CCL1 facilitates luminal to basal transmigration across
LECs, immunostaining revealed that CCL1 can be displayed
on the apical surface of the LECs, and solitary tumor cells which
traversed the floor of the SCS were seen immediately below
the endothelium. Chemokines presented by the endothelium
are critical for integrin-dependent adhesion and transendothe-
lial migration and are particularly efficient in promoting cell
motility (Alon and Ley, 2008; Schumann et al., 2010; Alon and
Shulman, 2011).

The junction of the lymph node with the afferent lym-
phatic may also be a checkpoint for entry of other cells that
traffic from the periphery to lymph nodes. Notably, it was
shown recently that afferent lymph-derived DCs are retained
in the SCS proximal to the junction with the afferent lym-
phatic vessel (Braun et al., 2011). From here, DCs transmi-
grated across the floor of the SCS into the T cell zones (Braun
et al., 2011; Forster et al., 2012). DCs and memory T cells
express CCR8 (Gombert et al., 2005; Soler et al., 2006) and
blocking CCR8 was shown to decrease the number of DCs
in the draining lymph nodes (Qu et al., 2004), suggesting that
CCRS8 may also control entry of leukocytes into the LN.
Hence, tumor cells might exploit the mechanisms of cell traf-
fic which operate in the physiological setting. In cancer, ex-
pression of chemokine receptors CCR7 and CXCR4 on
tumor cells has been associated with lymph node metastasis
(Miiller et al., 2001; Wiley et al., 2001; Mashino et al., 2002;
Cabioglu et al., 2005; Ishigami et al., 2007). The role of these
and other chemokines/receptors in regulating LN entry re-
mains to be elucidated.

Given the complexity of the lymph node architecture and
the tight control of leukocyte traffic in the lymph nodes, it is
surprising that tumor cells arriving from the afferent lymph
are thought to have unrestricted access to the lymph node
parenchyma. Notably, lymph-borne molecules do not have
free access into the lymph node (von Andrian and Mempel,
2003). Studies using fluorescently labeled tracers have dem-
onstrated that soluble antigens do not freely diffuse into the
lymph node parenchyma but are retained within the subcap-
sular or medullary sinuses (Fossum, 1980; Szakal et al., 1983;
Gretz et al., 2000; von Andrian and Mempel, 2003). Al-
though small molecules with a molecular mass below 70 kD
(or <5 nm) can gain access to the LN cortex through fibro-
blastic reticular cell (RFC) conduit, molecules >5.5 nm re-
main confined to the sinus (Gretz et al., 2000; von Andrian
and Mempel, 2003; Pape et al., 2007; Pfeiffer et al., 2008;
Roozendaal et al., 2009). Hence, small molecules, such as
chemokines, can travel through the LN conduit system,
whereas antigens and immune complexes remain in the SCS
(Fossum, 1980; Szakal et al., 1983; Gretz et al., 2000; Pape
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et al., 2007) and require cellular transport (Phan et al., 2007).
However, select macromolecules, such as antibodies, can
gain access to the LN parenchyma (von Andrian and Mempel,
2003), indicating that the selectivity is not based solely on
size exclusion. In addition to preventing diffusion of soluble
molecules into the lymphocyte compartment, the SCS is an
important site for preventing systemic spread of microorgan-
isms and viruses (Junt et al., 2007). These results are consis-
tent with our conclusion that lymphatic endothelium of the
sinus represents a barrier for entry of tumor cells into the
lymph node.

The LN cortex is protected from the direct contact with
the afferent lymph by SCS-lining LECs (Sainte-Marie et al.,
1982; Diillmann et al., 2002; Junt et al., 2007; Phan et al., 2007;
Pfeiffer et al., 2008), which are also referred to as the floor of
the SCS (Gretz et al., 2000; Junt et al., 2007). LECs lining the
sinus possess tight junctions and a basal membrane, indicating a
diffusion barrier (Pfeiffer et al., 2008). One study showed that
high—molecular mass dextran was taken up by lymphatic capil-
laries but did not cross the SCS LEC layer (Pfeiffer et al., 2008),
suggesting that SCS LECs have different barrier properties than
peripheral lymphatics. SCS LECs also differ from lymphatic
capillaries by the surface markers and junctional molecules ex-
pression (Martens et al., 2006; Pfeiffer et al., 2008); however,
the true functional differences between the peripheral lymphat-
ics and SCS LECs are yet to be determined. Collectively, these
data point to an emerging concept—that LECs of the SCS play
a critical role in regulating the access of soluble molecules as
well as cells into the LN.

We show that the CCL1 is constitutively expressed by
SCS LECs, but not by lymphatic capillaries in the skin, and
thus conclude that CCRS8 does not play a role in intravasation
of cancer cells into the peripheral lymphatics. This is in agree-
ment with the previous studies which also did not find CCL1
in peripheral lymphatics and, therefore, concluded that CCL1
does not play a role in the exit of CCR8" T cells and DCs
from the tissues (Qu et al., 2004; Schaerli et al., 2004). Thus
far, constitutive CCL1 expression has been detected in several
types of immune cells, in blood endothelium of the skin, and
in melanocytes (Miller et al., 1989; Schaerli et al., 2004;
Gombert et al., 2005). Expression of CCL1 by blood endo-
thelium raises a possibility that CCL1-CCRS could also be
important for tumor cell homing to distant organs and for the
formation of secondary skin metastases, which are frequent in
melanoma. The importance of the CCL1-CCRS axis in dis-
tant metastasis, however, remains to be investigated. Upon in-
flammatory stimulation, CCL1 expression was dramatically
increased in lymphatic capillaries, in agreement with the pre-
vious work which found a marked induction of CCL1 ex-
pression in blood endothelial cells (BECs), DCs, and mast cells
in inflammation (Gombert et al., 2005). Notably, we show
that CCL1 was a key molecule mediating chemotaxis of tumor
cells to inflamed lymphatic endothelium, suggesting that
in the setting of inflammation, CCL1 may also facilitate entry
of CCR8" tumor cells into the peripheral lymphatics. In
contrast, CCL1 was only partially responsible for tumor cell
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migration to unstimulated LECs, pointing to the role of addi-
tional chemokines in the steady state. These data imply an im-
portant link between inflammation and lymphatic metastasis.

There is a discrepancy in the literature regarding the ability
of mouse CCLI1 to activate human CCRS8. One study found
that mCCL1 stimulates calcium mobilization in human THP-1
cells (Luo et al., 1994). In agreement, vMIP-I, a viral homo-
logue of CCL1, is an agonist for human and mouse CCRS8
(Littichau et al., 2001). However, another study reported that
mCCL1 did not induce [Ca**]-flux in 293-EBNA cells ex-
pressing hCCRS8 (Goya et al.,, 1998). We conclude that
mCCL1 is an agonist for human CCRS8 based on several lines
of evidence. mCCL1 induced [Ca®>*]-flux in three human cell
lines: in HEK293 cells overexpressing CCRS8 and in SK-
MEL-25 and MDA-MB-435 cells, which endogenously ex-
press CCR8. [Ca?*]-flux induced by mCCL1 was blocked
with a specific CCRS8 antagonist, MC148, and mCCL1 trig-
gered cytoskeletal rearrangement in human cells. A recent
study found that mouse CCLS is a second agonist for CCRS;
however, a human ortholog has not yet been found (Islam
et al., 2011). We detected CCLS protein only in mouse skin
keratinocytes, consistent with the previous findings (Islam et al.,
2011), but not in lymphatic vessels, tumors, or lymph nodes.
Therefore, CCL8 was not expressed at the right time and place
to play a role in regulating the entry of tumor cells into the
lymph nodes.

Human CCL1 is a selective ligand for CCR8 (Roos et al.,
1997; Tiffany et al., 1997; Goya et al., 1998). This selectivity
is unusual, as most chemokine receptors bind to more than
one chemokine and vice versa (Houshmand and Zlotnik, 2003).
The very restricted pattern of CCRS8 expression in tissues is
also quite unusual and makes CCRS8 an attractive therapeutic
target (Schaerli et al., 2004). Our data showing expression of
CCRS in malignant melanoma and its role in lymph node
metastasis suggest that CCRS8 could be explored as a potential
therapeutic target in melanoma. To date, CCR8 expression
has been reported primarily on a subset of T cells with role in
allergic inflammation, further supporting the concept that
blocking CCRS for therapeutic purposes could have relatively
little off target effects.

In conclusion, we demonstrate here a novel function for
CCL1/CCRS and lymph node LECs in controlling tumor
cell entry into the lymph node. Our work adds to the grow-
ing body of evidence indicating that lymphatic vessels are not
only a drainage and transportation system but that LECs play
an active role in several important biological events, including
metastasis (Skobe et al., 2001b; Debes et al., 2005; Jamieson
et al., 2005; Podgrabinska et al., 2009; Cohen et al., 2010).

MATERIALS AND METHODS

Cell culture. Human LECs and BECs were isolated and cultured in endo-
thelial basal medium (EBM; Lonza) supplemented with 20% FBS (Invitrogen)
as previously described (Podgrabinska et al., 2002). The breast epithelial cells
MCFI10F were cultured in DMEM/Ham’s F12 (Shafie and Liotta, 1980;
Soule et al., 1990) and 184B5 cells in MEBM/MEGM (Walen and Stampfer,
1989; Lonza/Clonetics Corporation). Primary human melanocytes isolated
from human foreskins (gift from S.A. Aaronson, Mount Sinai School of
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Medicine, New York, NY) were cultured in Medium 254 (Cascade Biologi-
cals). The human breast cancer cell lines MDA-MB-231, MDA-MB-435,
and MCF-7 were cultured in DMEM with 10% FBS. Melanoma cell lines
SK-MEL-25, SK-MEL-28, and MEL-501, and Jurkat cells, were cultured in
RPMI-1640 containing 5% FBS (Zakut et al., 1993; Podgrabinska et al.,
2009). Conditioned medium (CM) was generated from just confluent LECs
or BECs in passage 4—6, cultured for 48 h in EBM/1% FBS. In some experi-
ments, LECs were treated with 50-100 ng/ml TNF, 500 ng/ml LPS, or
50 ng IL-1B for 48 h or as indicated in the figure legends. CM from tumor
cells and Jurkat cells were generated serum free in their respective media.

Reagents and antibodies. Recombinant human CCL1, mouse CCL1, and
viral MCV-type II chemokine-like protein MC148 were purchased from
R&D Systems. We also used E. coli LPS (serotype 0127:B8; Sigma-Aldrich),
recombinant human and mouse TNF (PeproTech), IL-18 (R&D Systems),
FITC (Sigma-Aldrich), pertussis toxin (List Biological), cholera toxin (Sigma-
Aldrich), Alexa Flour 594 phalloidin (Life Technologies), and Hoechst bis-
benzimide (Sigma-Aldrich). Anti-human antibodies: goat anti-CCRS8 (Alexis
Biochemical), rabbit anti-CCRS8 (Abcam), goat anti-CD31 (Clone C20;
Santa Cruz Biotechnology, Inc.), mouse anti-podoplanin (AngioBio; Fitzger-
ald), goat anti-CCL1 (Clone C19; Santa Cruz Biotechnology, Inc.), mouse
anti-CCL1 (Clone 35305; R&D Systems), isotype control IgG1 (R&D Sys-
tems). Anti-mouse antibodies: rabbit anti-LYVE-1 (Abcam), rat anti-CD31
(Clone RAM34; BD), goat anti-VEGFR-3 (R&D Systems), hamster anti-
podoplanin (AngioBio), goat anti-CCL1 (R&D Systems), goat anti-CCLS8
(R&D Systems). Rabbit anti-His antibody Clone H15 was from Santa Cruz
Biotechnology, Inc., and chicken anti-GFP antibody was from Abcam. Sec-
ondary antibodies were labeled with Alexa Fluor 488, 555, 594, or 647 (Life
Technologies) or with biotin (Vector Laboratories).

RT-PCR and qPCR. RT-PCR was performed as described (Podgrabin-
ska et al., 2002). The expression levels of hCCL1 mRNA were quanti-
fied by SYBR green-based real-time PCR using the Opticon2 detection
system (Bio-Rad Laboratories) as described previously (Podgrabinska
et al., 2009) on the RNA isolated from LECs treated with 50 ng/ml TNE,
500 ng/ml LPS, or 50 ng/ml IL-1{ for 3, 6, and 18 h. Jurkat cells were treated
with 50 ng/ml PMA for 48 h. Primers used for RT-PCR and qPCR were:
hCCRS8 Fp70, 5'-CCCTGTGATGCGGAACTTAT-3"; hCCRS8 Rp711,
5'-GATGGCCTTGGTCTTGTTGT-3'; hCCR8 Fp410,5'-ATGCCGT-
GTATGCCCTAAAG-3"; hCCR8 Rp707, 5'-GCCTTGGTCTTGTT-
GTGGTT-3"; hCCL1 Fp, 5'-GGAAGATGTGGACAGCAAGAGC-3';
and hCCL1 Rp, 5'-TGTAGGGCTGGTAGTTTCGG-3". MC148 prim-
ers are shown below.

Cloning and cell transfections. MC148 was PCR amplified from a pTej-
MC148 vector (gift from H.R. Luttichau, Panum Institute, University of
Copenhagen, Copenhagen, Denmark) using the Expand High Fidelity plus
PCR system (Roche), with the forward primer containing a Nhe I restriction
site (bold) and the reverse primer containing an Apa I restriction site (bold),
following a His tag sequence (underlined). MC148 Fp, 5'-AAAAGC-
TAGCACCATGAGGGGCGGAGACGTCTTC-3"; and MC148 Rp,
5'-AAAAGGGCCCTCAATGATGATGATGATGATGCAGAGACTC-
GCACCCGGACCATAT-3". The PCR-amplified product was cloned into
a pcDNA 3.1-Hygro (+) vector (Life Technologies). Tumor cells were trans-
fected with the expression construct pcDNA3.1/MC148-His or with an
empty vector using the Lipofectamine 2000 reagent (Life Technologies), se-

lected, and maintained in media with 100 pg/ml Hygromycin. MDAcL.13 and
MDACcL6 cells were selected and used as a whole population. SK-MEL-25
cells were subcloned and one control (C2) and one MC148 clone (M2) were
used in the experiments. HEK 293 cells were transfected with the hCCRS8
plasmid (Tiffany et al., 1997). For silencing CCR8 gene expression, shRNA
oligos were cloned into the pLKO.1-puro lentiviral vector (Addgene) accord-
ing to the standard protocol. For generation of the lentiviral particles, these
constructs were transfected into 293T cells along with the packaging plasmids
psPAX2 (Addgene) and pMD2.G (Addgene). Culture supernatants containing
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viral particles were collected 48 h after transfection. Stable shRNA-expressing
cells were generated by infection with viral particles in presence of 8 ng/ml
polybrene and selection with 2 pg/ml puromycin. The shRNA sequences
used are as follows: shCCR8(1), 5'-GGATTATACACTTGACCTCAGTG-3';
shCCR8(2), 5'-CCTCCAGCGTAGACTACATTT-3'; and shScrambled,
5'-CCTAAGGTTAAGTCGCCCTCGC-3". MDA-MB-435/GFP cells used
in shRNA knockdown experiments were generated by infecting cells with
the pBabe-derived retroviral vector containing CMV promoter-driven
EGFP (gift from S.A. Aaronson) and selecting for the population resistant
to hygromycin.

Western blot and ELISA. Western blot analyses were performed as previ-
ously described (Skobe et al., 2001b). For CCL1 detection, 5 ml CM (from
~2 X 10¢ ECs) was incubated with heparin-Sepharose beads (Pharmacia)
and eluted by boiling with 40 pl Laemmli sample buffer. Whole sample was
loaded onto the gel. For MC148 detection, 5 ml CM (from ~7 X 10° tumor
cells) was concentrated 10-fold using Amicon Ultra Centrifugal Filter Units
(Ultracel-3K; Millipore) and 10 ul was loaded on the gel. CCR8 Western
blot analyses were performed on lysates of cultured cells and on tumor lysates
as previously described (Skobe et al., 2001b). Antibodies used were rabbit
anti-human CCRS, goat anti-human CCL1, and rabbit anti—His for detec-
tion of His-tagged MC148. hCCL1 in the culture supernatants was mea-
sured with an ELISA kit (RayBio).

Chemotaxis assays. Tumor cell migration was assessed using 24-well plate
Transwell system with 8.0-um pore inserts (BD). EBM with 1% FBS or
LEC-CM media (700 pl) was added into the well, and tumor cells into the
insert (2 X 10 in 200 pl). In the experiments with SK-MEL-25 cells, inserts
were coated with 50 pg/ml collagen and 1 pg/ml fibronectin. For blocking
studies, tumor cells were pretreated with 100 ng/ml PTx or CTx for 16 h.
2 pg/ml anti-CCL1 Ab or 2 ug/ml isotype control IgG; was added to LEC-
CM for duration of the experiment. For CCL1 immunodepletion, LEC-CM
was preincubated with either 2 ug/ml mouse anti-human CCL1 Ab or iso-
type control IgG, for 2 h, followed by incubation with protein G Sepharose
beads (Santa Cruz Biotechnology, Inc.). Sepharose beads were removed by
centrifugation and CCL1-depleted CM used in the assays. For CCRS block-
ing, 100 ng/ml MC148 antagonist (Liittichau et al., 2001) was preincubated
with tumor cells for 30 min before the assay. In the experiments where LEC-
CM was generated in presence of 50 ng/ml TNF or 500 ng/ml LPS was used
(48-h conditioning), EBM supplemented with TNF or LPS was used as a con-
trol. Tumor cells were allowed to migrate for 6 h, fixed, stained with Hoechst,
and examined as previously described (Skobe et al., 2001a) using a microscope
(E-600; Nikon). Images from four different fields in each membrane were
captured with a fluorescence microscope (10X; Eclipse E600; Nikon) equipped
with a camera (DS-Qi1MC; Nikon) and the total area of migrated cells quanti-
fied using IPLab software. All experiments were performed in triplicate. Statis-
tical significance was determined using a two-tailed Student’s ¢ test.

Actin polymerization assay. 3 X 10* tumor cells were incubated over-
night in 8-well chamber slides (BD) with 1% FBS and then treated with
50 ng/ml rCCL1 (human or mouse) for the indicated times. Cells were fixed
(4% PFA), permeabilized (0.1% Triton X-100) and stained with rhodamine-
labeled phalloidin. Images were captured by a Nikon microscope (described
above). For the blocking experiments, cells were incubated with 50 ng/ml
MC148 and 50 ng/ml PTx for 1 h before the addition of rCCL1.

Flow cytometry and calcium fluorimetry. For CCRS8 expression, me-
lanocytes and tumor cell lines were detached, stained with goat anti-human
CCRS (1:400) in PBS/10% FBS for 45 min, washed, incubated with FITC-
conjugated corresponding secondary Ab, washed, and analyzed by flow
cytometry (BD). Ca%*-flux assay was essentially performed as previously
described (Liittichau et al., 2000). In brief, cells were mechanically detached
from the culture dish, washed, and loaded with Fluo-4 AM dye (Molecular
Probes) in serum-free DMEM with 4% BSA. Cells were incubated for
60 min, washed in Krebs ringer buffer several times, and the fluorescence
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kinetics was measured on a FACSCalibur (BD). lonomycin served as a posi-
tive control. For blocking studies, 25 nM MC148 was added to the cell sus-
pension before the addition of rCCL1. Data were analyzed using Flow]Jo
software. Data were plotted as time versus percentile Fluo-4 intensity, with
moving average smoothing option.

Induction of inflammation in the mouse skin. Mice (athymic Ncr Nu/
Nu; NCI Frederick) were injected intradermally with recombinant mouse
TNEF (50 ng per injection) into the back skin. Alternatively, 8 mg/ml FITC
was dissolved in equal volumes of acetone and dibutyl phthalate (Sigma-
Aldrich) and applied to back skin (3 X 25 pl). Skin from naive mice was used as
a control. Mice were sacrificed 24 h later, tissues were collected, fixed in for-
malin, sectioned (6 pm) using a microtome (model 820; AO American Opti-
cal Spencer), immunostained, and examined for CCL1 as described below.

Metastasis assay and evaluation. To examine the role of CCRS8 in tumor
metastasis we used three human tumor cell lines: (1) SK-MEL-25 melanoma
cells, (2) highly metastatic subclone of MDA-MB-435 cells which expresses
VEGF-C (MDACcl.13), and (3) parental MDA-MB-435 cells (Skobe et al.,
2001b; Roberts et al., 2006; Das et al., 2010). In the experiments with MC148
antagonists, we used a subclone of MDA-MB-435 cells tagged with GFP
(MDACL6; Skobe et al., 2001b; Roberts et al., 2006; Das et al., 2010). In the
experiments with shRINA knockdown, we used parental MDA-MB-435 cells
tagged with GFP as a whole population. MDA-MB-435 (parental, cl.6 or
cl.13) and SK-MEL-25 cells were injected into immunodeficient mice (Athy-
mic Ner Nu/Nu; NCI Frederick), into the second mammary fat pads (2 X 10°
cells), and intradermally (4 X 10° cells), respectively. Metastases were evaluated
at 13 and at 5 wk, respectively (when tumors reached 10 mm in diameter);
tumors and lymph nodes were collected and processed as previously described
(Skobe et al., 2001b; Das et al., 2010). LNs were carefully dissected to preserve
the lymphatic vessels in the surrounding tissue and analyzed in toto with a ste-
reomicroscope (MZ16F; Leica) equipped for epifluorescence. Images were
captured with DFC300Fx camera using LAS V3.6 software (Leica). Metastases
were classified in two groups: (1) intranodal metastasis refers to the samples
which contain metastases inside the lymph node (with or without additional
metastases in the collecting lymphatic vessel); (2) in transit refers to the metas-
tases in the collecting, afferent lymphatic vessels attached to the LN, but with-
out metastases in the lymph node itself. Absence or presence of LN metastases
was also confirmed by examination of 100 pm LN sections for the presence of
GFP signal in the LN (Skobe et al., 2001b; Das et al., 2010). Specific sublocal-
ization of tumor cells in the lymphatic vessels or in the LNs was further exam-
ined by immunostaining of thin sections (6 pm) with lymphatic-specific
markers and an anti-GFP antibody. Overall incidence of LN metastases was
calculated as the number of positive LN relative to the total number of lymph
nodes examined. Ratio of in transit to intranodal metastasis was calculated rel-
ative to the number of samples positive for metastases in either localization,
not to the total lymph nodes examined. 10 mice (40 lymph nodes) were ana-
lyzed in each experimental group. For statistical analysis, generalized estimat-
ing equations were used to account for the intraclass correlation in the data.
All animal experiments were performed in accordance with the protocols
approved by the MSSM’s Institutional Animal Care and Use Committee.

Multiphoton microscopy of fixed tissues. Lymph nodes were imaged using
a multiphoton microscope (Radiance 2100MP; Bio-Rad Laboratories) equipped
with a Tsunami pulsed laser (Spectraphysics) and controlled by Lasersharp 2000
software (Bio-Rad Laboratories). Formalin-fixed lymph nodes were immobi-
lized in a Petri dish with agar, immersed in PBS, and viewed with the 20X
water-immersion objective (NA 0.8). To image EGFP and collagen (by second
harmonic imaging, SHG) laser excitation source was tuned to 840 nm. EGFP
signal was collected by using a 515/30 nm filter. Stacks of x-y sections were ac-
quired at 5 pm vertical spacing. 2D image processing and subsequent 3D recon-
struction was performed with Volocity software (Improvision).

Immunofluorescent staining. Immunofluorescent staining procedures
were performed as previously described (Roberts et al., 2006; Das et al., 2010),
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with the following modifications: formalin-fixed (1 h, 10%) cryosections of
lymph nodes were treated with 0.3% Triton X-100 (in PBS) for
30 min, washed, and stained as described. GFP detection was done using for-
malin-fixed cryosections, with an anti-GFP Ab. For CCL1 detection, paraffin-
embedded tumor and lymph node tissue sections were used and Alexa Fluor
555— and 647—conjugated secondary antibodies. Tissue was examined using a
fluorescence microscope (Eclipse E600) equipped with a camera (DS-Qi1MC;
Nikon). NIS Elements software (Nikon) was used for capture and quantifica-
tion of images (tumor vasculature; Roberts et al., 2006).

Human tissues and immunohistochemistry. Two malignant melanoma
tissue arrays (ME801 and ME241) containing a total of 90 cases of malignant
melanoma were purchased from Biomix US. Archived samples of paraffin-
embedded human melanoma tissues (n = 19), lymph nodes with melanoma
metastases (n = 8), and normal skin were obtained from the files of the De-
partment of Pathology at Columbia University. Paraffin-embedded speci-
mens were analyzed as previously described (Das et al., 2010). For CCR8
detection, goat anti-human CCRS antibody and the Vectastain ABC kit
were used. For CCL1 detection, mouse anti-human CCL1 antibody and
CSA amplification method (Dako) were used. Use of human tissue samples
was approved by the Institutional Review Board of Columbia University.

Scanning electron microscopy. Mice were anesthetized, perfused with
PBS at the controlled rate of 5 ml/min through the left ventricle and sub-
sequently with 2% glutaraldehyde/2% paraformaldehyde. Upon sacrifice,
lymph nodes were excised and postfixed in the above fixative for 24 h at
4°C. Lymph nodes were then embedded in 4% agarose and sectioned at
250-pm intervals using a vibratome (VT100; Leica). Sections were examined
with a microscope (Eclipse Ti; Nikon) to identify regions of interest and se-
lected sections were processed for scanning electron microscopy according
to the standard protocol (Ohtani et al., 2003), with the following modifi-
cations: primary fixation in 3% glutaraldehyde/0.2 M cacodylate buffer,
pH 7.4, for 3 h, secondary fixation in 1% OsO,/0.2 M cacodylate buffer for 1 h.
After washing tissues were dehydrated in the ethanol series, critical point
dried with liquid CO, and coated with gold. Specimens were examined
with a field emission scanning electron microscope (S-4300; Hitachi) under
an accelerating voltage of 10 KV.

Intravital multiphoton microscopy. MDAcl.13 or MDAcl.13/MC148
cells tagged with EGFP were injected into the fifth mammary fat pads of im-
munodeficient mice (2 X 10¢ cells). Imaging of metastases was performed
between 7 and 20 wk after the tumor cell injection. To visualize sentinel
lymph nodes and the afferent lymphatics draining the tumor, mice were
anesthetized with 5% isoflurane and 10 pl Evan’s blue tracer (1%; Tsopelas
and Sutton, 2002) was injected at the tumor site. In some experiments,
Evan’s blue was injected laterally at the tail base to identify inguinal lymph
node before imaging. Lymph node and tumor-draining lymphatic vessels
were exposed for imaging by performing a skin flap surgery as previously
described (Lindquist et al., 2004; Wyckoff et al., 2011), with some modifica-
tions. A medial incision through the abdominal skin was performed, skin was
gently separated from the underlying fascia, and the node was exposed by the
careful removal of the overlying adipose tissue to spare lymphatic and blood
vessels. The mouse was placed on the microscope stage within a heated
chamber kept at 37°C. Proper stabilization of the tissue to be imaged is cru-
cial to ensure drift-free imaging over several hours. To achieve this, skin
surrounding the exposed LN was stretched across a 1 X 0.5—inch rigid plastic-
backed piece of foam and attached using surgical staples. To avoid compres-
sion of the tissue, two small pieces of rubber were placed at either end of the
foam, creating a bridge spanning the tissue to be imaged, and the bridge was
then fixed in place using adhesive tape. All animals were used according to
the protocols that have been reviewed and approved by Albert Einstein’s In-
stitutional Animal Care and Use Committee.

Intravital imaging was performed on a custom-built, inverted multipho-
ton microscope system as described previously (Entenberg et al., 2011). The
microscope’s four detectors allow simultaneous imaging of collagen fibers
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(blue, second harmonic generation), GFP (green), rhodamine dextran (red),
and Evan’s blue (far red). All fluorescence signals were cleanly separable with
minimal overlap in the filter sets used (Entenberg et al., 2011). To visualize
blood vasculature, 2 MDa rhodamine dextran was administered into the tail
vein (200 pl). A high molecular weight of dextran precludes leakage out of
the vasculature, and its slow clearance rate enables vessel labeling for the du-
ration of the experiment. Evan’s blue fluorescence was used for visualizing
the lymphatic vessels and lymph nodes. Evan’s blue has narrow emission
spectrum at 680 nm and long Stokes shift, allowing efficient excitation with
a single 880-nm wavelength for all fluorophores (Li et al., 2012). 4D images
were acquired at 1 fps with 5-um z-steps spanning 100 to 150 pm and with
~1 min between time points. Images were analyzed in Image] (National
Institutes of Health) with minimal processing to remove noise (1 px median
filter) and increase brightness and contrast where needed.

Online supplemental material. Video 1 shows metastasis of MDAcL.13
cells in the lymph node SCS at the junction with the afferent lymphatic vessel.
Video 2 shows cell migration within the SCS. Video 3 shows a single tumor
cell moving in the SCS. Video 4 shows intravital imaging of an in transit me-
tastasis in the large afferent lymphatic vessel. Online supplemental material is
available at http://www jem.org/cgi/content/full/jem.20111627/DC1.
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