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Ricinus communis agglutinin I (RCA I), a galactose-
binding lectin from castor beans, binds to endothelial
cells at sites of plasma leakage, but little is known
about the amount and functional consequences of
binding to tumor endothelial cells. We addressed this
issue by examining the effects of RCA I on blood
vessels of spontaneous pancreatic islet-cell tumors in
RIP-Tag2 transgenic mice. After intravenous injec-
tion, RCA I bound strongly to tumor vessels but not to
normal blood vessels. At 6 minutes, RCA I fluores-
cence of tumor vessels was largely diffuse, but over
the next hour, brightly fluorescent dots appeared as
the lectin was internalized by endothelial cells. RCA I
injection led to a dose- and time-dependent decrease
in vascular endothelial growth factor receptor-2
(VEGFR-2) immunoreactivity in tumor endothelial
cells, with 95% loss over 6 hours. By comparison,
VEGFR-3, CD31, and CD105 had decreases in the
range of 21% to 33%. Loss of VEGFR-2 was followed
by increased activated caspase-3 in tumor vessels.
Prior inhibition of VEGF signaling by AG-028262
decreased RCA I binding and internalization into
tumor vessels. These findings indicate RCA I pref-
erentially binds to and is internalized by tumor
endothelial cells, which leads to VEGFR-2 down-
regulation, endothelial cell apoptosis, and tumor
vessel regression. Together, the results illustrate
the selective impact of RCA I on VEGF signaling in
tumor blood vessels. (Am J Pathol 2010, 176:1927-1940;
DOI: 10.2353/ajpath.2010.090561)

Tumor vessels are irregularly shaped and tortuous, and
have multiple functional abnormalities.’™ Endothelial
cells comprising tumor vessels have abnormalities in

gene expression, require growth factors for survival, and
have defective barrier function to plasma proteins.’>
Molecules that are preferentially expressed on tumor ves-
sels can serve as therapeutic targets.?

Plant lectins have been used to characterize the sur-
face properties of cells and to isolate membrane proteins
of endothelial cells.*~® Ricinus communis agglutinin (RCA
I, RCA 120) and Ricinus communis toxin (ricin, RCA I,
RCA 60) are galactose-binding lectins from seeds of the
castor bean plant R. communis.®~'3 Both lectins bind to
erythrocytes and endothelial cells in vitro,' ' but the
effects are strikingly different. RCA | is a potent galacto-
side-binding lectin and hemagglutinin, and ricin is a po-
tent enzymatically active toxin."’

RCA | and ricin are heterodimeric proteins with two
components. RCA | consists of two A chains and two B
chains, and ricin has one A and one B chain joined by a
single disulfide bridge.®~'® The sequence of the A and B
chains of RCA | and ricin have homologies but are not
identical.® The A chain of RCA | and ricin is cytotoxic
because its glycosidase activity inactivates ribosomal
protein synthesis; the B chain is a lectin that mediates
endocytosis by binding galactosyl and N-acetylgalac-
tosaminyl residues of cell surface glycoconjugates.'® '3
However, ricin (LDg 5 to 36 png/kg in mice) is much more
toxic than RCA | (LD, ~1400 ng/kg).'”'® A single mol-
ecule of enzymatically active ricin A chain reportedly can
inactivate 1500 ribosomes per minute, inhibit protein syn-
thesis, and cause cell death.’® Because of this activity,
ricin has been used as a biological weapon and as an
immunotoxin for cancer therapeutics.''972% Effects of
ricin by endothelial cells may result in the vascular leak
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syndrome found with immunotoxins or other therapeutics
containing ricin A chain.?*-27

Studies of lectins injected into the vasculature have
shown that RCA |, unlike Lycopersicon esculentum (LEA,
tomato lectin), does not bind uniformly to the luminal
surface of the endothelium, but instead binds prefer-
entially to leaky sites in the endothelium of inflamed
venules.” RCA | also binds to the luminal surface of
endothelial cells of murine squamous carcinomas, indic-
ative of affinity for tumor blood vessels,?® and to sinusoi-
dal endothelial cells of liver and bone marrow®® and
certain other vessels.*°

To obtain a better understanding of the selectivity and
functional consequences of RCA | binding to endothelial
cells of tumor blood vessels in vivo, we examined the
distribution of rhodamine-labeled RCA | in tumors after
i.v. injection into RIP-Tag2 transgenic mice that have
spontaneous pancreatic islet cell adenomas and carci-
nomas. Using immunohistochemistry and fluorescence
and confocal microscopy, we found that rhodamine-RCA
| bound much more strongly to tumor vessels than to
normal blood vessels of the surrounding acinar pan-
creas. The lectin initially coated much of the luminal
surface of tumor vessels but after an hour had a conspic-
uous dot-like pattern, indicative of internalization into en-
dosomes and lysosomes of endothelial cells. Vascular
endothelial growth factor (VEGF) receptor (R)-2 immuno-
reactivity of endothelial cells subsequently decreased,
endothelial cells underwent apoptosis, and tumor vessels
regressed. These findings demonstrate that RCA | can
selectively reduce VEGFR-2 in endothelial cells of tumor
blood vessels in vivo.

Materials and Methods

Animals and Treatment

Spontaneous pancreatic islet cell carcinomas in RIP-
Tag2 mice (C57BL/6 background) were studied at 10 to
11 weeks of age.®' All experimental procedures were
reviewed and approved by the University of California,
San Francisco Institutional Animal Care and Use Com-
mittee. AG-028262, a potent small molecule inhibitor of
VEGFR tyrosine kinases, supplied by Pfizer Global Re-
search and Development (San Diego, CA), or vehicle was
administered to some mice once daily for 7 days by
gavage (80 mg/kg/dose in a volume of 5 ul/g).32

Lectin Injection and Fixation by Vascular
Perfusion

For assessment of RCA | binding to tumor blood vessels,
RIP-Tag2 mice were injected with rhodamine-labeled
RCA | lectin (Vector Laboratories, RL-1082)%*4 into a tall
vein in doses ranging from 0.5 to 500 ng. The time course
of lectin-mediated effects was examined at 6 minutes, 1
hour, or 6 hours after injection of 500 ug RCA | or at 24
hours after injection of 5 ug or 50 ug RCA |. Dose-
dependency was examined at 6 hours after injection of
0.5, 5, 50, or 500 ug RCA I. Fluorescein isothiocyanate

(FITC)-labeled LEA lectin (Vector Laboratories, FL-1171)
was injected into some mice to assess patency of tumor
vessels 3233

At the end of the experiment, mice were anesthetized
with ketamine (83 mg/kg) plus xylazine (13 mg/kg, i.m.).
The chest was opened rapidly, and the vasculature was
perfused with fixative (1% paraformaldehyde in PBS, pH
7.4) for 2 minutes at a pressure of 120 mmHg from an
18-gauge cannula inserted into the aorta via an incision in
the left ventricle. Blood and fixative exited through an
opening in the right atrium. The entire pancreas with
tumors and multiple normal organs (kidney, liver, spleen,
thyroid, trachea) were removed and immersed in fixative
for 1 hour at 4°C. Specimens were rinsed with PBS,
infiltrated with 30% sucrose in PBS overnight at 4°C,
embedded in optimal cutting temperature compound
(Sakura Finetek), and frozen at —20°C.

Immunohistochemistry

Endothelial cells of tumor vessels were stained by immu-
nohistochemistry using our previously described meth-
0ds®*3* with one or more antibodies: rat anti-mouse
CD31 (PECAM-1, clone MEC 13.3, 1:500; BD Pharmingen),
hamster anti-mouse CD31 (clone 2H8, 1:500; Chemicon),
rabbit anti-mouse VEGFR-2 (TO14, 1:2000; gift from Rolf
Brekken, University of Texas Southwestern Medical Center),
goat anti-mouse VEGFR-3 (1:1000; R&D Systems), or rat
anti-mouse CD105 (endoglin, clone MJ7/18, 1:500; BD
Pharmingen). VEGF was stained with goat anti-mouse
VEGF-A (anti-VEGF, 1:50; R&D systems). Macrophages
were stained with rat anti-F4/80 (1:250; Serotec). Apoptotic
cells were labeled with rabbit anti-human/mouse activated
caspase-3 (1:1000; R&D Systems).

Secondary antibodies (1:400; Jackson ImmunoResearch
Laboratories Inc.) included FITC- or Cy5-labeled goat or
donkey anti-rat or hamster 1gG; FITC-, Cy3 or Cy5-labeled
goat anti-rabbit 1gG; FITC-labeled donkey anti-goat 19G;
FITC- or Cy3-labeled donkey anti-goat IgG.

Fluorescence Imaging

Tissue sections were examined with a Zeiss Axiophot
fluorescence microscope equipped with single, dual, and
triple fluorescence filters and a CCD camera (CoolCam,
SciMeasure; 640 X 480-pixel RGB-color images) and with a
Zeiss LSM 510 confocal microscope with Argon, Helium-
Neon, and UV lasers (5612 X 512- or 1024 X 1024-pixel
RGB-color images).

Measurements of Tumor Vascularity and
Rhodamine-RCA | Fluorescence

RCA 1 fluorescence and immunofluorescence of various
markers in tumors were quantified by measuring the pro-
portion of sectional area (area density) occupied by the
fluorescence above the threshold intensity.*2* Digital
fluorescence microscopic images, each representing a
region measuring 960 X 1280 um, were captured from



sections of at least four tumors in each RIP-Tag2 mouse.
Images were analyzed using Imaged software (http://
rsb.info.nih.gov/jj; 1.32j). Based on an analysis of pixel fluo-
rescence intensities, which ranged from 0 to 255, specific
staining was distinguished from background by empirically
using a threshold value of 50. Area density of VEGFR-2,
VEGFR-3, CD31, CD105, or activated caspase-3 immuno-
fluorescence and RCA | or LEA lectin was calculated as the
proportion of pixels having a fluorescence intensity value
equal to or greater than the threshold.®*3* Area density of
VEGFR-2 or CD31 immunoreactivity in acinar pancreas was
determined in the same manner.

Measurement of Rhodamine-RCA | in Peripheral
Blood

The concentration of rhodamine-RCA | was measured in
100 wl of blood withdrawn from the tail vein at 3 minutes,
10 minutes, 30 minutes, 1 hour, or 6 hours after intrave-
nous (iv) injection of 500 ug of RCA | into RIP-Tag2
mice.®® Plasma was obtained by centrifugation of whole
blood at 4000 rpm for 15 minutes. The concentration of
RCA | in plasma was measured by spectrofluorometry
(SPECTRAmMax, Gemini, Molecular Devices), based on
standard solutions prepared from RCA | at an initial con-
centration of 250 wg/ml diluted with the plasma from
control mice. Total blood volume of mice was estimated
to be 80 mi/kg.36:37

RCA I-Binding to VEGFR-2 in Tumors

To estimate RCA I-binding to VEGFR-2, biotinylated RCA
I (500 uwg/mouse, Vector Laboratories, B-1085) or vehicle
was injected into a tail vein of RIP-Tag2 mice and allowed
to circulate for 1 hour. After perfusion with PBS, tumors
were removed and homogenized in radioimmunoprecipi-
tation assay buffer (50 mmol/L Tris-Cl, pH 7.4, 150
mmol/L NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS).
After centrifugation, the supernatant (100 ug of protein)
was incubated with avidin agarose resin (Pierce) for 16
hours at 4°C, and then the precipitant was washed five
times with radioimmunoprecipitation assay buffer con-
taining 0.5 mol/L NaCl. After centrifugation and resuspen-
sion in SDS sample buffer (62.5 mmol/L Tris-Cl, pH 6.8,
10% glycerol, 2% SDS, 0.01% bromphenol blue), the
precipitant was analyzed on 4% to 20% Tris-Glycine gels
(Invitrogen) and then transferred to nitrocellulose mem-
branes (Amersham Pharmacia Biotech). The gel was
stained by Coomassie Blue to detect proteins in the
precipitant. To identify VEGFR-2 in the precipitant, the
membranes were incubated in PBS containing 5% bovine
serum albumin and 0.05% Tween 20 and then incubated
with rabbit anti-VEGFR-2 (TO14). Proteins in the precipi-
tants, which bound with anti-VEGFR-2, were detected by
using enhanced chemiluminescence reagents (Pierce).
VEGFR-2 identified by immunoprecipitation, using anti-
VEGFR-2 (TO14) and rabbit anti-mouse/rat VEGFR-2
(FIk-1, C-20, Santa Cruz), on tumor homogenates from
RIP-Tag2 mice without injection of biotinylated RCA |,
was used as a positive control.

RCA | Killing of Tumor Blood Vessels 1929
AJP April 2010, Vol. 176, No. 4

LDg, of RCA I'in RIP-Tag2 Mice

To determine the LDg, of RCA | (lethal dose for 50% of
RIP-Tag2 mice), 25, 50 or 500 ug RCA | was injected by
tail vein and the duration of survival was determined (n =
5 mice/dose). LDgy of RCA | was calculated by the
method reported by Zhan and Zhou.'® A plot of dose/
survival time versus dose gave a straight line, with the
y-intercept of the equation equal to the LD, value.'®

Colocalization of Activated Caspase-3 and
CD31

The amount of colocalization of activated caspase-3 with
CD31 immunoreactivity was measured on fluorescence
microscopic images of sections of RIP-Tag2 tumors. Dig-
ital images of the red channel (activated caspase-3 la-
beled with Cy3-conjugated secondary antibody) and
green channel (CD31 labeled with FITC-conjugated sec-
ondary antibody) of the same field were captured sepa-
rately with the CCD camera. The colocalized pixels were
identified by using the colocalization plug-in function of
Imaged.®*

Isosurface Rendering of Confocal Images

Confocal RGB image stacks were imported into Imaris
software (version 5.0.3; Bitplane). Voxels with fluores-
cence intensities above a threshold were assigned to
each color channel. Isosurfaces were rendered from
these voxels and smoothed with a Gaussian filter, creat-
ing three-dimensional reconstructions in which the spatial
resolution was conserved.%®

Measurements of Internalized RCA |

Fluorescence dots, representing internalized RCA | in
endosomes or lysosomes in endothelial cells of tumor
vessels, were counted in confocal microscopic images.
Each confocal image stack (x40 objective, X3 zoom)
represented a region measuring 76.8 X 76.8 um and a
thickness of 40 um. Images were captured from sections
of at least four tumors in each mouse. RCA | fluorescent
dots were counted in five randomly positioned boxes
(0.5 X 0.5 um) over tumor vessels of each image.

Statistics

The significance of differences between groups was
assessed using analysis of variance (ANOVA) followed
by the Bonferroni-Dunn test for multiple comparisons.
Values are expressed as means = SE (n = 4 to 5 mice
per group). P values less than 0.05 were considered
significant.
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Results

Preferential Binding of Rhodamine-RCA [ to
Tumor Blood Vessels

After i.v. injection of rhodamine-RCA 1, the vasculature of
RIP-Tag2 tumors had intense red fluorescence, but blood
vessels of the surrounding acinar pancreas had little or
none (Figure 1A). Indeed, tumors were conspicuous be-
cause their bright red fluorescence sharply contrasted
with the surrounding nonfluorescent tissue (Figure 1A).
Most RCA | colocalized with tumor vessels marked by
VEGFR-2 immunoreactivity; vessels in the acinar pan-
creas had little or no red fluorescence (Figure 1, B and
C). The brightness of RCA | in tumor vessels varied from
intense to faint (Figure 1, D and E).

The area density of RCA | fluorescence was 15% in
RIP-Tag2 tumors but only 0.6% in the surrounding acinar
pancreas (Figure 1F). RCA | fluorescence was detected
in some veins of the liver (Figure 1G) and most renal
glomeruli (Figure 1H), but the intensity was much fainter
than that of tumor vessels. Little or no RCA | fluorescence
was found in the spleen, acinar pancreas, thyroid, or
trachea.

Internalization of Rhodamine-RCA | by
Endothelial Cells of Tumor Vessels

The largely diffuse red fluorescence of tumor vessels
present at 6 minutes after injection of RCA | was distinctly
punctate at 1 hour (Figure 1, | and J). This time-depen-
dent change in distribution of RCA | fits with surface
clustering or internalization into endosomes or lysosomes
of endothelial cells, as is well documented for internaliza-
tion of VEGF/VEGFR-2 complexes into endothelial cells
in vitro.3°=42

To learn more about whether the dot-like pattern of red
fluorescence reflected internalization of RCA |, we com-
pared the distribution of VEGF and VEGFR-2 immunore-
activities in tumor vessels. As expected from in vitro stud-
ies,%9742 poth VEGF and VEGFR-2 had dot-like patterns
in endothelial cells similar to the punctate RCA | fluores-
cence (Figure 1, K and L), and most of the punctate
VEGF colocalized with VEGFR-2 (Figure 1L, arrowheads).

Time Course of Internalization of RCA |

The patterns of RCA | labeling (red) and VEGFR-2 immu-
noreactivity (green) of tumor vessels underwent conspic-
uous changes from 6 minutes to 6 hours after injection of
the lectin (Figure 2, A—E). At 6 minutes, tumor vessels
had a subtle pattern of small red dots superimposed on
diffuse red fluorescence of RCA | and prominent gener-
alized green fluorescence of VEGFR-2 immunoreactivity
(Figure 2, A and D).

At 1 hour, RCA | had more conspicuous dot-like fluo-
rescence, but VEGFR-2 staining was about the same
(Figure 2, B and E). Most punctate red fluorescence of
RCA | colocalized with identical green dots of VEGFR-2
immunoreactivity assumed to be endosomes or lyso-

somes (Figure 2, F, and G, arrows), but some dots of RCA
| did not have VEGFR-2 immunoreactivity (Figure 2, F,
and G, arrowheads).

At 6 hours, the red fluorescence of RCA | and green
fluorescence of VEGFR-2 were strikingly different from 1
hour. Neither RCA | nor VEGFR-2 showed the pattern of
tumor vessels (Figure 2, C, H, and I). Instead, both RCA
| and VEGFR-2 colocalized in blobs as large as 10 um in
the region of tumor vessels, but the vascular pattern was
indistinct or absent (Figure 2, H and 1).

Measurements of the plasma concentration in periph-
eral blood of RIP-Tag2 mice from 3 minutes to 6 hours
after i.v. injection of 500 wg RCA | gave a calculated
half-life of 8 minutes (Figure 2J). RCA | concentration in
plasma was 167 ug/ml at 3 minutes after injection and
was 25 pg/ml at 6 hours (Figure 2J).

Because of the colocalization of RCA | with VEGFR-2,
we sought to determine whether RCA | also colocalizes
with VEGF by comparing the distribution of RCA | to the
corresponding distributions of VEGF immunoreactivity.
Most dot-like objects of RCA | fluorescence did not co-
localize with dot-like VEGF immunoreactivity in RIP-Tag2
tumor vessels (Figure 3, A—D). The tumor vessels dom-
inant by RCA | dots had fewer VEGF dots and vice versa
(Figure 3, A-D).

RCA | Binding to VEGFR-2 in Tumors

To determine whether the colocalization of RCA | and
VEGFR-2 immunoreactivity reflected binding to VEGF re-
ceptors, we injected biotinylated RCA | (500 upg) as a
probe and then analyzed RIP-Tag2 tumor homogenates
by avidin-agarose precipitation and VEGFR-2 immuno-
precipitation. Biotinylated-RCA | protein complexes in
avidin precipitants prepared from tumors 1 hour after
injection of biotinylated lectin had a mobility of 220 kDa
on SDS-polyacrylamide electrophoresis gel (Figure 3E,
lane 1). Western blots of biotinylated RCA I-injected tu-
mor homogenates stained with anti-VEGFR-2 antibody
showed a clear band for VEGFR-2 at 220 kDa (Figure 3F,
lane 1). Tumor homogenates from mice injected with
vehicle gave no signal at 220 kDa on SDS-polyacryl-
amide electrophoresis gel (Figure 3E, lane 2) or Western
blot (Figure 3F, lane 2) after avidin agarose precipitation.
VEGFR-2 immunoprecipitation of tumor homogenates
showed an intense signal close to 220 kDa (Figure 3F,
lane 3) but no protein band on SDS-polyacrylamide elec-
trophoresis gel (Figure 3E, lane 3).

Reduction in VEGFR-2 after RCA I: Selectivity

To determine whether the striking decrease of VEGFR-2
immunoreactivity of tumor vessels after injection of RCA |
was due to a selective effect on VEGFR-2 or to a gener-
alized action of RCA | on protein synthesis,'>"'”'® we
asked whether similar changes occurred in other endo-
thelial cell membrane proteins, VEGFR-3, CD31, and
CD105.

The strong VEGFR-2 immunoreactivity of tumor vessels
present at 6 minutes after injection of RCA | (Figure 4A)



RCA | Killing of Tumor Blood Vessels 1931
AJP April 2010, Vol. 176, No. 4

RCAI
(500 pg, 1 hr)

(500 ug, 1 hr)

RCAI RCAI
(500 pg, 1 hr) (500 ug, 1 hr)
Liver Kidney

-

N
o
|

Area density (%)
o o

o
L

RIP-Tag2 Acinar
tumors pancreas

RCA I (500 ug, 1 hr)

RCA
(500 pg, 1 hr)

Figure 1. Preferential binding and internalization of RCA 1 by tumor vessels. Micrographs of RIP-Tag2 tumors (A—C) showing strong red fluorescence of tumor
vessels 1 hour after i.v. injection of 500 ug rhodamine-RCA I and green VEGFR-2 immunofluorescence. Strong red fluorescence of tumor vessels (D, E, dashed
lines outline tumors) contrasts with little or no fluorescence of blood vessels in surrounding acinar pancreas. Bar graph (F) compares abundant RCA I fluorescence
(fractional area, 15%) of tumor vessels with almost no fluorescence (0.6%) in the acinar pancreas. Micrographs show weak RCA 1 fluorescence in central veins
of the liver (G, arrowheads) and glomeruli of the kidney (H, arrowheads). Confocal micrographs show dot-like red fluorescence of RCA I that colocalizes with
green VEGFR-2 immunofluorescence in endothelial cells of tumor vessels (I, J; 1 hour after injection of rhodamine-RCA I). Confocal images of tumor ves show
the dot-like pattern of VEGF immunoreactivity (K), most of which colocalizes with green VEGFR-2 immunofluorescence (L, arrowheads). *P < 0.05 compared
with value for tumors (F). Scale bar in (L): 240 um (A—C, G, H); 120 um (D, E); 10 um (I-L).
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Figure 2. Distribution of RCA I binding and internalization in tumors. Confocal micrographs compare the distribution of red fluorescence in RIP-Tag2 tumors at
6 minutes, 1 hour, or 6 hours after i.v. injection of 500 pg rhodamine-RCA I (A—C). RCA I fluorescence had diffuse, patchy pattern at 6 minutes (A), dot-like pattern
at 1 hour (B), and blob-like pattern at 6 hours (C), when VEGFR-2 immunoreactivity changed from faithful marking of tumor vasculature to blobs (C). RCA I and
VEGFR-2 were largely separate at 6 minutes (D), but colocalized in some dot-like (endosomes) at 1 hour (E, yellow-green). Colocalization of RCA I and VEGFR-2
was clear in some endosomes viewed in individual optical sections of confocal stack images (F, G, arrows) but was not present in others at 1 hour (F, G,
arrowheads). At 6 hours, most colocalized RCA I and VEGFR-2 fluorescence in tumors was in the form of blobs, and VEGFR-2 no longer marked tumor vessels
(H, I, arrowheads). RCA [ in plasma had a half-life of 8 minutes (J) and a concentration of 25.2 ug/ml at 6 hours after injection (J). Scale bar in (D: 90 um (A—C);
15 um (D—E, H-D; 10 um (F—G).
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but was markedly reduced at 6 hours (Figure 4B), when
the fractional area of staining was 95% less than baseline
(Figure 4C). By comparison, VEGFR-3 immunoreactivity,
which was strong on tumor vessels (Figure 4D), was
reduced by only 21% at 6 hours (Figure 4, E and F).
VEGFR-3 staining was not present on blood vessels of
the acinar pancreas but was strong on peritumoral lym-
phatics (Figure 4D, arrowheads), which was not reduced
by RCA | (Figure 4E, arrowheads). CD31 staining of
tumor vessels, which was initially strong (Figure 4G), was
reduced by 27% at 6 hours (Figure 4, H and I). CD105
(endoglin) immunoreactivity was present on many tumor
vessels (Figure 4J) and was reduced by 33% at 6 hours
after RCA | (Figure 4, K and L).

Reduction in VEGFR-2 after RCA I:
Dose-Dependence

The reduction of VEGFR-2 immunoreactivity of tumor ves-
sels after RCA | was dose-dependent. VEGFR-2 staining
was not noticeably reduced at 6 hours after a dose of 0.5
wg but was conspicuously lower after 50 ng (Figure 5, A
and B). Measurements showed a reduction of 85% after
a dose of 50 ug and 95% after 500 ug (Figure 5, C—E).
Changes in VEGFR-2 were significantly greater than the
reductions in CD31 (Figure 5E), which was reduced by
30% at 6 hours after a dose of 50 ug and by 39% after
500 ug (Figure 5E).

Corresponding changes in blood vessels of the acinar
pancreas were significantly lower than in tumor vessels
(Figure 5, F and G). VEGFR-2 immunoreactivity of acinar
pancreas blood vessels was not reduced at 6 hours after
RCA | at a dose of 0.5 or 5 ug but was reduced by 55%
after a dose of 50 ug and by 86% after 500 ng (Figure
5F). CD31 staining of acinar pancreas vessels was re-
duced by 21% at 6 hours after a dose of 50 ug and by
24% after 500 pg (Figure 5F). Many tumor vessels that
had strong CD31 immunoreactivity at 6 hours after 50 g
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Figure 3. RCA [ association with VEGFR-2 but
not with VEGF. Confocal micrographs show the
mutually exclusive distributions of dot-like red
fluorescence of RCA I (500 ug, 1 hour) and
green immunofluorescence of VEGF in RIP-Tag2
tumors (A—C). By comparison, some RCA I co-
localized with VEGFR-2 (D). Scale bar in (D): 10
um (A—D). SDS- polyacrylamide electrophore-
sis gel (E) showing clear protein staining for
avidin agarose precipitants of biotinylated RCA
I-protein complexes at 220 kDa (E, lane 1) in
RIP-Tag2 tumor homogenates 1 hour after injec-
tion of 500 ug biotinylated RCA I. No protein
band was detected in avidin agarose precipitants
of tumor homogenates in the absence of biotin-
ylated RCA I (E, lane 2) or in VEGFR-2 immu-
noprecipitation fractions of RIP-Tag2 tumor ho-
mogenates (E, lane 3). Western blots (F) of
tumor homogenates showing a weak but distinct
band for VEGFR-2 (F, lane 1) after injection of
biotinylated RCA I, no VEGFR-2 band (F, lane 2)
without biotinylated RCA I, and intense bands
(F, lane 3) of VEGFR-2 immunoprecipitation.

of RCA | lacked VEGFR-2 immunoreactivity (Figure 5H,
and |, arrowheads).

Reduction in VEGFR-2 after RCA I: Progressive
Effects

Injection of a relatively low dose RCA | (5 ng), which had
no noticeable effect at 6 hours, caused conspicuous
changes in tumor vessels at 24 hours. In these mice,
VEGFR-2 immunoreactivity of tumor vessels was strik-
ingly reduced (Figure 5, J and K), but CD31 staining
showed little change (Figure 5L).

In addition, doses of RCA | greater than 25 ug were
lethal in RIP-Tag2 mice, and the duration of survival was
dose-dependent (Figure 5M). Mice lived an average of
21 hours after a dose of 5 ug, 14.5 hours after 50 ug, and
9.5 hours after 500 ug. From the dose/survival data, the
LDg, of RCA |'in RIP-Tag2 mice was calculated as 1.23
ma/kg (Figure 5M).

Tumor Vessel Regression after RCA |

To determine whether the profound reduction of VEGFR-2
immunoreactivity was accompanied by diminished ves-
sel function,*® we assessed vessel patency and perfu-
sion by i.v. injection of FITC-labeled LEA lectin, which
binds uniformly and rapidly to the luminal surface of
blood vessels.®?33 When 500 ug of RCA | was injected 1
hour before the LEA lectin, the pattern of LEA staining
matched the distribution of tumor vessels revealed by
CD31 staining (Figure 6A). However, when RCA | was
injected 6 hours before the LEA lectin, fewer tumor ves-
sels were stained by LEA than were evident from CD31
immunoreactivity (Figure 6B, arrowheads). The fractional
area of tumor vessels stained by LEA at 6 hours after RCA
| was 53% less than at 1 hour (Figure 6C). This mismatch
reflects the loss of patency before vessel regression.®3
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Figure 4. Comparison of RCA I effects on VEGFR-2 with other membrane proteins. Fluorescence micrographs comparing changes in VEGFR-2 with corresponding
changes in VEGFR-3, CD31, and CD105 immunoreactivities of tumor vessels at 6 minutes and 6 hours after i.v. injection of 500 pwg RCA I. VEGFR-2
immunoreactivity was strong at 6 minutes but markedly reduced at 6 hours (A, B). Measurements revealed that the reduction in VEGFR-2 at 6 hours was 95% (C).
By comparison, at 6 hours VEGFR-3 in tumor vessels was reduced only 21% (D—F), CD31 was reduced 27% (G—D, and CD105 was reduced 30% (J—L). However,
VEGFR-3 immunoreactivity was still strong in peritumoral lymphatics at 6 hours after RCA I (D, E, arrowheads). VEGFR-3 and CD105 were stronger in tumor
vessels than in vessels of the surrounding acinar pancreas (D—E, J—K). *P < 0.05 compared with 0 minutes (no RCA 1) in all graphs. Scale bar in (K): 120 wm
(all micrographs).
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The increased abundance of “empty” basement mem-
brane sleeves®® that lacked CD31 staining (Figure 6,
D-G) at 24 hours after a 50-ug dose of RCA | was
consistent with the regression of many tumor vessels
within this period.

Endothelial Cell Apoptosis after RCA |

Under baseline conditions, cells stained for activated
caspase-3 immunoreactivity were abundant in RIP-Tag2
tumors and were invariably round and resembled tumor
cells (Figure 6H). However, at 6 hours after injection of
500 wg RCA |, some activated caspase-3 staining had a
vascular pattern, indicative of regressing endothelial cells
(Figure 6l, arrowheads). Activated caspase-3 immuno-
reactivity was not found in the acinar pancreas under
these conditions.

Tumor cells stained for activated caspase-3 at 1 hour
after RCA | did not colocalize with CD31 staining of tumor
blood vessels (Figure 6J), but at 6 hours some activated
caspase-3 immunoreactivity was associated with tumor
vessels (Figure 6K, arrowheads). This association was
confirmed by colocalization of activated caspase-3 stain-
ing with CD31 immunoreactivity, indicative of apoptotic
endothelial cells in tumor vessels (Figure 6, L—N). The
overall amount of activated caspase-3 immunoreactiv-
ity in RIP-Tag2 tumors was not significantly greater at 6
hours after RCA |, but the amount that colocalized with
CD31 at 6 hours was fourfold the value at 1 hour
(Figure 60).

Macrophage Uptake of Endothelial Cell
Fragments

VEGFR-2 staining had a distinct vascular pattern in tu-
mors at 6 minutes or 1 hour after injection of RCA |
(Figures 2A and 4A), but at 6 hours most VEGFR-2 im-
munoreactivity was in form of blobs that colocalized with
RCA | (Figure 2, C, H, and I). Some blobs of VEGFR-2 or
RCA | appeared to be inside F4/80-positive macro-
phages (Figure 7, A—D, arrowheads), which was con-
firmed by isosurface rendering of confocal image stacks
and image rotation (Figure 7E, arrowheads), as observed
for apoptotic endothelial cells that are ingested by macro-
phages during vascular remodeling in the eye of mouse
embryos.*4°

Reduction in RCA | Binding after Inhibition of
VEGF Signaling

Further evidence for RCA | binding to tumor vessels
through a VEGFR-2-dependent process was sought by
exploiting the known decrease in VEGFR-2 expression in
tumor vessels that follows inhibition of VEGF signal-
ing.®23% In particular, we asked whether RCA | binding
was reduced by down-regulation of VEGFR-2 in endothe-
lial cells of RIP-Tag2 tumors after treatment with the VEGF
receptor tyrosine kinase inhibitor AG-028262 for 7
days.®? We found that binding of rhodamine-RCA | to
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tumor vessels was reduced 88% after this treatment, but
tumor vascularity assessed by CD31 staining was re-
duced by only 36% (Figure 7, F—H). Dot-like RCA |
fluorescence in tumor blood vessels was also signifi-
cantly reduced after AG-028262 for 7 days (Figure 7,
|=J). Similarly, tumors treated with AG-028262 for 7 days
did not have curvilinear (vascular) staining of activated
caspase-3 at 6 hours after RCA | (Figure 7K), unlike
tumors that were not treated with the inhibitor (Figure 6l).

Discussion

This study examined the selectivity and the functional
consequences of RCA | binding to endothelial cells of
blood vessels of tumors. We found that rhodamine-RCA |
injected i.v. bound rapidly and preferentially to the vas-
culature of RIP-Tag2 tumors. RCA | initially had a diffuse
distribution on the lumen of tumor vessels but at 1 hour
had a dot-like pattern, reflecting internalization by endo-
thelial cells. VEGFR-2 immunofluorescence also had a
dot-like pattern and partially colocalized with RCA 1, but
was reduced by 95% at 6 hours after injection of RCA .
Some tumor vessel endothelial cells underwent apopto-
sis. By 24 hours some vessels regressed, and empty
basement membrane sleeves were present.

Our observations of the internalization of RCA | by
endothelial cells of tumor vessels in vivo are consistent
with reports of RCA | binding and sequestration by en-
dothelial cells in culture and in vivo.?>*¢ Binding and
internalization of '°I-RCA | by brain microvascular endo-
thelial cells in vitro at 37°C have half-lives of 5 minutes
and 14 minutes, respectively.*® Binding to glycoconju-
gates in caveolae gives RCA | a subtly punctate pattern
even at 4°C, along with uniform binding over the cell
surface.*® Ultrastructural studies have shown that RCA |
is internalized into coated and uncoated vesicles, endo-
somes, and the trans-Golgi network 246

Several lines of evidence indicate that RCA | shares
the endocytic pathway of VEGFR-2 in endothelial cells:
(i) RCA | colocalized with VEGFR-2 immunoreactivity in
endosomes in endothelial cells of tumor vessels. (ii)
VEGFR-2 rapidly decreased in endothelial cells of tumor
vessels after injection of RCA I, and this reduction was
significantly greater than corresponding changes in
other endothelial membrane proteins (VEGFR-3, CD31,
CD105). (iii) Biotinylated RCA | in avidin precipitants of
tumor homogenates was labeled by anti-VEGFR-2 anti-
body in Western blots, consistent with the presence of
VEGFR-2 in RCA I-bound protein complexes. (iv) Reduction
in VEGFR-2 expression after treatment with AG-028262 for 7
days led to reduced RCA | binding and internalization into
endothelial cells of tumor vessels.333® Pretreatment with
AG-028262 also prevented the massive endothelial cell ap-
optosis that was present 6 hours after injection of RCA 1.
Although RCA | does not bind exclusively to VEGFR-2, the
exaggerated expression of these receptors on tumor ves-
sels may contribute to the impact of the lectin on tumor
vasculature.

VEGFR-2 immunoreactivity of tumor blood vessels rap-
idly decreased in a dose- and time- dependent manner
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after injection of RCA I. The reduction in VEGFR-2 was
much greater on tumor vessels than on normal blood
vessels. The VEGFR-2 reduction of 95% in endothelial
cells of tumor vessels at 6 hours was significantly greater
than the 21% to 33% reductions in VEGFR-3, CD31, and
CD105. The much more rapid and severe reduction of
VEGFR-2 could be explained by preferential effects
of RCA | on VEGFR-2 expression or on the high turnover
of VEGFR-2 associated with its importance in signaling
for growth and survival of endothelial cells in tumor ves-
sels.*243 Alternatively, if RCA | triggers release of VEGF
from tumor cells, ligand binding could lead to VEGFR-2
internalization in endothelial cells, but we observed no
evidence of RCA | uptake by tumor cells. Inhibition of
protein synthesis by RCA | A chain internalized into en-
dothelial cells would also contribute to the reduction in
VEGFR-2.213

Down-regulation of VEGFR-2 after binding and inter-
nalization of RCA | was followed by loss of patency and
cessation of blood flow. Some endothelial cells of tumor
vessels underwent apoptosis, as documented by the
appearance of activated caspase-3 staining that colocal-
ized with CD31. Apoptosis of endothelial cells could re-
sult from protein synthesis inhibition, inhibition of inte-
grins, or other toxic actions of A chains of internalized
RCA |, as indicated by multiple mechanisms of endothe-
lial cell death mediated by ricin.?”*” Tumor vessels that
regressed after RCA | left behind empty sleeves of base-
ment membrane, as found in the same tumor model after
inhibition of VEGF signaling.32-34

The appearance of blobs that had RCA | fluorescence
and VEGFR-2 immunoreactivity within F4/80-positive
macrophages indicates a fate of some apoptotic endo-
thelial cells of regressing tumor vessels in this model.
Macrophages are known to phagocytize apoptotic endo-
thelial cells of blood vessels undergoing remodeling or
regression. 444548

RIP-Tag?2 tumors have high strong VEGF immunoreac-
tivity in tumor cells.*®*° VEGF immunoreactivity associ-
ated with tumor blood vessels had a distinctive dot-like
pattern, as previously reported in endothelial cells in
vitro.®°=*2 Much of the dot-like VEGF fluorescence colo-
calized with VEGFR-2, indicative of VEGF/VEGFR-2 com-
plexes internalized into the endothelial cells. Despite its
close association with VEGFR-2, RCA | fluorescence did
not colocalize with VEGF in endothelial cells of tumor
vessels. This finding makes it unlikely that RCA | primarily
binds to VEGF or VEGF/VEGFR-2 complexes instead of to
VEGFR-2 itself or to protein complexes that contain the
receptor.

Yet to be determined is whether the regression of
tumor vessels after i.v. administration of RCA | would lead
to slowed tumor growth. We attempted to address this
issue but found that RCA | doses of 25 ug or larger had
lethal effects in RIP-Tag2 mice within 24 hours. The LDg,
of RCA | was calculated to be 1.23 mg/kg in RIP-Tag?2
mice, which is in the range reported previously.'®

The preferential binding of RCA | to endothelial cells of
tumor vessels indicates its potential as probe for target-
ing diagnostics or therapeutics to the tumor vasculature.
Although it is still unknown whether this property applies
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uniformly to different types of tumors, the present results
are consistent with reports for other preclinical tumor
models.?® Use of intact RCA | may be limited by the
toxicity, which is partly due to the inhibitory activity of
RCA | A chains on protein synthesis. We did not observe
immediate toxicity associated with the hemagglutinin
properties of RCA |. However, if recombinant B chains of
RCA | have the same tumor targeting properties as the
intact lectin, they could be conjugated to anti-angiogenic
agents or other therapeutics to increase the efficiency
and selectivity of drug delivery to tumor vessels. More
detailed information about the endothelial cell glycocon-
jugates that bind RCA | should help to achieve this.

We conclude that RCA | rapidly and preferentially
binds to and is internalized by endothelial cells of RIP-
Tag?2 tumors. After internalization, RCA | leads to striking
reduction of endothelial cell VEGFR-2 expression in a
dose- and time-dependent manner. The reduction of
VEGFR-2 is accompanied by endothelial cell apoptosis,
loss of vessel patency, and tumor vessel regression.
Treatment with an inhibitor of VEGF signaling reduces
RCA | binding as a feature of vessel normalization. Over-
all, these studies demonstrate the profound effect of RCA
| on tumor blood vessels, with an especially large impact
on VEGFR-2, and raise the possibility of use of galactose-
binding B chains of RCA | for targeted delivery to tumor
blood vessels.
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