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Abstract

Background: To date, antiangiogenic therapy has failed to improve overall survival in cancer patients when used in the 
adjuvant setting (local-regional disease with no detectable systemic metastasis). The presence of lymph node metastases 
worsens prognosis, however their reliance on angiogenesis for growth has not been reported.

Methods: Here, we introduce a novel chronic lymph node window (CLNW) model to facilitate new discoveries in the growth 
and spread of lymph node metastases. We use the CLNW in multiple models of spontaneous lymphatic metastases in 
mice to study the vasculature of metastatic lymph nodes (n = 9–12). We further test our results in patient samples (n = 20 
colon cancer patients; n = 20 head and neck cancer patients). Finally, we test the ability of antiangiogenic therapy to inhibit 
metastatic growth in the CLNW. All statistical tests were two-sided.

Results: Using the CLNW, we reveal the surprising lack of sprouting angiogenesis during metastatic growth, despite the 
presence of hypoxia in some lesions. Treatment with two different antiangiogenic therapies showed no effect on the growth 
or vascular density of lymph node metastases (day 10: untreated mean = 1.2%, 95% confidence interval [CI] = 0.7% to 1.7%; 
control mean = 0.7%, 95% CI = 0.1% to 1.3%; DC101 mean = 0.4%, 95% CI = 0.0% to 3.3%; sunitinib mean = 0.5%, 95% CI = 0.0% to 
1.0%, analysis of variance P = .34). We confirmed these findings in clinical specimens, including the lack of reduction in blood 
vessel density in lymph node metastases in patients treated with bevacizumab (no bevacizumab group mean = 257 vessels/
mm2, 95% CI = 149 to 365 vessels/mm2; bevacizumab group mean = 327 vessels/mm2, 95% CI = 140 to 514 vessels/mm2, P = .78).

Conclusion: We provide preclinical and clinical evidence that sprouting angiogenesis does not occur during the growth of 
lymph node metastases, and thus reveals a new mechanism of treatment resistance to antiangiogenic therapy in adjuvant 
settings. The targets of clinically approved angiogenesis inhibitors are not active during early cancer progression in the 
lymph node, suggesting that inhibitors of sprouting angiogenesis as a class will not be effective in treating lymph node 
metastases.

Although antiangiogenic therapy is standard of care for sev-
eral advanced (metastatic) cancers, all phase III clinical trials 
of antiangiogenic therapy to date have failed in the adjuvant 
setting (1–4). The presence of lymph node metastases—the 

most common form of cancer dissemination—dictates treat-
ment decisions (5,6), however their reliance on angiogenesis 
for growth has not been reported. Furthermore, observations 
from preclinical and clinical studies suggest that lymph node 
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metastases and primary tumors can respond differently to the 
same therapeutic regimen (7–9). The clinical relevance of lymph 
node metastases has been the subject of debate for many years. 
Some argue that the presence of lymph node metastasis only 
demonstrates the ability of the cancer to metastasize and that 
disease in the lymph node is inconsequential (10,11). The strong 
predictive power of lymph node metastases has led others to 
hypothesize that cancer cells in the lymph node can exit and 
spread to distant metastatic sites (12,13). These advocates argue 
disease in lymph nodes needs to be treated in order to prevent 
distant metastasis and ultimately eradicate disease from the 
patient (14,15). Likely the answer lies in between, depending 
where on the spectrum of progression to distant metastasis the 
cancer is diagnosed (16). These issues highlight our fundamen-
tal lack of understanding of the biology of how metastatic can-
cer cells grow in a lymph node and affect the overall prognosis 
for the patient, limiting our ability to discover effective adjuvant 
therapy to treat lymph node metastases.

We and others have previously shown that antiangiogenic 
therapy did not stop the seeding or growth of lymph node 
metastases (9,17,18), but no mechanism of failure has been 
determined. Nonsprouting angiogenesis mechanisms to sus-
tain tumor growth, such as vessel co-option and intussuscep-
tion, have been implicated in the growth of lung, liver, and 
brain metastases (19) and are thought to play a role in resist-
ance to antiangiogenic therapy (20). Based on these findings, we 
hypothesized that early growth of lymph node metastases is not 
dependent on sprouting angiogenesis.

Although reports show reduced vascular density in lymph 
node metastases compared with corresponding primary tumors 
and surrounding normal lymph node (17,21,22), these data do not 
describe the degree of angiogenesis or whether the vessels are 
functional. Here, we introduce a novel model to longitudinally 
image the formation and growth of metastatic tumors in lymph 
nodes and reveal the surprising lack of sprouting angiogenesis, 
despite the presence of hypoxia in some lesions. Treatment with 
two different therapies designed to target sprouting angiogene-
sis showed no effect on the growth or vascular density of lymph 
node metastases in our models. These data are corroborated in 
clinical specimens and further add to mechanisms for the fail-
ure of antiangiogenic treatments in adjuvant settings (1–4,20).

Methods

Cell Lines and Animals

We used five different syngeneic tumor lines to study spon-
taneous metastatic lesions in lymph nodes covering three 
major diseases across four different immunocompetent mouse 
strains as described in the Supplementary Methods (available 
online). The animal experiment protocol was reviewed and 
approved by Institutional Animal Care and Use Committee of 
the Massachusetts General Hospital.

Lymph Node Window Model

To image the inguinal lymph node using intravital microscopy, 
we modified the chronic mammary fat pad window model 
(23,24) to create the chronic lymph node window (CLNW) 
(Figure  1; Supplementary Figure  1, available online). The pro-
cedure is described in the Supplementary Methods (available 
online) is well tolerated with no detection of a change in animal 
body weight for up to 14 days after CLNW implantation.

Intravital Multiphoton Microscopy

Intravital multiphoton microscopy was carried out as described 
previously on a custom-built multiphoton microscope (25). 
Details of the imaging equipment, imaging protocols, and image 
analysis can be found in the Supplementary Methods (available 
online).

Immunohistochemical Staining

Clinical samples were obtained from archival specimens at the 
Massachusetts General Hospital (MGH) Department of Pathology, 
Duke University, and Samsung Medical Center. The study was 
approved by the MGH Institutional Review Board. Details of the 
staining protocols can be found in the Supplementary Methods 
(available online). We implemented a previously established 
image-processing algorithm to analyze vessel density and ves-
sel area from CD31-immunostained histological lymph node 
sections (26–29) (CAIMAN, Sheffield University, UK, http://cai-
man.group.shef.ac.uk/caiman/segment.php). Tumor area and 
nontumor area were classified manually based on hematoxylin 
and eosin staining and Ki67 staining.

Evaluation of Anti-angiogenic Treatment

The initial volume of the metastatic lesions at random assign-
ment to treatment and control groups was within a range of 
5–10 × 10–3 mm3. The treatment regimens were: DC101 40mg/kg 
i.p. every third day (n = 5), sunitinib: 40mg/kg in 200 µL volume, 
oral gavage, every day (n = 6), IgG treatment (control for DC101) 
(n = 2), vehicle solution alone (control for sunitinib treatment) 
(n = 4), or no treatment (n = 12). We used the untreated mice 
as well as combined data from both control groups to form 
bases for comparison. Intravital multiphoton microscopy was 
performed in two- or three-day intervals, and the parameters 
for tumor and intratumoral vessels were generated by our auto-
mated custom MATLAB code to prevent bias.

Statistical Methods

Statistical significance was determined with either a one-
way analysis of variance (ANOVA) with the Tukey’s Honestly 
Significant Difference or Dunnett’s post hoc test, two-tailed 
paired Student’s t test, two-tailed unpaired Student’s t test, or 
Mann-Whitney U test as appropriate. Statistical significance 
was set at P < .05. All statistical tests were two-sided. Data are 
presented as means with 95% confidence intervals (CI).

Results

Longitudinal Imaging of the Formation of 
Spontaneous Lymph Node Metastases Using a Novel 
Chronic Lymph Node Window

Holding back our understanding of the biology of lymph node 
metastasis is our inability to longitudinally monitor spontane-
ous lymph node metastases. Inspired by pioneering intravital 
microscopy of the lymph node (30–35), we developed a chronic 
lymph node window (CLNW)—a modification of the mammary 
fat pad chamber (23,24)—to create a CLNW that allows intravital 
imaging for up to 14 days with minimal morphological, cellular 
or biochemical changes in the inguinal lymph node (Figure 1, A 
and B; Supplementary Figure 1, available online).
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Using multiphoton microscopy in the CLNW, we were able 
to serially image various stages of the growth of spontaneous 
metastasis in the lymph node from murine SCCVII squamous 
cell carcinoma (36,37) transduced with green fluorescence pro-
tein (SCCVII-GFP) (Figure 1C). Initially, cancer cells remain in or 
near the subcapsular sinus as individual cells (Figure 1C). Later, 
small aggregates of a few cancer cells form near the subcapsu-
lar sinus, which then grow into metastatic lesions that invade 
deeper into the lymph node (Figure 1C). This sequence was also 
observed in syngeneic MCa-P0008 breast cancer and B16F10 
melanoma cells lines (Supplementary Figure 2, available online).

Recent genomic studies suggest that metastatic cells within 
lymph nodes consist of multiple clones (38,39). To investigate 
this concept, we transduced SCCVII and SCCVII-GFP cells with 
a red fluorescence protein (DsRed), producing three different 
colors of cells (red, green, and red+green) that were mixed in 
equal proportions to form primary tumors. Single cells of multi-
ple colors disseminated from the multicolor primary tumor and 
grew in the subcapsular sinus (Figure 1D). The metastatic lesions 
that subsequently formed contained all three colors with great 
spatial heterogeneity (Figure  1D), suggesting that lymph node 
metastases form from multiple cells. These findings were 

Figure 1. Growth of metastatic cancer cells in a lymph node. A) The chronic lymph node window (CLNW) allows stable intravital microscopy of the inguinal lymph node 

for up to 14 days. This procedure was well tolerated with no detection of a change in animal body weight for 14 days after CLNW implantation. B) TRITC-dextran angi-

ography, imaged with multiphoton microscopy highlights the robust vasculature (red) of the inguinal lymph node. Second harmonic generation was used to highlight 

fibrillar collagen (blue) in the lymph node capsule. The image is a maximum intensity projection of 25 μm of tissue from inside the lymph node. C) Representative pro-

gression of the formation of lymph node metastasis (SCCVII) from the new arrival of isolated cancer cells (green) to the formation of small clusters of cells and finally 

their growth into tumors, initially near the capsule (blue) and then deeper in the lymph node near the pre-existing vasculature (red). The series of images was taken 

from multiple lymph nodes. Yellow line marks edge of lymph node. D) Using primary tumors (SCCVII) of multiple colors (red, green, yellow), we imaged the emergent 

multicolored lymph node metastasis (n = 4). E) Using primary tumors (4T1) of two colors (red, green)(n = 4), we found more than 80% of lung metastases contained just 

one color, with the rest consisting of two colors. Scale bars as indicated in each panel.
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reproduced when using an equal mix of 4T1-DsRed and 4T1-GFP 
mammary carcinoma cells implanted in the mammary fat pad. 
In contrast, more than 80% of detected lung metastases from 
these 4T1 tumors were single color (Figure 1E).

The Role of the Existing Lymph Node Vascular 
Supply in Supporting the Growth of Lymph Node 
Metastases

Next, we directly measured for the first time whether angiogen-
esis is occurring in lymph node metastases by using intravital 
multiphoton microscopy to make longitudinal measurements in 
our CLNW. In early stages, metastatic cells resided in the lymph 
node sinus, away from blood vessels (Figure 2A). These metastatic 
tumor cells eventually invaded the lymph node cortex, growing 
closer to functional lymph node blood vessels and presum-
ably utilizing the nutrient supply of these pre-existing vessels 
(Figure 2A). We found that the tumor cells started to access host 
lymph node blood vessels when they invaded approximately 50 
to 100 μm into the cortex (Figure 2, B and C). Although the tumor 
invaded deeper into the node (day 6 mean depth = 43 µm, 95% 
CI = 24 to 61 µm; day 12 mean depth = 131 µm, 95% CI = 71 to 
191 µm, P = .01), blood vessels did not invade toward the surface 

of the lymph node (day 6 mean depth = 52 µm, 95% CI = 49 to 
55 µm; day 20 mean depth = 58 µm, 95% CI = 41 to 75 µm, P = .38), 
as would be expected for tumor-induced sprouting angiogen-
esis. These data provide the first direct evidence of the lack of 
sprouting angiogenesis during the growth of metastatic lesions 
in the lymph node.

Immunofluorescent staining for CD31 (Figure  3A) showed 
that the vessel density in lymph nodes with micrometastases 
from SCCVII tumors (Figure 3B) and macrometastases (lesions 
greater than 500 microns in one dimension) from 4T1 tumors 
(Figures 3E; Supplementary Figure  3A, available online) were 
not increased compared with those of control (from naïve mice 
with no tumor implantation) and contralateral nodes. The ves-
sel density inside metastatic lesions was lower than the sur-
rounding lymph node tissue (vessel density: SCCVII: metastatic 
lesion = 1.0%, 95% CI = 0.0% to 2.0%; nontumor area = 7.0%, 95% 
CI = 1.0% to 13.0%, P =  .04; 4T1: metastatic lesion = 4.0%, 95% 
CI = 1.0% to 7.0%; nontumor area = 10.0%, 95% CI = 5.0% to 15.0%, 
P =  .04) (Figure 3, C and F). To indicate sprouting angiogenesis, 
Ki67—a marker of cell proliferation—showed no difference in 
endothelial cell proliferation in micrometastatic lymph nodes 
(SCCVII) (Figure  3D; Supplementary Figure  4, available online) 
and a reduction in endothelial cell proliferation in macrometa-
static lymph nodes (4T1) (Figure 3G; Supplementary Figure 3B, 

Figure 2. Intravital imaging of lymph node metastases and the native lymph node vasculature. A) Representative time course of images from a single metastatic lymph 

node, showing cancer cells (SCCVII, green) and blood vessels (TRITC-dextran, red) at three different depths in tissue. The image was created using multiphoton micros-

copy, and second harmonic generation was used to highlight fibrillar collagen (blue) in the lymph node capsule. The images are created from maximum intensity pro-

jections of 25 μm of tissue from inside the lymph node. In day 40 images, the red signal is background signal from the accumulation of TRITC-dextran as a result of the 

five intravenous injections over the course of the metastatic growth. Yellow arrows identify individual cancer cells. Yellow circles identify areas in which many cancer 

cells are found in the subcapsular sinus. White arrows identify blood vessels in the metastatic lesion. Purple, green and light blue arrows identify features in the lymph 

node vasculature that can be used to identify the same region in the mouse over the multiday experiment. White line marks edge of lymph node. Scale bars = 100 μm. 

B) A vertical image reconstruction showing the tumor cells (SCCVII, green) initially growing above the blood vessels (red). C) Measurements of the maximum depth of 

tumor cell invasion (SCCVII) and the minimum depth of blood vessels. Data are presented as mean ± 95% confidence interval.

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article/107/9/djv155/897233 by guest on 24 April 2024

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv155/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv155/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv155/-/DC1


H.-S. Jeong et al. | 5 of 11

a
r
t
ic

le

available online) in comparison with control and contralateral 
nodes. Vessel density in the metastatic lesions was not related 
to lesion size (Supplementary Figure 3C, available online). These 
data further indicate that sprouting angiogenesis is not induced 
in the lymph node at this stage of cancer progression.

In contrast, LYVE-1 staining for lymphatic vessels showed 
an increase in lymphatic vascular area (vessel density: SCCVII: 
control = 5.0%, 95% CI = 3.0% to 7.0%; contralateral = 8.0%, 95% 
CI = 6.0% to 10.0%; metastatic = 10.0%, 95% CI = 6.0% to 14.0%; 
control vs metastatic P = .03; 4T1: control = 5.0%, 95% CI = 2.0% 
to 8.0%; contralateral = 9.0%, 95% CI = 6.0% to 12.0%; nonmeta-
static tumor draining = 22.0%, 95% CI = 18.0% to 26.0%; meta-
static = 4.0%, 95% CI = 1.0% to 7.0%; control vs nonmetastatic 
tumor draining P < .001) and proliferating lymphatic endothe-
lial cells in draining lymph nodes from SCCVII and 4T1 tumors 
(Supplementary Figures 5 and 6, available online), consistent 
with previous reports (40–43). Interestingly, the lymphatic vas-
cular area was greater in the contralateral and nonmetastatic 
tumor-draining lymph nodes of 4T1-bearing mice compared 
with lymph nodes with macrometastatic lesions (P < .001) 
(Supplementary Figure 6, available online), suggesting that the 
presence of cancer cells causes the lymphatic vasculature to 
regress. When compared with lymph nodes from tumor-naïve 
animals, contralateral lymph nodes show greater lymphatic 

vascular density (SCCVII: P = .04; 4T1: P < .001), suggesting that 
contralateral lymph nodes are also affected by the presence of 
the primary tumor, as others have reported (44).

Although lesions growing in the subcapsular sinus of the 
lymph node showed markers for hypoxia (Figure 4, A–D), sprout-
ing angiogenesis was not induced in these lesions and they 
remained avascular. Metastatic lesions that invaded the lymph 
node parenchyma where functional nodal blood vessels reside 
had only focally heterogeneous areas positive for hypoxia markers 
(Figure 4, A, C, and E). These data suggest that growing metastatic 
lesions can utilize the existing lymph node vasculature in order to 
meet their metabolic demand. Whether this demand or hypoxia 
drives cancer cell invasion of the lymph node remains unknown.

Hypoxia generally induces the production of vascular 
endothelial growth factor (VEGF). However, VEGF levels in con-
trol, contralateral, and metastatic lymph nodes were not differ-
ent (4T1: control = 0.3 pg VEGF/mg protein, 95% CI = 0.2 to 0.4 pg 
VEGF/mg protein; contralateral = 0.4 pg VEGF/mg protein, 95% 
CI  =  0.3 to 0.5 pg VEGF/mg protein; metastatic  =  0.5 pg VEGF/
mg protein, 95% CI = 0.2 to 0.8 pg VEGF/mg protein; Figure 5A; 
SCCVII: control = 0.4 pg VEGF/mg protein, 95% CI = 0.3 to 0.5 pg 
VEGF/mg protein; contralateral = 0.4 pg VEGF/mg protein, 95% 
CI = 0.3 to 0.5 pg VEGF/mg protein; metastatic = 0.4 pg VEGF/mg 
protein, 95% CI = 0.3 to 0.5 pg VEGF/mg protein; Figure 5B; and 

Figure 3. Immunohistochemical analysis of lymph node blood vessels and metastases. A) Representative sections of control (from non–tumor bearing mice), contralat-

eral, and tumor-draining lymph nodes with micrometastases (SCCVII, green). Vessels were stained with CD31 (red) and nuclei with DAPI (blue). Scale bars = 300 μm. 

B) Quantification of CD31+ area per lymph node area in control, contralateral, and micrometastatic lymph nodes. C) In micrometastatic lymph nodes, quantification 

of CD31+ area per tissue area comparing tumor areas with nontumor areas. D) Costaining for CD105 and Ki67 measured blood vessel proliferation in micrometastatic 

lymph nodes. E) Using a different tumor model (4T1) that formed macrometastasis in the lymph node (greater than 500 μm in one direction), we measured CD31+ area 

in micrometastatic or macrometastatic lymph nodes, compared with control or contralateral nodes. F) The vascular area of macrometastatic lesions was measured 

in tumor areas and nontumor lymph node tissue. G) Costaining for CD31 and Ki67 measured blood vessel proliferation in macrometastatic lymph nodes. Data are 

presented as mean ± 95% confidence interval. Statistical significance was tested by one-way analysis of variance with Tukey’s Honestly Significant Difference post hoc 

test (B, D, E, G) or two-tailed paired Student’s t test (C, F).
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E0771: control = 0.3 pg VEGF/mg protein, 95% CI = 0.2 to 0.4 pg 
VEGF/mg protein; contralateral = 0.4 pg VEGF/mg protein, 95% 
CI  =  0.3 to 0.5 pg VEGF/mg protein; metastatic  =  0.4 pg VEGF/
mg protein, 95% CI = 0.3 to 0.5 pg VEGF/mg protein; Figure 5C; 
all P values > .05 for each ANOVA containing these three lymph 
nodes types). Furthermore, levels of VEGF-C and VEGF-D were 
lower in metastatic and nonmetastatic tumor draining lymph 
nodes when compared with naïve lymph nodes (Supplementary 
Figure 6, C and D, available online). Next, we screened for tran-
scriptional changes in sprouting angiogenesis-related genes 
in lymph nodes with metastasis when compared with naïve 
lymph nodes. No pro-angiogenesis related genes were upreg-
ulated in metastatic lymph nodes, but thrombospondin-1 
(Thbs-1) and TIMP-1—both of which are antiangiogenic—were 

upregulated (Figure  5D). We confirmed no change in Vegf lev-
els (control  =  0.24 VEGF/GAPDH, 95% CI  =  0.06 to 0.42 VEGF/
GAPDH; metastatic  =  0.16 VEGF/GAPDH, 95% CI  =  0.04 to 0.28 
VEGF/GAPDH, P = .37) and the elevation in Thbs-1 in lymph node 
metastasis by quantitative polymerase chain reaction (qPCR) 
(control  =  0.10 THBS-1/GAPDH, 95% CI  =  0.05 to 0.15 THBS-1/
GAPDH; metastatic = 0.38 THBS-1/GAPDH, 95% CI = 0.23 to 0.53 
THBS-1/GAPDH; P  =  .001) (Figure  5E). Thrombospondin-1 (TSP-
1) was specifically located surrounding the blood vessels of 
control, contralateral, and metastatic lymph nodes (Figure 5F), 
further defining the nonangiogenic phenotype associated with 
these vessels. Taken together, these data describe an environ-
ment lacking prosprouting angiogenesis stimuli and abundant 
in antiangiogenesis molecules, suggesting metastatic lesions in 

Figure 4. Hypoxia in lymph node metastases. A) Representative images of pimonidazole staining for hypoxia (green) and perfused lectin staining for functional blood 

vessels (red) in lymph node metastases from 4T1 mammary carcinoma (cytokeratin, blue). The top panels show a lesion in the subcapsular sinus that is hypoxic and 

has no perfused blood vessels in the lesion. The bottom panels show a lesion in the parenchyma of the lymph node with perfused blood vessels and no hypoxia. 

Dashed line shows edge of the lymph node. Scale bars = 100 μm. B) Higher magnification of pimonidazole staining in metastatic lymph node showing colocalization 

of cytokeratin and pimonidazole. Contralateral lymph node is non–tumor bearing. Dashed line shows edge of the lymph node. Scale bars = 50 μm. C) Quantification of 

pimonidazole and perfused vessel staining in metastatic lesions in the subcapsular sinus and lymph node parenchyma. Data are presented as mean ± 95% confidence 

interval. Statistical significance was tested by two-tailed unpaired Student’s t test. D and E) Staining for CAIX, a marker of the cellular response to hypoxia, and CD31-

positive blood vessels shows similar results to pimonidazole staining. Dashed line shows the outline of the metastatic lesions. Scale bars = 636 μm.
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the lymph node do not induce nor rely upon sprouting angio-
genesis during their early growth.

Blood Vessel Density in Metastatic Lymph Nodes 
From Colon Cancer and Head and Neck Cancer 
Patients

To confirm these findings in clinical specimens in a cancer where 
angiogenesis inhibitors have shown efficacy, we stained lymph 
nodes from 20 colon cancer patients with lymphatic metastasis 
for CD31 (Figure 6A; Supplementary Figure 7A, available online). 
These patients did not have metastases on initial staging and 
went directly for surgical resection with no prior cancer-directed 
treatments (eg, chemotherapy, radiation therapy). We found that 

blood vessel densities in metastatic lymph nodes and large meta-
static lesions where lymph node tissue was completely replaced 
with tumor cells were on average lower than those of tumor-
negative lymph nodes (nonmetastatic- = 220 blood vessels/mm2, 
95% CI = 172 to 268 blood vessels/mm2; metastatic = 135 blood 
vessels/mm2, 95% CI = 113 to 157 blood vessels/mm2; lymph node 
replaced by cancer = 104 blood vessels/mm2, 95% CI = 75 to 133 
blood vessels/mm2; comparisons of either group of tumor-bear-
ing to nonmetastatic lymph nodes: P < .001) (Figure 6, B and C). 
Furthermore, the vessel density inside metastatic lesions was 
statistically significantly lower than in the remaining lymph 
node tissue (metastatic lesion  =  148 blood vessels/mm2, 95% 
CI = 124 to 172 blood vessels/mm2; nontumor area = 115 blood 
vessels/mm2, 95% CI  =  95 to 135 blood vessels/mm2, P  =  .03) 
(Figure 6, D and E). Accordingly, TSP-1 staining was also found 

Figure 5. Molecular signature of quiescent lymph node vasculature. A-C) Levels of vascular endothelial growth factor (VEGF) protein were measured in metastatic 

lymph nodes containing 4T1 (A), SCCVII (B), or E0771 (C) and compared with control and contralateral lymph nodes. D) Quantitative polymerase chain reaction (qPCR) 

transcriptional array for angiogenesis-related genes compared the transcriptional profile of a diaeresis lymph node to a tumor-bearing lymph node. Differentially 

transcribed genes were defined as having more than a four-fold change and a P value under .01 when comparing metastatic lymph nodes to diaeresis lymph nodes. 

E) Confirmation of the qPCR transcriptional array for the Vegf and Thbs1 genes. *P < .05. F) Dual immunofluorescence staining for CD31 (red) and TSP-1 (green) showed 

distinctive TSP-1 staining surrounding the blood vessels in diaeresis, contralateral, and metastatic lymph nodes. Scale bars = 100μm. Data are presented as mean ± 

95% confidence interval. Statistical significance was tested by one-way analysis of variance with Tukey’s Honestly Significant Difference post hoc test (A, B, and C) and 

two-tailed unpaired Student’s t test (E).
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to associate with lymph node blood vessels and to surround the 
gland-like structures formed by the cancer cells (Supplementary 
Figure 7B, available online), further suggesting that these vessels 
were not undergoing sprouting angiogenesis. Finally, the density 
of CD31-positive vessels was not dependent on the lesion size in 
the section, showing that vessel densities of macrometastases 
(clinically classified as lesions larger than 2 mm in one direction 
[45]) are the same as in micrometastases (Figure 6F). Blood ves-
sel density and TSP-1 staining in specimens from head and neck 
cancer patients were similar to those from colon cancer patients 
(Supplementary Figure 7, C–G, available online). Taken together, 
these data from two different patient populations support the 
concept that the growth of metastatic lesions in the lymph 
nodes is not dependent upon sprouting angiogenesis.

Growth of Lymph Node Metastases With 
Antiangiogenic Treatment

To directly measure the response of lymph node metastases to 
antiangiogenic therapy in the CLNW, we began treatment when 

micrometastases were between 100 and 125  µm in diameter 
(5–10 × 10–3 mm3)—the stage when we found blood vessels sur-
rounding lymph node metastases—with either a monoclonal 
VEGF receptor (VEGFR)-2–blocking antibody (DC101, ImClone 
Systems) or the pan-VEGFR small-molecule tyrosine kinase 
inhibitor sunitinib. We chose agents with differential mecha-
nisms of VEGF pathway inhibition—monoclonal antibody vs 
tyrosine kinase inhibitor (TKI)—to understand whether our find-
ings were agent specific. Measuring lymph node blood vessels 
using the CLNW and longitudinal multiphoton microscopy, the 
growth of lymph node metastases (Figure 7, A–C) and functional 
blood vessel volume density remained at similar levels during 
treatment with either DC101 or sunitinib when compared with 
untreated controls (vessel density: day 10: untreated  =  1.2%, 
95% CI  =  0.7% to 1.7%; control  =  0.7%, 95% CI  =  0.1% to 1.3%; 
DC101  =  0.4%, 95% CI  =  0.0% to 3.3%; sunitinib  =  0.5%, 95% 
CI  =  0.0% to 1.0%; ANOVA P  =  .34) (Figure  7D). These direct 
measurements, supported by previous endpoint studies (9,17), 
suggest that inhibitors of sprouting angiogenesis as a class of 
drugs will not be effective in inhibiting the early phase of lymph 

Figure 6. Vascular density in metastatic lymph nodes from colon cancer patients. A) Representative images of nonmetastatic (n = 19) and metastatic (n = 39) lymph 

nodes as well as lymph node tumors in which no normal lymph node tissue remained (n = 9). The sections were stained with CD31 (brown) to identify blood vessels. 

Scale bars = 200 μm. Images of whole lymph node sections can be found in Supplementary Figure 7 (available online). B) The number of vessels per area as determined 

by CD31 staining was measured in metastatic lymph nodes and in lymph node tumors in which no normal lymph node tissue remained and compared with nonmeta-

static lymph nodes. C) The fraction of lymph node area composed of CD31-positive vessels was similarly measured in metastatic lymph nodes and in lymph node 

tumors in which no normal lymph node tissue remained and compared with nonmetastatic lymph nodes. *P value was determined by Tukey’s Honestly Significant 

Difference post hoc test of analysis of variance model. D and E) Within a metastatic lymph node, vascular density (D) and vessel area fraction (E) were measured in 

the tumor and the nontumor area. * P value was determined by paired Student’s t test. F) Vessel density was not dependent on the lesion size. Data are presented as 

mean ± 95% confidence interval throughout figure.
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node metastasis. In contrast, sunitinib—a pan-VEGF recep-
tor TKI—reduced the elevated lymphatic vessel density found 
in early metastatic lymph nodes compared with PBS control 
(Supplementary Figure 8, available online).

Blood Vessel Density of Lymph Node Metastasis 
From Patients Treated With Bevacizumab

Finally, we identified rectal cancer patients that received neo-
adjuvant chemoradiation and bevacizumab and a comparator 
cohort of rectal cancer patients who received only neoadju-
vant chemoradiation, as previously described (46,47). Despite 
downstaging of the primary tumor after neoadjuvant therapy, 
lymph node metastases were often found at the time of surgery 
and pathological evaluation. Comparing lymph node metasta-
ses from 10 patients in each group, we found no difference in 
the vessel density in lymph node metastases (no bevacizumab 
group mean = 257 vessels/mm2, 95% CI = 149 to 365 vessels/mm2; 
bevacizumab group mean = 327 vessels/mm2, 95% CI = 140 to 514 
vessels/mm2, P =  .78) (Figure 8, A and B). The vascular density 

in the tumor lesions specifically was also not different between 
the groups (no bevacizumab group mean  =  307 blood vessels/
mm2, 95% CI  =  186 to 428 vessels/mm2; bevacizumab group 
mean = 318 blood vessels/mm2, 95% CI = 118 to 518 vessels/mm2, 
P  =  .60) (Figure  8, C and D). Metastatic lymph nodes showed 
lower vascular density than nonmetastatic nodes after neoad-
juvant therapy (Figure 8, A and B), independent of whether bev-
acizumab was used. Finally, lymphatic vessel density was not 
different in metastatic and nonmetastatic lymph nodes when 
comparing patients who received bevacizumab to those who did 
not (Supplementary Figure 8, D and E, available online). These 
data provide the first clinical evidence for the lack of response of 
lymph node metastasis to antiangiogenic therapy.

Discussion

The main concept driving antiangiogenic therapy has been the 
hypothesis that tumors depend on new blood vessel growth. 
A  critical observation made by longitudinal intravital micros-
copy in the CLNW is that metastatic lesions did not induce 

Figure 7. Antiangiogenic therapy in the early growth of lymph node metastases. A) Representative intravital multiphoton microscopy images of spontaneous lymph 

node metastases treated with vehicle control, sunitinib, or the blocking monoclonal anti–VEGFR-2 antibody DC101. Tumor cells are shown in green and blood vessels in 

red. Scale bars = 200 μm. B) Primary tumors were of equal size at the time treatment began, when the lymph node micrometastases were 5–10 × 10–3 mm3. C) The growth 

rate of the metastatic tumor in the lymph node was measured during antiangiogenesis therapy. D) The vessel density in metastatic lesions in the lymph node was 

measured during antiangiogenesis therapy. Biological replicates: untreated n = 15 (C), 12 (D), control (IgG = 2, PBS = 4) n = 6, sunitinib = 6, DC101 = 5. Data are presented 

as mean ± 95% confidence interval. Statistical significance was tested by one-way analysis of variance with Tukey’s Honestly Significant Difference post hoc test (B and 
C) and two-tailed unpaired Student’s t test (D and E).

Figure 8. Vascular density in lymph node metastases in rectal cancer patients treated with bevacizumab. The number of CD31+ vessels per area (A) and the fraction 

of lymph node area composed of CD31+ vessels (B) were measured in nonmetastatic and metastatic lymph nodes in colorectal cancer (CRC) patients that received 

neoadjuvant chemoradiation (No Bev.) or neoadjuvant chemoradiation with bevacizumab (Bev.). P value was determined by two-tailed unpaired Student’s t test. C and 
D) Within the tumor area of metastatic lymph nodes, we measured vascular density (C) and vessel area fraction (D) in rectal cancer patients that received neoadjuvant 

chemoradiation (No Bev.) or neoadjuvant chemoradiation with bevacizumab (Bev.). P value was determined by two-tailed unpaired Student’s t test. Data are presented 

as mean ± 95% confidence interval.
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sprouting angiogenesis as they grew, in spite of the presence of 
hypoxia. Lesions that invaded into the blood vessel–rich lymph 
node parenchyma showed reduced hypoxia, suggesting that 
cancer cells survive in the lymph node by utilizing the exist-
ing lymph node vascular supply. The lack of VEGF, VEGF-C, and 
VEGF-D, along with the presence of TSP-1 surrounding lymph 
node blood vessels, provides a mechanism behind the lack of 
sprouting angiogenesis observed in lymph node metastases. 
A limitation of the use of longitudinal intravital microscopy is 
the limited imaging depth of 300 µm by multiphoton microscopy 
in the CLNW. To balance this, we used histological techniques, 
which allow full lymph node depth to be characterized but are 
limited in their ability to monitor the kinetic changes occurring 
as metastatic lesions grow in the lymph node. Using these com-
plimentary techniques allowed better characterization of the 
growth of lymphatic metastases.

Our data show lymph node lymphangiogenesis is an early 
event in the natural history of cancer progression, in agreement 
with previous studies (40,41,43). However, decreased lymphatic 
vessel density was found in macrometastatic lymph nodes, 
suggesting that the presence of the cancer cells in the lymph 
node causes lymphatic vessel regression. Furthermore, beva-
cizumab did not statistically significantly affect the lymphatic 
vasculature in patients. These data suggest that late interven-
tion with antiangiogenic or antilymphangiogenic therapies after 
lymphatic vessel regression has begun in patients will show no 
effect on lymph node lymphatic vessels.

In patients, the observation that large metastatic lesions do 
not exhibit increased vascular density relative to those with 
micrometastases further suggests that sprouting angiogenesis 
is not required to sustain the growth of lymph node metastases. 
A limitation of our data is that we estimated lesion size based on 
the two-dimensional area available in the histological sections, 
so we are likely underestimating the size of the lesion. An addi-
tional limitation of our study is that we cannot rule out the con-
tribution from different modes of new blood vessel formation 
in lymph node metastasis such as vasculogenesis, intussuscep-
tion, vessel co-option, vascular mimicry, and tumor cell differ-
entiation into endothelial cells (20). The mechanisms of these 
alternative processes are not clearly defined, although VEGF and 
endothelial proliferation have been shown to contribute to these 
processes (48–51). Our preclinical and clinical data, however, 
show that inhibitors targeting primarily sprouting angiogenesis 
will not inhibit the growth of metastases in the lymph node.

Predicted by recent genomic data (38,39,52), we provide 
direct evidence that lymph node metastasis forms from mul-
tiple cells that disseminate from the primary tumor and sug-
gest a fundamental difference in their formation compared with 
hematogenous metastases. Cancer cells that invade lymphatic 
vessels travel to the draining lymph node where they enter in 
locations defined by afferent lymphatic vessels. As such, lymph 
node metastasis can be reinforced by the continual arrival of 
new cells as they gain a foothold in their new microenviron-
ment, leading to the spatially heterogeneous lesions imaged 
here and the genetically heterogeneous lesions documented 
previously (38,39,52,53). In contrast, cells that metastasize 
through the blood spread out to different locations in an organ 
by the branching vasculature, leading to a higher probability of 
individually homogenous lesions. One can thus speculate that 
targeting a single genetic trait, unless ubiquitous in the primary 
tumor, may not be effective in eradicating lymph node metasta-
ses and any subsequent spread to distant sites (39).

Using multiple spontaneous metastasis models, we show the 
first direct evidence that sprouting angiogenesis is not required 

in lymph node lesions during early metastatic growth. The lack 
of sprouting angiogenesis in lymph node metastases suggests 
an additional explanation for the poor outcomes of antiangio-
genic therapy in adjuvant settings. As the lymph node is able 
to metabolically support rapid cellular expansion during an 
active immune response, it seems the existing vasculature of 
the lymph node is also able to support the growth of a nascent 
metastasis. Thus, the mechanisms of angiogenesis and the 
targets of clinically approved drugs are not active during this 
early step in cancer progression, suggesting that inhibitors of 
sprouting angiogenesis as a class will not be effective in treating 
lymph node metastases. Our novel preclinical models provide 
opportunities to uncover strategies to better control and eradi-
cate disease in lymph nodes in metastatic cancer patients.
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