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VEGF-A is important in tumor angiogenesis, and a humanized
anti-VEGF-A monoclonal antibody (bevacizumab) has been ap-
proved by the FDA as a treatment for metastatic colorectal and
nonsquamous, non-small-cell lung cancer in combination with
chemotherapy. However, contributions of both tumor- and
stromal-cell derived VEGF-A to vascularization of human tumors
grown in immunodeficient mice hindered direct comparison be-
tween the pharmacological effects of anti-VEGF antibodies with
different abilities to block host VEGF. Therefore, by gene replace-
ment technology, we engineered mice to express a humanized
form of VEGF-A (hum-X VEGF) that is recognized by many anti-
VEGF antibodies and has biochemical and biological properties
comparable with WT mouse and human VEGF-A. The hum-X VEGF
mouse model was then used to compare the activity and safety of
a panel of VEGF Mabs with different affinities for VEGF-A. Al-
though in vitro studies clearly showed a correlation between
binding affinity and potency at blocking endothelial cell prolifer-
ation stimulated by VEGF, in vivo experiments failed to document
any consistent correlation between antibody affinity and the
ability to inhibit tumor growth and angiogenesis in most animal
models. However, higher-affinity antibodies were more likely to
result in glomerulosclerosis during long-term treatment.

angiogenesis � gene knockin � tumor

I t is now well established that VEGF-A is an important
mediator of physiological and pathological angiogenesis (1).

Several VEGF inhibitors have demonstrated efficacy in patients
with cancer and neovascular age-related macular degeneration
(AMD) (2–7). Among these, the anti-VEGF-A Mab bevaci-
zumab (AVASTIN) has been approved by the FDA for the
treatment of metastatic colorectal (8) and nonsquamous,
non-small-cell lung cancer (9), in combination with chemother-
apy. Bevacizumab is a humanized variant of mouse anti-human
VEGF Mab A4.6.1 (10), which was initially identified by its
ability to block human VEGF-A-stimulated endothelial cell
(EC) proliferation (11) and subsequently was shown to inhibit
growth of human tumor xenografts in nude mice (12).

Bevacizumab and Mab A4.6.1 neutralize all isoforms of hu-
man VEGF-A and show similar Kd values toward huVEGF-A165
(10). Mab Y0317 is an affinity-matured variant of bevacizumab
(13). The Fab form of Y0317 (ranibizumab) was recently ap-
proved by the FDA for the treatment of neovascular AMD (6).

Although these Mabs block human VEGF-A, they fail to
neutralize rodent VEGF-A. Therefore, their main preclinical
value has been in disease models in which human VEGF-A is a
key driver of angiogenesis (14). However, such antibodies could
provide no insight into the role of host-derived VEGF in tumor
angiogenesis, nor could they reveal any undesired toxicities
associated with VEGF inhibition in rodents (15, 16).

The absence of an anti-VEGF Mab that cross-reacts with
murine VEGF-A hindered our efforts to explore therapeutic

indications for anti-VEGF antibodies or develop antibodies with
improved therapeutic effects relative to the initial Mabs. Al-
though we have recently generated a series of phage-derived
Mabs (G6–31, B20–4.1) cross-reactive with rodent and human
VEGF-A (17, 18), the differences in species-selectivity between
initial and later-generation anti-VEGF antibodies did not allow
for a complete comparison of their pharmacological and/or
pharmacokinetic properties in WT rodents.

To overcome these limitations, we sought to develop mice
expressing a humanized form of VEGF-A. Even modest varia-
tions in VEGF expression levels during development may lead
to severe tissue damage or lethality (19–22). To avoid such gene
dosage effects, we used a gene-replacement technique (gene
knockin technology) by which the mouse sequence was replaced
with the human counterpart at the corresponding genomic
location. Several in vitro and in vivo studies have indicated that
there is little, if any, species-specificity in the effects of VEGF
(reviewed in ref. 1). Thus, we hypothesized that adult knockin
mice expressing a humanized form of VEGF-A would be viable
and could be used as a model to evaluate additional anti-VEGF
antibodies with different epitopes and binding affinities, in either
immunocompetent or immunodeficient genetic backgrounds.
Such a model might be useful also to probe the role of VEGF-A
in genetic cancer models in transgenic mice.

Results
Selection of Amino Acids to Be Mutated from Mouse to Human. X-ray
structure, combined with site-directed mutagenesis, identified
three different regions corresponding to sequences encoded by
exons 3 and 4 of VEGF-A that are in direct contact with
bevacizumab. The majority of these contacts are formed by
residues of the �5–�6 loop (around residue 80), with two
additional residues from the N-terminal helix and two residues
from the �1–�2 loop (around residue 40) interacting at the
margin of the interface (23, 24). With the exception of one
residue, all of the amino acids of human VEGF-A that are in
contact with bevacizumab are conserved in mouse VEGF-A.
The nonconserved residue, human Gly-88, corresponds to
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Ser-87 in the mouse VEGF sequence and is located in the core
of the protein–antibody interface. The crystal structure of
human VEGF-A in complex with the bevacizumab-Fab revealed
that the interface between the molecules is tightly packed [area
shown in green, supporting information (SI) Fig. 5A]. Modeling
of the serine side chain present in mouse VEGF-A, reveals that
there is not enough room to accommodate the two additional
nonhydrogen atoms that are introduced by the Gly-883Ser
exchange (SI Fig. 5B). Previous studies demonstrated that
mutation of Gly-88 to alanine (Gly88Ala) in human VEGF-A
substantially reduced the binding of Mab A4.6.1 (24). These
observations suggested that introducing a single mutation
Ser87Gly in mouse VEGF might be sufficient to restore binding
to and neutralization by A4.6.1. However, the crystal structure
of the complex and the mutagenesis analysis were performed by
using a truncated VEGF-A variant (8-109) (24). Therefore, the
contribution of residues not present in VEGF8-109 was unknown.
Furthermore, phage derived antibodies such as G6-31 or B20-4
were known to contact additional nonconserved residues (area
shown in blue, SI Fig. 5 C and D and ref. 17). These observations
prompted us to design a more extensively humanized murine
VEGF-A that could be recognized by additional antibodies. We
therefore generated two versions of ‘‘humanized’’ VEGF-A
proteins. One mutant containing the single Ser87Gly mutation
(data not shown) and a second form, hum-X VEGF, in which the
10 residues that are different in the receptor-binding domain
between murine and human VEGF-A are replaced by the
respective amino acids in the human sequence (Fig. 1).

Characterization of hum-X VEGF Protein and Establishment of hum-X
VEGF Knockin (KI) Mice. Recombinant hum-X VEGF, WT human
and murine VEGF-A proteins were expressed in Escherichia coli
and purified (see SI Text). We first determined the relative
affinities of bevacizumab and three second-generation anti-
human VEGF antibodies for the native human VEGF-A and the
hum X VEGF protein (SI Table 1). As we hypothesized, the
substitution of 10 human amino acids into the murine VEGF-A
results in a protein that is recognized by all anti-human VEGF-A
Mabs, with little change in affinity relative to WT human
VEGF-A. Next, we assessed the potencies of each VEGF-A
variant to stimulate proliferation of cultured EC. HuVEGF-A,
muVEGF-A, and hum-X VEGF stimulated bovine capillary EC
proliferation at half-maximal concentrations of 1.5, 0.6, and 0.9
ng/ml, respectively. Similar results were obtained with HUVE
cells (data not shown). Finally, we compared the potencies of the
various anti-VEGF-A antibodies to interfere with EC prolifer-
ation induced by the various recombinant VEGF-A proteins. As

expected, bevacizumab and Y0317 failed to block murine
VEGF-A, whereas the EC50 values of the remaining ligand/
antibody pairs correlated well with antibody affinities, with the
exception of B20-4.1, which showed higher than expected EC50
toward murine VEGF-A (SI Table 2). These data confirm that
the hum-X, WT human, and WT mouse VEGF-A proteins have
comparable biological and biochemical properties and that the
ability of antibodies to interfere with the hum-X variant relative
to WT human VEGF-A correlates with their respective affinities
for the WT human protein.

Having established the near equivalency of hum-X VEGF and
WT murine VEGF-A in vitro, we proceeded to generate gene-
targeting vectors to introduce 1 or 10 human amino acids into the
mouse germ-line (SI Text and SI Fig. 6). Correct recombination
events in ES cells were verified by Southern blotting experi-
ments, genomic PCR, and genomic sequencing and by determi-
nation of VEGF-A expression in targeted ES cells by ELISA
(data not shown). Genotype frequency analysis of �500 KI mice
revealed the expected Mendelian ratios of homozygous single
mutant or 10-amino acid mutant (hum-X VEGF) mice, and no
change in viability and survival of adult mice during a 1 year
observation period was found (data not shown). Based on the
normal development and viability of both strains, we decided to
conduct all further experiments in the more extensively human-
ized hum-X VEGF KI mice.

Pharmacokinetic and Pharmacodynamic Properties of anti-VEGF-A
Antibodies in hum-X VEGF KI Mice. We compared the clearance of
bevacizumab, Y0317, and hG6–31 after a single i.v. administra-
tion in homozygous hum-X VEGF KI mice and WT (hum-X
VEGF WT) control littermates. The systemic clearance of
bevacizumab in hum-X VEGF KI mice was �3-fold faster than
what was observed in hum-X VEGF WT control littermates. In
addition, clearance of both higher affinity Mabs (Y0317, G6–31)
was �3-fold increased relative to bevacizumab in hum-X VEGF
KI mice. However, the clearance of G6-31 was similar between
WT and hum-X VEGF KI mice, consistent with it’s being
cross-reactive for both species. In contrast to the affinity-
correlated clearance rates observed after a single antibody dose,
biweekly administration of antibody for 2–10 weeks was associ-
ated with comparable levels of circulating antibodies in serum,
but we found no correlation between antibody epitope or
affinity. We hypothesize that the discrepancy in the antibody
serum levels between single and multiple dose experiments may
be due to the rapid binding of higher affinity Mabs to cell surface
or extracellular matrix-bound VEGF-A, acting as a sink, and that
such mechanism is saturable upon repeat dosing.

Fig. 1. Ten amino acids mutated from mouse to human to generate the hum-X VEGF variant. Sequence comparison between mouse and human VEGF-A. A
total of 19 aa are different between murine VEGF164 and human VEGF165 (shaded gray). Ten amino acids (boxed and gray) located within exons 3, 4, and 5 of
mouse VEGF were mutated to human residues by site-directed mutagenesis.
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Immunocompromised RAG2 KO; hum-X VEGF KI double-
homozygous mice were bred and used to assess the potency and
efficacy of bevacizumab, hY0317, hG6-31 and hB20-4.1 to inhibit
growth of Calu-6 (lung carcinoma), HT29 or HM7 (colorectal
carcinoma) tumor xenografts. As shown in Fig. 2, when given at
the dose of 5 mg/kg twice weekly, bevacizumab and hY0317

interfered to similar extents with growth of human Calu-6 lung
carcinoma tumors, despite marked differences in their relative
binding affinities for VEGF-A. Similarly, B20-4.1 and G6-31
were equally efficacious at inhibiting growth of Calu-6 lung
carcinoma cells (Fig. 2 A and B). A similar response was observed
when antibodies were tested in HT-29 tumors (Fig. 2 C and D).

Fig. 2. Efficacy of anti-VEGF-A Mabs in human tumor xenografts implanted s.c. into RAG2 KO; hum-X VEGF KI double-homozygous mice. (A–D) Prevention
studies. (E–H) Intervention studies. (A) Growth curves of Calu-6 tumors. Control anti-Ragweed (Anti-Rag), B20–4.1, G6–31, bevacizumab (Beva) or Y0317 Mabs
were administered at 5 mg/kg, i.p., twice weekly. (B). Terminal weights of Calu-6 tumors from experiment in A at day 70 of treatment. Control animals were killed
at day 44. Tumors from B20-4.1- and G6-31-treated animals had significantly lower weight than the bevacizumab group. (C) Growth curves of human HT29
colorectal carcinoma cells. (D) Terminal weights of HT29 tumors from the experiment in C as determined at day 67. Controls were killed at day 33. (E) Growth
curves of Calu-6 tumors in which treatment was initiated after tumor volumes reached �400 mm3 (regression study). (F) Terminal tumor weights of Calu-6 tumors
in E were determined at day 63. Controls were harvested at day 42. (G) Growth curves of human HM7 colorectal tumor. Similar to E and F, antibody treatment
was initiated after tumor volumes reached �400 mm3. (H) Terminal weights of HM7 tumors determined on day 61. Controls were killed at day 19. Data shown
are Means � SEM. *, Significant difference (P � 0.05) compared with the bevacizumab group.
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In the majority of prevention experiments, we noted a small but
reproducible trend toward improved tumor growth inhibition by
B20-4.1 or G6-31 Mabs relative to bevacizumab or Y0317 (Fig.
2 A–D and data not shown). Interestingly, even when tested at
a 10-fold-lower dose (0.5 mg/kg twice weekly), the higher-affinity
Mabs did not show any clear advantage relative to the lower-
affinity Mabs (SI Fig. 7 and data not shown). Finally, we tested
the ability of anti-VEGF-A antibodies to affect growth of
established tumors. For this purpose, we administered bevaci-
zumab, Y0317, B20-4.1, and G6-31 to mice implanted with
Calu-6 (Fig. 2 E and F) or HM7 tumors (Fig. 2 G and H) when
tumor reached an average size of 400–500 mm3. All antibodies
suppressed tumor growth. However, similar to the prevention
experiments, there was a very modest trend toward increased
efficacy of Mabs B20-4.1 and G6-31, at least in the Calu-6 model
(Fig. 2 E and F).

Long-Term Toxicity of anti-VEGF-A Antibodies Is Related to Binding
Affinity. We treated hum-X VEGF-KI mice when reaching 3, 6,
or 9 months of age for prolonged periods of time. Antibodies
were administered at low (5 mg/kg, i.p., once weekly) or high
doses (10 mg/kg, i.p., twice weekly) for 12 consecutive weeks.
Treatment with higher-affinity Mabs was frequently associated
with the formation of ascites, which was dose-dependent. The
effect was seen infrequently at doses of �5 mg/kg weekly but was
frequent at higher doses. In contrast, administration of the
lower-affinity A4.6.1 or mB20-4.1 Mabs did not result in ascites
formation. Serum chemistry and urine analysis on days 84–90
(A4.6.1, B20-4.1, G6-31) or when animals became moribund
(Y0317) revealed increased alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and blood urea nitrogen
levels, consistent with liver and kidney injury (data not shown).

Histological analysis of all major organs identified no signif-
icant changes in heart, spleen, pancreas, and lung in any treat-
ment group. However, there were subtle changes in the liver and
more significant changes in kidney, both of which were most
prominent in mice treated with higher-affinity anti-VEGF Mabs

for long durations. In animals treated with anti-VEGF antibod-
ies, H&E-stained liver samples showed increased numbers of
mononuclear cells adherent to central veins, whereas portal
veins appeared normal. The adherent cells were F4/80- and
MAC-2-positive, consistent with macrophages of Kupffer cells;
some contained phagocytosed red blood cells. Increased
VEGF-A staining was present in sinusoidal EC (SI Fig. 8). By
direct immunofluorescence, no detectable anti-VEGF antibody
or complement C3 deposition was noted in frozen samples of the
same liver samples (data not shown).

Kidneys of animals treated for extended periods with anti-
VEGF Mabs showed glomerulosclerosis, which was generally
more severe in animals treated with high-affinity Mabs (Fig. 3).
Glomeruli in the most affected animals showed severe diffuse
global sclerosis. Immunostaining for murine VEGF-A showed
marked differences between control and anti-VEGF-treated
animals: control glomeruli showed moderate signal in podocyte
cell bodies, with little detectable signal in capillary loops. In
contrast, anti-VEGF-treated glomeruli showed increased mes-
angial and capillary loop staining, roughly in proportion to the
affinity of the respective antibodies. In addition, juxtamedullary
glomeruli showed more intense and widespread staining than the
corresponding peripheral cortical glomeruli in the same animal.
Anti-human Fc direct immunofluorescence showed increased
anti-VEGF deposition (diffuse, finely granular pattern) in glo-
meruli, which was more prominent with antibodies of increased
affinity. Similarly, complement C3 staining was increasingly
prominent in animals treated with higher-affinity anti-VEGF
antibodies. MAC-2 immunohistochemistry showed no signifi-
cant infiltration of monocytes/macrophages in glomeruli from
anti-VEGF-treated animals (data not shown). Toluidine blue
and silver staining of methacrylate-embedded 1-�m sections
(Fig. 4) confirmed the observations from paraffin and frozen
sections, showing increased mesangial cellularity and widening
of mesangial matrix and capillary loops with material that
stained differently from native basement membrane. Electron-
microscopic examination (Fig. 4) showed focal subendothelial

Fig. 3. Renal changes in homozygous RAG2 KO; hum-X VEGF KI double-homozygous mice treated with anti-VEGF-A antibodies (human Fc framework). Animals
treated (5 mg/kg, two times weekly for 54 days) with antibodies having increasing affinity for VEGF-A have increased glomerulosclerosis with expanded
mesangial areas and thickened capillary loops (A–E). Anti-murine VEGF staining (F–J); control animals (F) show moderate podocyte-specific staining, without
capillary loop or mesangial signal; treatment with antibodies of increasing affinity (G–J) results in progressively increased signal in mesangial areas and capillary
loops; capillary loop staining in variably linear (J, Y0317) or more coarsely granular (I, G6–31). VEGF-A signal in juxtamedullary glomeruli is consistently stronger
than in peripheral cortical glomeruli (detail not shown). Anti-human Fc (K–O, direct immunofluorescence); anti-VEGF antibodies of increasing affinity accumulate
in glomeruli roughly in proportion to their affinity. Complement C3 (P–T, direct immunofluorescence); anti-VEGF antibodies of increasing affinity result in
complement C3 deposition in glomeruli, roughly in proportion to their affinity; nonspecific signal is present in Bowman’s capsule basement membrane
surrounding glomerular tuft.
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deposits in capillary loops, endothelial swelling, and increased
mesangial matrix and mesangial cell number. In contrast, podo-
cyte foot processes were relatively spared, although focal foot-
process fusion was evident in the more severely affected glo-
meruli. Together, these observations are consistent with the
presence of VEGF–anti-VEGF complexes deposited in the
glomeruli.

Discussion
Given the fact that VEGF-A represents a clinically validated
therapeutic target in cancer and other diseases (2–7), we wished to
define more clearly the physicochemical parameters of anti-
VEGF-A antibodies that affect their therapeutic potency and
efficacy. Even though in vitro studies demonstrated a correlation
between antibody-binding affinity and potency in assays measuring
inhibition of VEGF-stimulated EC proliferation (SI Table 2),
various affinity-matured anti-VEGF-A antibodies in vivo did not
show in most models a clearly increased potency or efficacy (Fig. 2
and SI Fig. 7) to block tumor growth, when compared with their
lower-affinity counterparts. How can we explain such apparent
discrepancy? Anti-VEGF-A antibodies are expected to interfere
with angiogenesis primarily by preventing VEGF-A from binding to
its receptors in the tumor vasculature. Thus, in contrast to Mabs that
directly target antigens in the tumor cells, anti-VEGF-A antibodies
may not need to penetrate the tumor mass to induce pharmacologic
effects. Therefore, it is possible that inhibition of VEGF-A binding
to VEGFRs can be saturated when lower-affinity anti-VEGF-A
antibodies are used. In this context, it is interesting that previous
studies with antiviral antibodies showed that the in vitro neutral-
ization abilities correlated well with avidity and affinity. However,
in vivo protection was independent of antibody avidity and affinity,
above a threshold value, and depended essentially on achieving a
minimum serum concentration (25).

Based on the observation that VEGF RTK inhibitors have
greater antitumor efficacy when the treatment is initiated at early

stages of tumor progression in certain models (26, 27), it has been
suggested that alternative angiogenic factors are produced progres-
sively during advanced stages of tumorigenesis, rendering late-stage
tumors relatively insensitive to such therapy. However, administra-
tion of either lower- or higher-affinity anti-VEGF Mabs to mice
bearing already established HM-7 or Calu-6 tumors suppressed
tumor growth over prolonged periods of time, and treatment with
bevacizumab was frequently associated with tumor regression, at
least initially (Fig. 2 E–H). These findings emphasize the impor-
tance of VEGF-A in all stages of tumor angiogenesis.

After single-bolus administration in hum-X VEGF KI mice,
higher-affinity Mabs appeared to be cleared more rapidly from the
circulation when compared with their lower-affinity counterparts
(data not shown) However, no clear correlation between antibody
affinity or epitope binding and clearance was found in repeat-
dosing experiments. One potential mechanism that may contribute
to serum clearance after single-dose administration may be the
increased potential of higher-affinity Mabs to be retained by
membrane-bound host VEGF-A, leading to more rapid depletion
of higher-affinity Mabs from the circulation.

Binding of an epitope that overlaps more closely with the
receptor-binding sites on VEGF-A appeared to be associated with
a modest trend toward improved efficacy, which achieved statistical
significance in some cases. However, considering that anti-VEGF
therapy is usually done in combination with cytotoxic chemother-
apy and/or other anticancer agents (4, 28, 29), the relative clinical
efficacy of those therapeutic regimens remains to be determined. In
contrast, increasing antibody affinity did not affect efficacy or
potency in most models, but resulted in increased toxicity, including
glomerulosclerosis, hypoalbuminemia, and ascites formation. Hy-
poproteinemia secondary to glomerular damage clearly correlates
with ascites; it is unclear whether decreased hepatic protein syn-
thesis and/or increased portal venous pressure also contribute.
Increased toxicity in hum-X VEGF KI mice appears to be an
on-target effect, because antibodies with higher affinities (Y0317,
G6–31) derived from different parental clones, and soluble VEGF
receptors induce similar pathophysiological changes (data not
shown). The development of ascites may seem superficially para-
doxical, considering that VEGF inhibition may reduce ascites
formation in models of ovarian carcinoma (30, 31). However,
VEGF blockade achieved by high-affinity soluble VEGFR-1 has
been previously reported to result in ascites formation, liver injury,
and increased lethality in mice (32, 33). The increase in VEGF-A
staining in affected organs such as liver and kidney, combined with
the significant amounts of serum VEGF-A bound to higher-affinity
antibodies, suggest that compensatory up-regulation in response to
interference with physiologic maintenance functions of VEGF-A
may occur. In other reports, treatment of adult mice with various
VEGF inhibitors resulted in a significant reduction in the density of
capillaries in several organs (34, 35). Such effects were most
prominent in young mice (34). Although it is unknown to what
degree tonic VEGF-A levels are important for tissue homeostasis
in adults, our findings indicate that a very tight VEGF-A neutral-
ization is prone to induce a prolonged vascular damage. In contrast,
a less-tight neutralization appears to be associated with a lower
degree of toxicity, even though it may result in a comparable
suppression of tumor angiogenesis. One of the possibilities is that
pools of VEGF-A particularly important for vascular maintenance
are not readily accessible to inhibitors (e.g., extracellular matrix-
bound VEGF) and thus require a particularly stringent blockade to
be neutralized. It is noteworthy that VEGF neutralization may be
associated with an increase in hepatic erythropoietin synthesis but
only after a very tight blockade (36).

Interestingly, we identified increased complement deposition in
kidneys of mice treated with higher-affinity relative to lower-
affinity anti-VEGF-A Mabs. Therefore, it is conceivable that Fc
effector functions of high-affinity antibodies localized to kidney
glomeruli may contribute to the pathology associated with glomer-

Fig. 4. Renal ultrastructural changes in homozygous RAG2 KO; hum-X VEGF
KI double-homozygous mice treated with anti-VEGF-A antibodies (murine Fc
framework). (A and B) Treatment with G6–31 5 mg/kg, weekly for 8 weeks,
results in diffusely increased mesangial cellularity, widening of mesangium
and capillary loops by amorphous extracellular material (1-�m methacrylate
sections; Jones silver stain (A) and toluidine blue (B). (C and D) Treatment with
G6–31 10 mg/kg, twice weekly for 8 weeks, results in variably distorted EC,
focally enveloping amorphous subendothelial deposits (asterisks indicate
presumably immune complexes); EC frequently lack regularly spaced fenes-
trations. Basement membrane shows focal reduplication (arrows). Podocyte
foot processes are variably fused.
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ulosclerosis. However, VEGF inhibitors that lack effector functions
have been also associated with kidney damage. (37 38).

We cannot rule out the possibility that modifications in VEGF
inhibitors different from those described in the present studies may
yield different results. However, it is intriguing that the VEGF-
Trap, a VEGF blocker selected for its high binding affinity (39), has
demonstrated dose-limiting toxicities in humans, including protein-
uria, leading to discontinuation of clinical trials testing the i.v.
administration of this agent in AMD patients (reviewed in ref. 40).
On the other hand, our findings do not exclude the possibility that
high binding affinity may provide an advantage in circumstances in
which there is little or no systemic exposure. High-affinity VEGF-A
binding might be helpful to achieve a complete VEGF neutraliza-
tion when the ratio inhibitor/VEGF is low, for example in local or
regional therapies.

Materials and Methods
Reagents. Recombinant murine VEGF-A and murine and human
VEGFR1 and VEGFR2 proteins were purchased from R & D
Systems (Minneapolis, MN). Recombinant human VEGF-A (165
amino acid isoforms) was purified from E. coli. [125I]VEGF-A was
purchased from Amersham (Piscataway, NJ).

The Y0317 lineage was previously described (13). G6-31 and
B20-4.1 Mabs were derived from human(ized) Fab phage libraries
as described (18). Full-length human antibodies (hY0317, etc.) were
generated by grafting the variable heavy (VH) and variable light
(VL) domains from these Fabs onto the constant domains of
human IgG1(�). For long-term administration in immunocompe-
tent mice or for control experiments, full-length reverse-chimeric
murine antibodies were generated by grafting the VH and VL
variable domains onto the constant domains of murine IgG2a (�).

Mouse anti-Ragweed Mab (control Mab) belonged to the IgG2a
isotype.

Tumor Implantation and in Vivo Treatments. Human HT29 (colo-
rectal carcinoma) and Calu-6 (lung carcinoma) cells were obtained
from the American Type Culture Collection (Manassas, VA). The
human colorectal carcinoma HM-7 cell line is a derivative of LS
174T (41). Tumor cells were maintained in culture with DMEM/
F12 medium, supplemented with 10% FBS. Cells were grown at
37°C in 5% CO2 until confluent, harvested, and resuspended in
sterile Matrigel at 25 � 106 cells per ml. Xenografts were estab-
lished in 6- to 8-week-old female Beige Nude XID mice by dorsal
flank s.c. injection of 5 � 106 cells per mouse and allowed to grow.
In prevention studies, the treatment with antibodies was initiated
48 h after tumor cell inoculation. For intervention studies, when
tumors reached a volume of �400 mm3, a cohort was randomly
selected (n � 10) as day-0 controls. The remaining mice were
divided into groups of 10 mice, and antibodies were administered
i.p. at the dose of 5 mg/kg twice weekly. The transplanted tumors
were measured twice weekly along the longest axis and the per-
pendicular axis as described (15). For each day on which tumors
were measured, the tumor volume for each mouse was calculated,
and the tumor volume means from each noncontrol, nonbevaci-
zumab group were compared with the tumor volume mean of
bevacizumab-treated mice by Dunnett’s t test (42) implemented in
the JMPTM Statistical Analysis System (version 5.1 for Windows;
SAS Institute, Cary, NC), at a level of P � 0.05. Mice were killed
when tumor volume reached �2,000 mm3.

We thank William Forrest for help in statistical analysis and Farbod Shojaei
for reading the manuscript.
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