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Supplemental Materials: 1 

Material and Methods 2 

Figures S1 – S7 3 

Movie S1 4 

Tumor staging in PyMT.  Early carcinoma and late carcinoma tumors were characterized by a 5 

pathologist according to previously characterized features (1). Briefly, early carcinoma tumors 6 

were used from PyMT mice 7-9 weeks old that are characterized by distended acinar structures 7 

with focal stromal invasion, high density of leukocytic infiltration, and increased cytological 8 

atypia  and late carcinoma tumors from mice 12-14 weeks old that are characterized by solid 9 

sheets of epithelial cells with little or no remaining acinar structures visible (1).  10 

Immunofluorescence image analysis. 11 

To measure vascular junctions and extravascular dextran, the CD31 channel (blood vessel), 12 

dextran and vascular junction (ZO-1 or VE-Cadherin) were each thresholded to just above 13 

background based upon intensity.  Thresholding was verified by eye. A binary mask of the blood 14 

vessels was created to define the boundaries of the signal inside blood vessels.  Structures 15 

smaller than 100 px2 were excluded as debris, and holes were filled. The extravascular dextran 16 

area was isolated by subtracting the blood vessel mask from the dextran mask.  The remaining 17 

extravascular dextran area, and blood vessel area were then measured. To measure vascular 18 

junction area the vascular junction image was thresholded to just above background in the blood 19 

vessel using the blood vessel mask and a binary mask was made of the vascular junction area. 20 

The area of vascular junctions and extravascular dextran was normalized to the area of blood 21 

vessels in each image.    22 

Vascular VE-Cadherin adjacent to TMEM was quantified by the mean VE-Cadherin staining 23 

intensity in CD31+ vasculature adjacent to CD68+/Tie2Hi/VEGFAHi macrophages, CD68+ 24 
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macrophages or in the absence of macrophages in sequential tissue sections.   Four different 1 

fields (of 2x2 40x fields with 15% overlap) were acquired per mouse. To measure vascular VE-2 

Cadherin, the CD31 channel (blood vessel), VEGFA and VE-Cadherin were each thresholded to 3 

just above background based upon intensity.  Thresholding was verified by eye. A binary mask 4 

of the blood vessels was created to define the boundaries of the signal inside blood vessels. A 5 

box (ROI) was moved along the vasculature in 0.5 μm lengths of vasculature in a sliding window 6 

fashion as defined by a freehand drawn line.  Average pixel intensity was measured in each of 7 

the CD31, VE-Cadherin and VEGFA channels for each ROI and moved along another 0.5 μm 8 

lengths of vasculature.  Measurements were repeated until the end of the length (25 μm) of the 9 

line drawn. This method was adapted for use in measuring NG-2 staining intensity as a measure 10 

of pericyte coverage of vasculature.  Pericyte coverate adjacent to TMEM was quantified by the 11 

mean NG-2 staining intensity in CD31+ vasculature adjacent to CD68+/MRC1+/VEGFAHi 12 

macrophages, CD68+ macrophages or in the absence of macrophages in sequential tissue 13 

sections.   Four different fields (of 2x2 40x fields with 15% overlap) were acquired per mouse. 14 

To measure perivascular NG-2, and the CD31 channel (blood vessel), were thresholded to just 15 

above background based upon intensity.  Thresholding was verified by eye. A box (ROI) was 16 

moved along the vasculature in 0.5 μm lengths of vasculature in a sliding window fashion as 17 

defined by a freehand drawn line.  Average pixel intensity was measured in each of the CD31 18 

and NG-2 channels for each ROI and moved along another 0.5 μm lengths of vasculature.  19 

Measurements were repeated until the end of the length (25 μm) of the line drawn. Average pixel 20 

intensity in NG-2 was determined for each length of vasculature measured and averaged for each 21 

animal.  22 

To measure vascular VE-cadherin in human samples, the vasculature was outlined by CD31 23 
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staining in the IHC section.  The ROI was applied to the VE-cadherin fluorescence channel and 1 

average signal intensity measured. Regions of vasculature adjacent to CD68/Tie2Hi/VEGFAHi 2 

macrophages or away from TMEM are measured (n = 23 at TMEM, n = 24 away from TMEM) 3 

in 5 independent patient samples.   4 

 5 
Intravital imaging. Z-stacks of up to 50 µm of depth were acquired with a 2 µm slice interval for 6 

up to 4 h.  Three time frames were acquired after the injection of 155 kDa TMR-dextran before 7 

the administration of 1.5 mg of 10 kDa fluorescein-dextran or 8 μg (0.2 mg/kg) of VEGFA165 8 

peptide (PeproTech) by the tail vein catheter to induce systemic vascular permeability as 9 

previously described (2, 3).  For laser-induced damage, the laser was held at a position on the 10 

endothelium at 200 mW for 2 s (generating 400 mJ) after injection of 155 kDa-dextran-TMR.  11 

Extended time-lapse images were acquired.     12 

 13 

Intravital microscopy image analysis. All images were acquired as 16-bit TIFF images and all 14 

quantitative analysis was performed on the raw 16-bit TIFF images. As previously described, 15 

image channels were balanced and subtracted to isolate the CFP signal (4).  An average intensity 16 

Z-projection was made for all channels.  The ImageJ plug-in StackReg was used to register the 17 

images over time. The average intensity Z-projection is used for dextran analysis to determine 18 

quantitatively the mean dextran intensity within a volume of interest. The first image in the time-19 

lapse sequence (t = 0 min) was used to define the boundaries of the vasculature.  Circular ROIs 20 

were placed adjacent to the vasculature in the tumor tissue at sites of spontaneous, transient 21 

vascular permeability. Average fluorescence intensity of dextran channel was measured in the 22 

ROI for each Z-projection time frame of the time-lapse sequence.  Fluorescence intensity values 23 

were normalized to the maximum fluorescence intensity for each individual vascular 24 
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permeability event.  Changes in extravascular dextran over time for individual fields of view (n = 1 

6) are presented in fig. S2F. To determine the kinetics of transient vascular permeability (Fig 2 

2E), individual permeability events were aligned with 0 min determined as the first frame where 3 

dextran intensity increases above background.  Individual permeability events were averaged to 4 

determine the average kinetics. For VEGFA165 injection and laser damage experiments t = 0 min 5 

is the start of image acquisition for all animals.   To determine the total dextran area (Fig. 2D) a 6 

binary mask was made from the blood vessel signal within the first frame of the time-lapse 7 

sequence.  The blood vessel mask was applied to all subsequent channels and subtracted from the 8 

dextran channel to measure only extravascular dextran. The dextran channel was intensity 9 

thresholded to just above background and verified by eye and the total area was measured.  10 

Maximum intensity Z-projection was made for the tumor cell channel to best highlight the cells 11 

and suppress background.  To measure circulating tumor cells, time-lapse stacks were cropped to 12 

an area over the blood vessel immediately downstream of TMEM sites with extravasation of 13 

vascular probes.  The blood vessel and tumor cell channels were intensity thresholded to just 14 

above background and verified by eye. A binary mask was made from the blood vessel signal 15 

within the first frame of the time-lapse sequence.  This image was used to define intact blood 16 

vessels and determine the boundaries of what is intra- and extravascular for the rest of the time-17 

lapse sequence.  Structures smaller than 100 μm2 were excluded as debris, and all holes were 18 

filled. The blood vessel mask was applied to the tumor cell channel which was then thresholded 19 

just above background to detect all circulating tumor cells. The area in the tumor cell channel 20 

was measured as the area of circulating tumor cells which was used as a surrogate measure of the 21 

number for circulating tumor cells as the area increases with number. The area is a conservative 22 

measurement of circulating tumor cells as it increases directly with the cell number and any 23 
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inaccuracy would be caused by spatial overlap in cells that would result in reducing the total area 1 

of circulating tumor cells measured. The area of circulating tumor cells was measured in each 2 

image in the time-lapse sequence.  The area of circulating tumor cells was normalized to the 3 

frame with the maximum area of circulating tumor cells. The use of blood burden experiments 4 

obtained by cardiac puncture are used for end point experiments to better capture all of the CTCs 5 

in the animal blood at the experiment endpoint. A single optical plane is presented in the figures 6 

unless otherwise described. For three-dimensional reconstructions, data was imported into Imaris 7 

software (BitPlane) for surface rendering. 8 

 9 

Sliding window measurement of tumor cell intravasation and vascular permeability (fig. S4). 10 

In this measurement a 100 µm sized boxes, size chosen based on the size of a TMEM, are placed 11 

along the vessels consecutively in a FOV. Each box is then interrogated for the presence of 12 

TMEM, tumor cell intravasation and vascular permeability events. Time-lapse sequences of z-13 

stacks are interrogated to examine vasculature in 3D.   14 

 15 
Supplemental Figure Legends 16 

fig. S1. TMEM formation with tumor stage in PyMT.  (A) IHC for Mena (TC, tumor cell, 17 

red), Iba-1 (M, macrophage, brown) and endomucin (BV, blood vessel, blue) in early and late 18 

carcinomas. Scale bar, 75 µm. (B) TMEM density of early and late carcinomas as scored in IHC 19 

stained fixed tissue (n = 8;***, P = 0.0006). (C) Quantification of circulating tumor cells in EC 20 

and LC (EC n = 8, LC n = 4,****, P <0.0001). (D) Average intensity Z-projections (of 15 µm) 21 

from time lapse intravital microscopy of a late carcinoma.  Macrophages (cyan), tumor cells 22 

(green) and blood vessels (labeled with 155 kDa dextran-TMR, red) are shown.  A TMEM 23 

structure is outlined in a white box. M, macrophage; EC, endothelial cell; and TC, tumor cell. 24 
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White arrowheads point to protrusions of otherwise non-migratory cells. Dashed white line 1 

indicates the luminal surface of the endothelium. Scale bar = 5 µm.  2 

fig. S2. Tumor cell intravasation occurs at TMEM along with local, transient blood vessel 3 

permeability. (A) IVM time lapse of transient vascular permeability at TMEM.  Macrophages 4 

(cyan), tumor cells (green) and blood vessels (labeled with Qdots, red) are shown.  A TMEM is 5 

outlined in a white box. M, macrophage; EC, endothelial cell; and TC, tumor cell. The luminal 6 

surface of the endothelium is outlined in a white dashed line. Scale bar = 10 µm. (B) Time 7 

course of extravasation of Qdot 705 at TMEM from (A).  (C) An independent example of 8 

transient vascular permeability and tumor cell intravasation at TMEM using IVM.    9 

Macrophages (cyan), tumor cells (green) and blood vessels (labeled with 155 kDa dextran-TMR, 10 

red in top panels, white in lower panels) are shown.  A TMEM is outlined in a white box. 11 

Dextran extravasation is indicated by red arrowhead, tumor cell intravasation quantified in a 12 

yellow box, and the influx of green tumor cells at TMEM indicated with a white arrowhead.  At 13 

0’ TMEM is observed with no tumor cells in the blood vessel (circulating tumor cells, green) and 14 

no extravascular dextran (red arrowhead in lower panel).  At 15’ there is peak in the number of 15 

circulating tumor cells that intravasate adjacent to the TMEM as indicated by a white arrowhead 16 

in the top panel.  155 kDa dextran extravasation is marked by the red arrowhead in the lower 17 

panel. 35’ marks the peak of extravascular dextran observed as indicated by the red arrowhead in 18 

the lower panel.  Circulating tumor cells are observed in the top panel as indicated by the white 19 

arrowhead.  At 120’ there is an observed decrease in circulating tumor cells as well as 20 

extravascular dextran as seen in the lower panel marked by the red arrowhead. . The luminal 21 

surface of the endothelium is outlined in a red dashed line in the bottom panels. Scale bar, 50 22 

µm.  (D) Quantification of extravascular dextran and circulating tumor cells over time from (C). 23 
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Green line is CTC and red line is extravascular dextran.   CTC and extravascular dextran are 1 

normalized to the value of highest intensity. (E) Left most panel; Single time demonstrating 2 

TMEM at site of tumor cell intravasation by time-lapse IVM. TMEM outlined in a white box. 3 

Macrophages (M, cyan), Tumor cells (TC, green) and blood vessels (labeled with 155 kDa 4 

Dextran-TMR , red) are shown. Pink dashed line indicates the luminal surface of endothelial 5 

cells. Scale bar, 20 µm. Right 4 panels are time lapse frames as stills. Transendothelial 6 

migrating tumor cells (green) and blood vessel (155 kDa dextran-TMR, red) are isolated for 7 

clarity.  Vascular permeability coincides with tumor cell intravasation. The luminal surface of 8 

the endothelium is outlined with a pink dashed line. The volume of extravascular dextran (red) is 9 

indicated with a yellow arrowhead and outlined in a yellow dashed line.  Tumor cell pinching 10 

during transmigration (1’) and presence in the blood stream are indicated with a white 11 

arrowhead.  Tumor cells are outlined in a dashed white line and are numbered for clarity of 12 

observation. Scale bar, 20 µm. (F) Six individual examples of regions of blood vessel 13 

permeability at TMEM starting from the onset of imaging to demonstrate temporal heterogeneity 14 

in transient vascular permeability.  Lines 5 and 3 are two regions within the same field of view in 15 

the same animal. (G) Average percent of TMEM structures, spontaneous vascular permeability 16 

and intravasation events that occur at vascular branch points (n = 16), (15 data points are at 17 

100% for permeability and intravasation).    18 

 19 

 20 

 21 

 22 

 23 
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 1 

fig. S3. Tumor cell intravasation occurs at TMEM with local, transient blood vessel 2 

permeability in a human patient-derived xenograft model of triple negative breast cancer.  3 

(A) Time-lapse microscopy of Qdots 705 ITK extravasation (white in top panels, white bottom 4 

panel, as indicated by red arrowhead) and increased circulating tumor cells (green in top and 5 

middle panels as indicated by red arrowhead) at TMEM (white box). At 0’ TMEM is observed 6 

with no extravascular Qdots (red arrowhead in lower panel). 40’ marks the peak of extravascular 7 

Qdots observed as indicated by the red arrowhead in the lower panel. 34’ marks the peak of 8 

tumor cell intravasation as seen by circulating tumor cells at TMEM as indicated by the red 9 

arrowhead in the middle panel. By 80’ there is an observed decrease in extravascular Qdots and 10 

circulating tumor cell as seen in the middle and lower panel marked by the red arrowhead. The 11 

yellow dashed line in the top panels and red dashed line in the bottom panels outline the luminal 12 

surface of the endothlelium.  Scale bar, 50 µm in top and bottom panel, 20 µm in middle panel.  13 

(B) Quantification of extravascular Qdots and circulating tumor cells (as determined by green 14 

pixels) over time from (A). Green line denotes CTC and black line extravascular Qdots.   CTC 15 

and extravascular Qdots are normalized to the value of peak intensity for Qdots (left Y axis) or 16 

peak area for CTC (right Y axis). (C) Frequency of blood vessel permeability events in the 17 

presence of TMEM or away from TMEM in 100 μm windows (n = 11, ** P = 0.0073).  (D) 18 

Frequency of tumor cell intravasation events in the presence of TMEM or away from TMEM in 19 

100 μm windows (n = 11,* P = 0.0424). 20 

 21 

 22 

 23 
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fig. S4. The sliding window measurement. In this measurement a 100 µm sized box, size 1 

chosen based on the size of a TMEM, is slid along the vessels consecutively in a FOV. TMEM 2 

are outlined in yellow boxes in A. Yellow arrowheads indicate box positions where local 3 

vascular permeability or intravasation are observed over the imaging interval per FOV in (B). 4 

Each box is then interrogated for the presence of TMEM. In this simplified illustration not all 5 

vessel lengths are analyzed while in practice all vessels per FOV are analyzed. Note the presence 6 

of four sites of localized vascular permeability in the above row of panels. The data is then 7 

plotted as shown in Fig. 1K and L and fig. S6C and D.  8 

 9 

fig.  S5. 155 kDa dextran-TMR does not extravasate.  155 kDa dextran-TMR (red) is injected 10 

by tail vein i.v. catheter followed by 10 kDa dextran-FITC (green).  (A) Time lapse imaging 11 

demonstrates that 10 kDa dextran-FITC readily extravasates and clears from the vasculature and 12 

tissue, while 155 kDa dextran-TMR is confined to the vascular space (n = 4).  0’ indicates i.v. 13 

introduction of 10 kDa dextran-FITC and peak vascular 10 kDa dextran-FITC. 3’ is the time of 14 

peak extravascular 10 kDa dextran-FITC.  (B) Quantification of vascular 10 kDa dextran-FITC 15 

and (C) extravascular 10 kDa dextran-FITC. (D) Quantification of vascular 155 kDa dextran-16 

TMR and (E) extravascular 155 kDa dextran-FITC. 17 

 18 

 19 

 20 

 21 

 22 
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fig. S6. VEGFAHi TEMs are enriched at TMEM and sites of pericyte depletion. (A) 1 

Immunofluorescence imaging of VEGFAHi macrophages in TMEM in sequential sections in 2 

TN1. Left panel: Macrophages (CD68, gray), tumor cells (Mena, red), blood vessels (CD31, 3 

green), and DAPI (blue). Right panel Sequential section : VEGFA (red), Tie2 (gray), blood 4 

vessels (CD31, green), and DAPI (blue). Blue boxes and arrowheads indicate TMEM that are 5 

Tie2Lo/VEGFALo. Yellow boxes and arrowheads indicate TMEM that are Tie2Hi/VEGFAHi.  6 

White boxes and arrowheads indicate macrophages outside of TMEM that are Tie2Lo/VEGFALo. 7 

Scale bar, 20 μm. (B and D) Quantification of populations of macrophages that are CD68, 8 

CD68/ Tie2Hi, and CD68/Tie2Hi/VEGFAHi at TMEM and away from TMEM in (B) PyMT (n = 9 

8) and (D) TN1 (n = 5). (C and E) Quantification of fraction of macrophages that are CD68, 10 

CD68/ Tie2Hi, and CD68/Tie2Hi/VEGFAHi that comprise total macrophages at TMEM and away 11 

from TMEM in (C) PyMT (n = 8) and (E) TN1 (n = 5). ANOVA was performed to determine 12 

statistical significance, followed by paired t-tests for comparison of macrophage subsets in 13 

TMEM and away from TMEM.   CD68, CD68/ Tie2Hi, and CD68/Tie2Hi/VEGFAHi  macrophage 14 

subsets were determined to be significantly different at TMEM and away from TMEM in PyMT 15 

and TN1 (P < 0.0001) (F) Immunofluorescence imaging of pericyte coverage of tumor 16 

vasculature at VEGFAHi TEMs in TMEM (top panels) and away from TMEM (lower panels) in 17 

sequential sections in TN1. Yellow boxes and arrowheads indicate TMEM that are VEGFAHi 18 

and white boxes and arrowheads indicate vascular regions away from VEGFAHi TMEM.  19 

Arrowheads point to perivascular regions for pericyte localization. Left panel: TEM 20 

macrophages (MRC1, gray), pericytes (NG-2, red), blood vessels (CD31, green), and DAPI 21 

(blue). Sequential section (right panel): VEGFA (red), macrophages (CD68, gray), blood vessels 22 

(CD31, green), and DAPI (blue). Scale bar, 15 μm. (G and H) Quantification of fold change in 23 



11 
 

NG-2 average fluorescence intensity between regions of vasculature away from TMEM and at 1 

VEGFAHi/MRC1 TMEM in (G) PyMT (n = 5, *, P = 0.0271) and (H) TN1 (n = 5, **, P = 2 

0.0069).  3 

 4 

fig. S7.  Vascular VE-Cadherin is decreased in the presence of Tie2Hi/VEGFAHi 5 

macrophages in TMEM in human breast cancer.  A second example of human breast cancer 6 

tumor sections stained for the presence of vascular junction proteins at TMEM macrophages.  7 

Tumor sections are stained for TMEM; Mena (red), CD68 (brown) and CD31 (blue) by IHC and 8 

for VE-cadherin (green), Tie2 (gray) and VEGFA (red) stained by immunofluorescence in 9 

sequential sections. TMEM outlined in black box in IHC and white box in immunofluorescence. 10 

The direct contact of the tumor cell, macrophage and endothelial cell is indicated with a yellow 11 

triangle. Scale bar, 15 µm. 12 

 13 
Movie S1. Tumor cell intravasation occurs at TMEM along with local, transient blood vessel 14 

permeability.  Time-lapse microscopy of 155 kDa dextran-TMR extravasation (red in left panel, 15 

white right panel) and site of tumor cell intravasation (green cells) at TMEM. Macrophages in 16 

cyan. Time is indicated in minutes:seconds.  17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 
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