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Lymph node metastases can invade
local blood vessels, exit the node,
and colonize distant organs in mice
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Lymph node metastases in cancer patients are associated with tumor aggressiveness,
poorer prognoses, and the recommendation for systemic therapy. Whether cancer cells
in lymph nodes can seed distant metastases has been a subject of considerable debate. We
studied mice implanted with cancer cells (mammary carcinoma, squamous cell carcinoma,
or melanoma) expressing the photoconvertible protein Dendra2. This technology allowed
us to selectively photoconvert metastatic cells in the lymph node and trace their fate.

We found that a fraction of these cells invaded lymph node blood vessels, entered the blood
circulation, and colonized the lung. Thus, in mouse models, lymph node metastases can
be a source of cancer cells for distant metastases. Whether this mode of dissemination occurs

in cancer patients remains to be determined.

olid tumor progression is characterized by

metastasis to regional lymph nodes and

dissemination to distant organs. The pres-

ence of lymph node disease in cancer pa-

tients correlates with a poorer prognosis
and partially dictates the course of treatment
(1-5). However, there is a robust ongoing debate
about the role of lymph node metastasis in fur-
ther progression of disease (6, 7). Some experts
contend that localized lymph node metastases
are clinically inconsequential (8, 9), whereas
others contend that lymph node metastases have
the potential to seed distant organs (5, 10-12)
and therefore should be treated to prevent dis-
tant metastasis (13, 14). This debate has taken
on new urgency with the recent completion of
clinical trials that suggest that nodal dissection
beyond the sentinel (first) lymph node does not
provide therapeutic benefit to patients who have
received adjuvant radiation therapy and systemic
therapies (15-19). Other data show that radiation
therapy of regional lymph nodes improves the
outcome of patients with early stage breast
cancer (20, 21), suggesting that treatment of
metastatic lymph nodes benefits a subgroup of
patients (22, 23).
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In this study, we used mouse models to inves-
tigate whether cancer cells can exit the lymph
node and disseminate to distant sites. We sta-
bly expressed the photoconvertible fluores-
cent protein Dendra2 (cytosolic localization)
or Dendra2 fused to the nuclear protein histone
H2B (Dendra2H2B nuclear localization) in 4T1
murine mammary cancer cells (a model of triple-
negative breast cancer), B1I6F10 murine mela-
noma cells, and SCCVII murine squamous cell
carcinoma cells. Dendra2 is a green-emitting fluo-
rescent protein that can be converted to emit
red light by exposure to 405-nm light (24). Ex-
pression of Dendra2 in these cell lines did not
affect cell migration, proliferation rates, or in vivo
tumor growth when compared with parental
lines (fig. S1). We orthotopically implanted tu-
mor cells into syngeneic mice and resected the
primary tumor once it reached a volume of ~250 to
500 mm?. Next, we used a 405-nm laser diode on
5 consecutive days to convert Dendra2H2B can-
cer cells from green to red fluorescence, restrict-
ing the light exposure to the metastatic lymph
node (Fig. 1A). Tissue clearing of the resected
primary tumor revealed that no cancer cells at
the primary site underwent spontaneous photo-
conversion (fig. S2). The in vivo photoconversion
efficiency in the lymph node was 70% for 4T1
cells, 62% for B16F10 cells, and 56% for SCCVII
cells (fig. S3).

We next determined whether photoconverted
circulating tumor cells (CTCs) appeared in the
blood of animals that had undergone photo-
conversion of the lymph node. The presence of
red fluorescent CTCs would show that these cells
originated from lymph node metastases. We iden-
tified red photoconverted 4T1 CTCs and B16F10
CTCs (Fig. 1, B and C, and fig. S4, A and B) that
disseminated from the lymph node. CTCs from
4T1-Dendra2 and 4T1-Dendra2H2B lymph node
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metastasis were grown in vitro to confirm viabil-
ity. Both viable red (lymph node origin) and green
fluorescent CTCs were observed after 1 day in
culture. By day 7, only green colonies formed, as
red fluorescence is lost as the photoconverted
cells divide (fig. S4C). These data show that vi-
able cancer cells from the lymph node have the
potential to exit the node and survive in the blood.
We did not detect photoconverted SCCVII CTCs
(Fig. 1B and fig. S4D), although our methods
could detect these cancer cells when photocon-
verted in vitro (fig. S5A) and in the lymph node
of SCCVII tumor-bearing animals (fig. S5B).
To explore whether cancer cells in lymph nodes
can seed distant organs, we analyzed the lungs of
mice after photoconversion of their lymph node
metastasis. Confocal microscopy revealed the
presence of isolated photoconverted (red) cancer
cells in the lungs of animals with 4T1 (Fig. 2,
A and B) and B16F10 cancers (Fig. 2, C and D).
Among the isolated cancer cells detected in the
lung, 70% of 4T1 cells and 68% B16F10 cells were
of lymph node origin (Fig. 2, B and D). We per-
formed a spectral scan from 426 to 661 nm with a
5-nm bandwidth (fig. S6), which showed distinct
signals for DAPI (4/,6-diamidino-2-phenylindole)
(emission maximum: 450 nm), native Dendra2H2B
(emission maximum: 507 nm), and photoconverted
Dendra2H2B (emission maximum: 572 nm) (24) in
lung sections, with no detectable signal at other
wavelengths. These data demonstrate the spec-
ificity of our detection methods to identify lung
metastasis of lymph node origin. We did not detect
cancer cells in the lungs of SCCVII-bearing mice.
‘We next evaluated whether the primary tumor
can also seed the lung directly without transit-
ing the lymph node. By photoconverting 4T1-
Dendra2H2B primary tumors only (fig. S7A),
before their dissemination to the draining lymph
node (fig. S7B), we detected photoconverted CTCs
(fig. S7C) in whole blood from these animals,
which could only have originated from the primary
tumor. Next, we prophylactically excised the
sentinel lymph nodes from BALB/c mice (fig.
S8) before injecting 4T1-DendraH2B cancer cells
into the mammary fat pad (MFP). Two weeks
after primary tumor resection, we detected CTCs
and lung metastases in the absence of lymph nodes.
However, animals with intact lymph nodes had
higher numbers of CTCs and lung metastases
compared with animals with lymph nodes re-
moved (fig. S8). Taken together, these data show
that cancer cells from the primary site can direct-
ly enter the systemic circulation and seed the lung.
We then examined whether both routes of
metastasis—transit via the lymph node or transit
directly from the primary tumor—can contribute
to distant metastatic lesions. To this end, we in-
jected Dendra2-expressing (green fluorescent
protein) 4T1 cancer cells directly in the axillary
lymph node (fig. S9A). On the contralateral side,
the lymph node was removed 1 week before in-
jection of mCherry-expressing (red fluorescent
protein) 4T1 cancer cells into the MFP (Fig. 2E
and fig. S9B). Ten days after resecting both the
tumor-bearing lymph node and the MFP tumor,
we detected both red and green lung metastases

1of5

20T ‘0T Qun( Uuo BIUBA[ASUUQJ JO AJSIDATU() 18 10 90UIOS MMM //:sd1IY woIy papeofumo(



RESEARCH | REPORT

Primary tumor

T

Lymph node metastasis

Photoconvert tumor cells
in the lymph node

Check for photoconverted CTCs

B —
S o
Inject Dendra2H2B cancer cells ° 60
orthotopically 5 8
i é'; 404
Tumor growth g E
! © 3 20-
£3
Resect primary tumor e
g o

|

4T1/BALB/

!

*%

B16F10/C57BL
SCCVII/C3HA
4T1/BALBI/cH |

B16F10/C57BL6+
SCCVII/C3HA

405nm LN exposure sham LN exposure

c

1219.96

4T1-BALB/c

Fig. 1. Circulating tumor cells (CTCs) that transited through the
lymph node are detected in mouse models. (A) Dendra2H2B-positive
cancer cells were injected orthotopically into syngeneic recipients.
Approximately 20 days later, the primary tumor was resected and tumor-
draining lymph nodes were photoconverted using a 405-nm diode for

5 consecutive days. Blood was analyzed for the presence of green and red
fluorescent CTCs using an Amnis Imagestream flow cytometer. (Photo-
converted animals: 4T1 model, n = 11; B16F10 model, n = 7; SCCVII model,
n = 5. Control animals: 4T1 model, n = 5; B16F10 model, n = 7; SCCVII,

n =3.) (B) Dendra2H2B-4T1 and Dendra2H2B-B16F10 cells but not

(Fig. 2F; H&E staining in fig. SOC). We measured
alarge variation in the ratio of green:red meta-
static lung lesions across multiple animals (aver-
age ratio of eight green:five red metastatic lesions)
(Fig. 2G). Despite this large variation, every ani-
mal had lung metastases that originated from both
Iymph node lesions and directly from the primary
tumor.

Cancer cells could take two possible routes to
exit the lymph node and spread systemically—
through lymph node blood vessels or efferent
lymph. We hypothesized that cancer cells can
escape the lymph node by directly invading
lymph node blood vessels. Immunohistochemical
analysis of 4T1 tumor-draining lymph nodes re-
vealed isolated cancer cells (cytokeratin positive)
in close association with CD31-positive blood
vessels, within high endothelial venules and
breaching the vascular basement membrane
(collagen IV positive) (Fig. 3A). In metastatic
lymph nodes with only isolated cancer cells (fig.
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S10A), quantitative analysis showed that 23 + 2%
of isolated cancer cells were within 5 um of a
blood vessel, compared with only 11 + 1% of cancer
cells in a model of randomly distributed cells in
the lymph node (Fig. 3, B and C, P < 0.05). Fur-
ther, 6 + 2% of the cancer cells were inside blood
vessels (Fig. 3D and fig. S10B). A similar anal-
ysis performed in lymph nodes containing larger
metastatic lesions (>200 pm in diameter, fig. S11A)
did not show this tropism (fig. S11B, P > 0.05). As
metastatic lesions grow, the surface area of the
blood vessels becomes limiting, causing the dis-
tribution of cancer cells to revert to that of a
random distribution. This phenotype is consist-
ent with the lack of sprouting angiogenesis in
lymph node metastases (25). In lymph nodes with
large lesions, 1 + 0.5% of cancer cells were found
in blood vessels (Fig. 3D). A similar analysis did
not show an association between cancer cells and
lymphatic vessels in tumor-draining lymph nodes
(fig. S12, P > 0.05).
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Dendra2H2B-SCCVII cells photoconverted in the draining lymph node
(LN) were detected in the blood. Data are represented as the percentage of
red CTCs (photoconverted) among total detected CTCs. Green CTCs were
detected in all three models. For 405-nm light exposure compared with
sham exposure for individual cells lines, **P < 0.005 and ***P < 0.0005.
Error bars indicate SEM. (C) Representative images obtained by Image-
stream flow cytometry of CTCs from 4T1/BALB/c and B16F10/C57BL/6
mouse models show positive photoconverted cancer cells verified by
nuclear localization of Dendra2H2B. Numbers indicate fluorescence
intensity. BF, bright field.

We also analyzed lymph nodes with large
metastatic lesions from 19 patients with head
and neck cancer. Similar to large lesions in mouse
lymph nodes, cancer cells in human lymph nodes
did not demonstrate measurable tropism to blood
vessels, owing to the limitation in vessel surface
area. However, at the edge of the metastatic
lesions, we found cancer cells that were closely
associated with blood vessels (fig. S13). In addi-
tion, we detected isolated cancer cells inside
blood vessels in 6 of the 19 patient samples (fig.
S13), consistent with our preclinical data.

To confirm that metastatic cancer cells in a
lymph node have an affinity for lymph node
blood vessels, we used time-lapse multiphoton
intravital microscopy to measure cancer cell mi-
gration in an optical lymph node window in mice
(25). Dendra2-expressing metastatic cancer cells
are first seen in the subcapsular sinus and later
invade the cortex of the lymph node. There, they
accumulate around rhodamine-dextran-labeled
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blood vessels (Fig. 4, A to C, and fig. S14) or asso-
ciate with lymph node conduits, which contain a
fibrillar collagen core surrounded by fibroblastic
reticular cells (FRCs) (Fig. 4D). Cancer cells can
be observed in directed migration toward blood
vessels as well as moving inside blood vessels
(movies S1 to S3 and Fig. 4E). Time-lapse imaging
of tumor-draining lymph nodes revealed that only
a small fraction of cancer cells in the lesion are
motile. Both 4T1 and SCCVII cells that were mo-
tile had an average speed of 7 um/hour (Fig. 4F),
similar to the speed of resident lymph node
stromal cells such as FRCs, follicular dendritic
cells, macrophages, and resident dendritic cells
(26). However, a greater fraction of 4T1 cells were
motile compared with SCCVII cells (Fig. 4G). Con-
sistent with our observations in tissue sections
(Fig. 3F), cancer cells create persistent associa-
tions with blood vessels (Fig. 4, B and C) as well
as conduits (Fig. 4D). The conduit system is an
interconnected collagen network formed by
FRCs that creates pathways for dendritic cells to
navigate through the lymph node to interact with
naive lymphocytes near high endothelial venules
(27). We speculate that, similar to dendritic cells,
cancer cells use the conduit system to aid in their
migration to lymph node blood vessels.

Fig. 2. Metastatic cancer cells in the
lymph node can colonize the lung. (A and
C) Sections (100-um thickness) of fresh frozen
lungs were obtained from Dendra2H2B-4T1
and Dendra2H2B-B16F10 tumor-bearing
mice that either had their lymph nodes
photoconverted with a 405-nm diode or

had no photoconversion. The top panels are
representative images of micrometastatic
cancer cells (arrowheads) in the lung from
control animals (no photoconversion),
whereas the bottom panels show photo-
converted isolated cancer cells that have
colonized the lung via the lymph node.

Scale bars, 20 um. (B and D) Percentage of
cancer cells (green, not photoconverted; red,
photoconverted) detected in the lungs of
Dendra2H2B-4T1 (n = 8) and Dendra2H2B-
B16F10 (n = 8) tumor-bearing mice. *P < 0.05
when we compared 405-nm light exposure
(photoconverted) to sham light exposure
(unconverted) for individual cells lines. Error
bars indicate SEM. (E) Schematic of experi-
ment to determine whether cancer cells
injected directly in the lymph node and in

the mammary fat pad (MFP) can both form
large metastases in the lungs. TDLN, tumor-
draining lymph node. (F) Image of a lung with
red lesions (originating from the MFP) and
green lesions (originating from the lymph
node) marked by arrowheads. Scale bar, 1 mm.
(G) Lung metastases are represented as the
percentage of metastatic lesions (mets)

of lymph node origin (green) among total
macroscopic lesions (red and green) (n = 10
animals). As assessed by a one-sample
Student’s t test, metastatic lung lesions were
shown to have originated from both lymph
node and MFP tumors (P < 0.001).
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The Dendra2 system has limitations. First, the
photoconversion of the green Dendra2 protein
to red fluorescence can be detected for only 5 to
6 days before the cells appear green again. Second,
the photoconversion efficiency of Dendra2H2B
in the lymph node was ~60 to 70% in our tumor
models. Thus, in mice that underwent photo-
conversion of metastatic cancer cells in the lymph
node, green-Dendra2H2B-expressing cancer cells
in the blood or lungs could have multiple sources,
including the primary tumor directly, uncon-
verted cancer cells in the lymph node, or photo-
converted cancer cells in the lymph node that
lost their red fluorescence with cell division.
These limitations prevent us from accurately
assessing what percentage of distant metastases
originates from lymph node metastases.

The absence of detectable photoconverted
CTCs and lung metastasis in the SCCVII cancer
model reflects the variability in the aggressive-
ness of cancer models in mice. We do not expect
the selected mouse cell lines to represent the
variability present in patient populations. Fur-
ther, cancer cells alter their phenotype in re-
sponse to local microenvironments as they spread
to metastatic sites. We measured changes in the
expression of chemokines—signaling molecules
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that regulate cell homing and migration—as can-
cer cells spread from the primary tumor to the
lymph nodes and lungs (fig. S15). These data may
provide clues as to how cancer cells can navigate
from one metastatic site to another.

The route of cancer cell dissemination to dis-
tant sites in patients is complex and highly
debated, in part because of limited clinical and
experimental evidence. However, animal studies
have linked large lymph node metastases to
distant metastases (28). Further, studies using
patient lymph node samples, human mammary
carcinoma cells, and xenograft tumors in immune-
deficient mice have shown that cancer cells can
invade lymphatic vessels in the sentinel lymph
node and spread to additional nodes (29). Sev-
eral clinical studies have also shown a relation-
ship between the number of involved axillary
lymph nodes and a higher risk for distant recur-
rence in breast cancer patients (13, 30, 31). Ge-
netic studies examining the clonal relationships
between cancer cells in the primary site, lymph
nodes, and distant organs have shown that dis-
tant metastases are more closely related to lymph
node metastases than to primary tumors in a sub-
set of mice and patients (32, 33). Our mouse
studies validate these data by directly showing
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Fig. 3. Cancer cells in the lymph node associate
with blood vessels and invade the vascular
basement membrane. (A) (i and iv) Immuno-
fluorescence staining of metastatic lymph nodes
with isolated 4T1 cancer cells (anti-cytokeratin,
green), blood vessels (anti-CD31, red), and base-
ment membrane (anti-collagen IV, blue) shows
cancer cells associating with blood vessels (ii and
v, arrowheads) and the vascular basement
membrane (iii and vi, arrowheads). A cancer cell is
observed inside a blood vessel (ii and iii) (arrow-
head). Scale bars, 50 um (i); 20 um (iv); 10 um

in views of the boxed area in (i); (v) and

(vi) represent zoomed-in views of the boxed area
in (iv). (B) Quantification of the fraction of cancer
cells within 5 um of a blood vessel (sample) in
alymph node compared with a theoretical random
distribution (reference) of the same number of
cells in the same lymph node shows cancer cell

association with lymph node blood vessels. n = 11 B D
individual lymph nodes *P < 0.05. (C) Represent-
dividual lymp . (C) Rep o +p<0.05 0.2 . +p<0.05
ative histogram of the fraction of cancer cells =9 —_— < 0.20 O —_
at varying distances from the nearest blood vessel S § g': L -% ’ [ Rerarios % E }.g .
in a given lymph node with isolated cancer %'g 0.2 : E £o1 W sample §§ 12 .
cells (sample) compared with the reference ,23 0.1 = 3 0.10 g e 0.8
distribution for that lymph node (reference). The c 5 0.10 oi0 S0 06 o
A - S5 0.0 . g 04 o
measured distribution shows an association of B E 0.00 0.0 85 g.g cer —Eaant
cancer cells with blood vessels in the lymph node. £a Reference Sample " 5 1525 35 45 55 65 75 85 95105 * ITC Lesions

Distance of tumor cells to nearest
blood vessel (in pm)

(D) Quantification of the fraction of cancer cells
inside a blood vessel in lymph nodes containing
macro-metastatic lesions (lesions) or isolated tumor cells (ITC).

Fig. 4. Time-lapse intravital imaging of lymph
node metastasis shows slow cancer cell migra-
tion toward blood vessels. (A) 4T1-Dendra2-
expressing cancer cells (green fluorescence)
form a large colony in the subcapsular sinus

of the draining lymph node (arrowhead). Scale
bar, 60 um. (B and C) Cancer cells (green) that
invaded the lymph node cortex wrapped around
blood vessels (arrowheads), which were labeled
by intravenous injection of rhodamine-dextran
(red). Images were obtained by multiphoton
microscopy at a depth of 80 to 110 um below the
surface of the lymph node. Scale bars, 20 um.
(D) Time-lapse intravital imaging of cancer cells
(green) in association with blood vessels (red)
and collagen fibers [blue, detected by second
harmonic generation (SHG)] over the course of
75 min shows slow movement (arrowheads) of
some cancer cells toward blood vessels. Images
were obtained every 2 min, with a 50-um z-stack.
Scale bar, 50 um. See also supplementary
movies. (E) Quantification of the fraction of 4T1
tumor cells per field that associate with blood

A

vessels or were inside blood vessels, analyzed by E F Go &
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that lymph node metastases can be a source of
cancer cells for distant metastases. Our data
are similar to results obtained independently
by Brown et al., using different methodologies
in mouse models (34). Additionally, we have re-
vealed that lymph node metastases can dissem-
inate by invading lymph node blood vessels rather
than by transiting through efferent lymphatic
vessels. Further studies are needed to deter-
mine whether dissemination of cancer cells from
lymph nodes is a feature of human cancer and,
if so, whether it should be a factor in treatment
decisions.
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An alternate route for metastatic cells

Metastatic tumor cells are thought to reach distant organs by traveling through the blood circulation or the lymphatic
system. Two studies of mouse models now suggest a hybrid route for tumor cell dissemination. Pereira et al. and
Brown et al. used distinct methodologies to monitor the fate of tumor cells in lymph nodes. They found that tumor cells
could invade local blood vessels within a node, exit the node by entering the blood circulation, then go on to colonize
the lung. Whether this dissemination route occurs in cancer patients is unknown; the answer could potentially change
the way that affected lymph nodes are treated in cancer.
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