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SUMMARY

Current anti-angiogenic agents used to treat cancer only partially inhibit neovascularization and
cause normal tissue toxicities, fueling the need to identify therapeutic agents that are more
selective for pathological angiogenesis. Tumor Endothelial Marker 8 (TEM8), also known as
anthrax toxin receptor 1 (ANTXR1), is a highly conserved cell-surface protein overexpressed on
tumor-infiltrating vasculature. Here, we show that genetic disruption of Tem8 results in impaired
growth of human tumor xenografts of diverse origin including melanoma, breast, colon, and lung
cancer. Furthermore, antibodies developed against the TEM8 extracellular domain blocked
anthrax intoxication, inhibited tumor-induced angiogenesis, displayed broad anti-tumor activity
and augmented the activity of clinically approved anti-cancer agents without added toxicity. Thus,
TEMS8 targeting may allow selective inhibition of pathological angiogenesis.

INTRODUCTION

Solid tumors have an insidious ability to nourish their own expansive growth by evoking the
sprouting of new blood vessels, or angiogenesis, from nearby vessels of neighboring non-
malignant tissues. Upon vascularization, tumor blood vessels supply tumor cells with vital
oxygen and nutrients needed to support their continued growth, and provide a key escape
route for metastasis. Due to their critical role in promoting tumor growth and metastasis,
tumor blood vessels have become a major target of current anti-cancer therapy (Kerbel,
2008). Vascular Endothelial Growth Factor (VEGF) and its receptor, VEGFR2, represent
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the most advanced targets of current anti-angiogenic therapy, and agents that target the
VEGF/VEGFR?2 axis have been clinically approved to treat patients with colon, lung, brain
and kidney cancer (Brastianos and Batchelor, 2010; Kerbel, 2008). Although therapies
targeting VEGF/VEGFR2 have improved the efficacy of current anti-cancer treatment
strategies, angiogenesis is seldom completely halted, and both angiogenesis and tumor
growth inevitably progress in the face of continued therapy. Furthermore, in addition to its
well known role in physiological angiogenesis of the adult, for example, during
menstruation, ovulation and wound healing, VEGF is also widely expressed in non-
angiogenic normal adult tissues where it plays critical roles in normal adult physiology
(Maharaj and D'Amore, 2007). For example, it is required for normal kidney filtration
(Eremina et al., 2006), for preventing neural degeneration (Oosthuyse et al., 2001), and for
maintaining functional hematopoietic, endocrine, and skeletal systems (Sung et al., 2010).
Given the pleiotropic activities of the VEGF pathway, it is not surprising that anti-VEGF/
VEGFR?2 therapies are associated with a number of toxicities, such as hypertension,
proteinuria, hypothyroidism, diarrhea, deep vein thromboses, fatigue, and surgical wound
healing complications (Verheul and Pinedo, 2007). VEGF blocking agents have also been
associated with some rare, more serious side effects, including life-threatening
thromboembolic events and severe bleeding complications (Chen and Cleck, 2009; Verheul
and Pinedo, 2007). Anti-angiogenic therapies need to be administered for months to years
and may eventually prove useful in long term adjuvant therapy for the prevention of
recurrent disease, raising further concerns about long term toxicities. Thus, drugs that can
selectively target pathological host vasculature with minimal side effects are urgently
needed.

TEMBS is a highly-conserved single-pass cell-surface glycoprotein that was originally
identified based on its overexpression in the endothelial cells (ECs) that line the tumor
vasculature of human colorectal cancer (St Croix et al., 2000). Although our understanding
of its physiological function is limited, TEM8 has been found to bind to collagens and
promote migration of ECs in vitro (Nanda et al., 2004; Werner et al., 2006). TEM8 was also
identified as an anthrax toxin receptor (ANTXR1) (Bradley et al., 2001), and it shares 58%
amino acid identify with CMG2, a second receptor for anthrax toxin protein (ANTXR2)
(Scobie et al., 2003). TEMS is upregulated on tumor vessels of various tumor types in both
mice and humans (Carson-Walter et al., 2001; Fernando and Fletcher, 2009; Nanda et al.,
2004), and in some tumors is also expressed by the tumor cells themselves (Carson-Walter
et al., 2001; Jinnin et al., 2008; Yang et al., 2011b). TEM8 was unique among the original
TEMs identified in that it could not be detected in the angiogenic corpus luteum of human
ovaries (Nanda et al., 2004; St Croix et al., 2000), and developmental angiogenesis and
wound healing are unperturbed in Tem8 knockout (KO) mice (Cullen et al., 2009). Indeed,
aside from misaligned incisors, adult Tem8 KO mice are overtly normal in appearance.
However, murine B16 melanoma tumor growth was impaired in Tem8 KO versus wildtype
(WT) mice demonstrating that host-derived TEM8 can promote tumor growth on an
immunocompetent background (Cullen et al., 2009). Furthermore, previous studies have
shown that a soluble TEM8-Fc trap, TEM8 vaccines or sublethal doses of anthrax toxin can
inhibit angiogenesis, slow tumor growth, and prolong survival (Duan et al., 2007; Felicetti et
al., 2007; Liu et al., 2008; Rouleau et al., 2008; Ruan et al., 2009; Yang et al., 2010). Taken
together, these studies suggest that TEM8 may be required for tumor angiogenesis, but not
physiological angiogenesis. Here, we sought to develop anti-TEM8 antibodies that can block
TEMBS function in an effort to selectively block pathological angiogenesis.
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RESULTS

TEMS functions in pathological but not physiological angiogenesis

To obtain further evidence that TEMS8 is selectively associated with pathological
angiogenesis, we compared the Tem8 expression pattern between tumor ECs and adult
regenerating liver ECs. Following 70% partial hepatectomy the remaining liver grows
rapidly in a highly regulated angiogenesis-dependent process (Drixler et al., 2002; Seaman
et al., 2007). In this model, quiescent ECs enter the cell cycle synchronously at around 24
hours post surgery and cease proliferation about 72 hours later. To examine gene expression,
we performed quantitative RT-PCR (QPCR) on ECs purified from tumor xenografts derived
from DLD1, HCT116 or LS174T cells, or ECs isolated from quiescent resting liver (0 hr) or
regenerating liver taken at various post-surgical time-points (6 hr, 18 hr, 48 hr, 72 hr, or 96
hr). Although markers of proliferation, such as Ki67, protein regulator of cytokinesis 1
(Prcl), and thymidine kinase (TK) were highly induced in liver ECs by 48 hours post-partial
hepatectomy, Tem8 expression levels remained baseline in regenerating liver ECs. In
contrast, Tem8 was expressed 32 to 55-fold higher in each of the tumor EC fractions
compared to resting liver ECs (Figure 1A). The peak expression levels of the cell cycle
genes in regenerating liver ECs were higher than that in tumor ECs presumably because of
the synchronous nature of the proliferating liver EC population.

To investigate whether Tem8 is expressed by tumor associated inflammatory cells, such as
CD11b+ myeloid cells or other bone marrow derived cells that have been shown to promote
tumor angiogenesis and may be involved in the refractoriness of tumors to VEGF inhibition
(Du et al., 2008; Shojaei et al., 2007), we examined its expression in CD45+ (pan
hematopoietic), CD11b+ (myeloid), and CD105+ (endothelial) cells isolated from tumors.
Tem8 was highly expressed only in the endothelial fraction (Figure S1A). To determine
potential tumor microenvironmental factors that induce TEM8 expression on tumor
vasculature, we examined cultured human microvascular endothelial cells (HMECS) in
response to several conditions. Neither co-culture with tumor cells nor exposure to hypoxia
induced TEMS (Figure S1B and S1C). However, upon serum starvation, TEM8 levels
steadily increased in these cells which normally express low endogenous TEMS levels,
resulting in a 4-fold increase in TEM8 mRNA (Figure 1B) and a 5-fold increase in TEM8
protein (Figure 1C) by day 10. In contrast, TEMS levels remained low in cells maintained in
complete medium, and the slight increase in TEM8 expression noted at later time points
(Figure 1B and 1C) may have been due to rapid growth factor depletion caused by
increasing cell numbers (Figure 1D, top panel). The increase in TEM8 expression upon
growth factor starvation was not influenced by the amount of cell-cell contact based on
comparisons of sparse versus confluent cells wherein the cell numbers were held constant
but surface area altered (data not shown). Importantly, TEM8 elevation in growth factor
starved cells could be inhibited by FGF, VEGF or serum treatment, and the combination of
all three resulted in the lowest TEM8 levels (Figure 1E and 1F and Figure S1D). Thus,
TEMS8 may be part of a compensatory angiogenic or survival pathway that is activated, at
least in part, by insufficient local angiogenic growth factors.

Host-derived TEM8 promotes the growth of human tumor xenografts

To determine if TEM8 could promote the growth of human tumor xenografts, we generated
Tem8 KO mice on an immunocompromised athymic nude background. Tumor growth was
inhibited in the Tem8 KOmice compared to WT littermate controls when challenged with
various tumor types including melanoma (UACC and LOX), breast (MDA-MB-231), lung
(NCI-H460), and colon cancer (SW620, HCT116 and DLD1) (Figure 2). The MDA-
MB-231 breast tumors were grown orthotopically in the mammary fat pad, while the
melanoma and other tumor types were grown subcutaneously. Tumor growth was
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consistently slower in Tem8 KO versus WT mice, and SW620 tumors required over 100
days to reach an average size of 800mms3, compared to only 35 days for WT littermates
(Figure 2G). Thus, host-derived TEMS functions to promote the subcutaneous and
orthotopic growth of human tumor xenografts of diverse origin.

Development of anti-TEMS8 IgGs

Based on the functional importance of TEM8 in tumor growth promotion, we sought to
develop therapeutic anti-TEMS8 antibodies that could block TEM8 function in vivo. We had
previously generated the SB series of anti-TEM8 antibodies (Nanda et al., 2004). However,
these antibodies were murine derived and none of these could bind the predominant native
form of TEMBS on the cell surface (Nanda et al., 2004; Yang et al., 2011b). To overcome
these obstacles and circumvent potential difficulties associated with breaking tolerance, we
developed another panel of fully human anti-TEM8 antibodies in vitro using antibody phage
display. The selection strategy, which involved panning of Fab libraries on Tem8-transfected
mammalian cells and purified recombinant mammalian-derived TEM8-ED, resulted in the
identification of 5 independent Fabs, L1, L2, L3, L5 and ID2. Each of the Fabs were found
to react with both mouse and human TEMS in an ELISA and on the surface of live TEM8-
positve cells by immunofluorescence and flow cytometry (Figure S2A-S2C). Although the
physiologic ligand(s) of TEMS in vivo are unclear, the TEM8 extracellular region contains a
single structural motif, that is, a von Willebrand factor type A (VWA) domain, where
physiologic TEM8 ligand(s) are most likely to bind. VWA domains are found in many
extracellular eukaryotic proteins including integrins, and are known to mediate adhesion to
other proteins via metal ion-dependent adhesion sites (MIDAS). We reasoned that the
protective antigen (PA) subunit of anthrax toxin, which binds the exposed VWA domain of
TEMBS in a metal ion-dependent manner, may usurp the physiologic binding site of a natural
ligand. Thus, we screened the Fabs for the ability to block FITC-labeled anthrax toxin PA
binding to the surface of cells expressing TEM8. Each of the Fabs blocked FITC-PA binding
in a dose-dependent manner (Figure S2D). Thus, we identified five human anti-TEM8 Fabs
that were positive in all screens and that contained a unique variable domain.

Fabs have a relatively short half-life in vivo (several hours) compared to full IgGs (several
days). To enhance their stability in vivo, two of the Fabs, L2 and L5, were selected for
reformatting to full IgG. For preclinical testing in mice, the constant domains of mouse
1gG2a (CH1, CH2, Cx3 and C; ) were fused to the human variable domains (Vy and V) in
order to minimize immunogenicity, resulting in human-mouse chimeric antibodies. After
reformatting, both L2 and L5 IgGs maintained their activity against TEM8 in the same
screens used to test the Fabs, and were specific because they failed to react with mouse or
human CMG?2, the closest homologue of TEM8 (Figure 3A-3D and data not shown). Upon
titration and comparison at non-saturating concentrations, L2 bound TEM8 expressing cells
with 7-fold higher affinity than L5 (ECsg 0.4 nM and 2.8 nM, respectively, see Figure S2E).
Similarly, L2 was ~4-fold more potent at blocking the binding of FITC-labeled protective
antigen and ~ 9-fold more potent at preventing cytotoxicity caused by anthrax lethal toxin
(Figures 3E-3G).

Anti-TEM8 IgGs inhibit tumor growth but do not delay wound healing

We tested the L2 and L5 antibodies for their activity against UACC, HCT116, and DLD1
colon tumor xenografts in athymic nude mice. In these studies, mice were treated with L2 or
L5 once tumors reached an average size of 50mm3. For each tumor type analyzed a marked
tumor growth inhibition was observed in each of the treated groups compared to vehicle
(PBS) alone (Figure 4A—4E). The antitumor activity was comparable to that of anti-
VEGFR?2 antibodies (Figure 4C). When L2 and L5 were compared in a dose-escalation
study to determine the amount of antibody required for optimal tumor growth inhibition, L2
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showed superior activity. A partial growth inhibition was observed when mice were given
2mg/kg of L2, while maximum growth inhibition was observed with 15mg/kg (Figure 4E).
L5, on the other hand, only showed partial growth inhibition at 15mg/kg, similar to that
observed in the 2mg/kg L2 treatment group, and in each tumor study required 30 to 40 mg/
kg to achieve its optimal biologic dose (OBD). Although L5 required a higher dose than L2
to achieve maximum efficacy, at their OBD both antibodies showed similar anti-tumor
activity. Taken together, these studies demonstrate a marked in vivo anti-tumor activity of
two independent anti-TEMS antibodies. Because the full 1gG of L2 appeared more potent
than L5 both in vitro and in vivo, we focused on L2 for the remainder of our studies.

The aforementioned studies were conducted in immune compromised mice. To determine if
L2 could suppress tumor growth in the presence of an intact immune system, we injected
murine B16 melanoma cells into syngeneic C57BL6 mice and began treating mice with L2
at a tumor size of 50mm3. The L2-treated group had a 60% reduction in tumor growth by the
end of the study (Figure 4F). Midway through the therapeutic course we also inflicted 6mm
diameter wounds into each of the tumor bearing mice to determine if L2 treatment would
interfere with wound healing. Wound closure rates were not significantly altered by L2
(Figure 4G), despite its clear anti-tumor activity in the same mice. Immunofluorescence
staining for CD31 showed no alteration in the amount of vasculature present within the
healing wound granulation tissue (Figure 4H). Matrigel-induced vascularization was also
unaffected by L2 treatment (Figure 41). Thus, L2 antibodies inhibited chronic pathological
tumor growth while not interfering with normal healing processes dependent on
physiological angiogenesis.

L2 has no detectable toxicity

Two types of toxicology studies were conducted to determine how well the L2 anti-TEM8
antibody was tolerated. The first study involved dose-escalation, wherein mice were
administered 20, 50 or 100mg/kg of L2 every other day for a total of three treatments, and
then analyzed twenty-four hours later. All serum chemistry and blood cell counts in the
group treated with 100 mg/kg L2 were similar to that of the control group, and no dose-
dependent alterations were observed (Table 1; data not shown). Treated mice consumed
food and socialized similarly to control animals, and both body and organ weights were
unchanged (Figure S3A and S3B). A comprehensive histopathologic analysis of 44 organs
or tissues derived from 6 mice/group failed to reveal any abnormalities (data not shown).
The second toxicology study involved treatment of mice with 20mg/kg of L2 3x per week
for up to 6 weeks, followed by an analysis of the same toxicology parameters. Again, no
abnormalities were noted (Figure S3C; data not shown).

L2 targets tumor vasculature in vivo

To determine the specificity of L2 for TEM8 in vivo, we decided to treat tumor-bearing
Tem8 WT and KO mice with L2 reasoning that L2 should only have activity against tumors
in Tem8 WT mice if the tumor cells employed do not themselves express endogenous
TEMBS8. TEMS expression varied among cultured tumor cell lines, among which DLD1
tumor cells expressed undetectable TEM8 both in cell culture and following purification
from established tumors in vivo (Figures S4A and S4B). Therefore, to test the specificity of
the L2 antibody in vivo, Tem8 WT and KO mice were challenged with DLD1 cells and
treated with L2 or control 1gG (Figure 5A). As expected, tumors grew slower in Tem8 KO
compared to Tem8 WT mice treated with control 1IgG. When the L2 antibody was
administered to Tem8 WT mice, tumor growth was inhibited relative to the IgG control
group, but was indistinguishable from that in the Tem8 KO group. Importantly, L2 treatment
of TEM8 KO tumor-bearing mice did not result in any further tumor growth inhibition.

Cancer Cell. Author manuscript; available in PMC 2013 February 14.
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Taken together, these results indicate that TEM8 is the sole target of L2 in vivo, and
supports the hypothesis that L2 is a function-blocking monoclonal antibody.

The previously described expression of TEM8 in tumor endothelium (Fernando and
Fletcher, 2009; Nanda et al., 2004; St Croix et al., 2000) suggests that the target tissue of L2
in vivo may be the tumor associated vasculature. To assess this, we performed CD31 vessel
staining of the human DLD1 colon cancer xenografts, and found a reduced number of
vessels in tumors derived from Tem8 KO or L2-treated mice (Figure 5B). Quantification of
the number of CD31-positive ECs in tumors using flow cytometry revealed significantly
lower EC numbers following both pharmacologic and genetic ablation of TEM8 (Figure
5C). We reasoned that TEM8 may promaote proliferation of tumor ECs based on previous
studies that showed a role for CMG2 in promoting endothelial proliferation (Reeves et al.,
2010). However, endothelial proliferation in DLD1 tumors was not altered in response to L2
treatment (Figure S4C), although the number of apoptotic ECs was significantly increased
(p<0.02, Figure S4D). To further assess the specificity of L2 in vivo, L2 was labeled with
FITC and then intravenously injected into DLD1 tumor-bearing mice. Immunofluorescence
analysis revealed localization of TEMS8 selectively in tumor associated vasculature, but not
in any of the normal control tissues analyzed including brain, heart, intestine, liver, muscle,
spleen and stomach (Figure 5D). Some tumor associated perivascular stromal cells,
including pericytes based on their adjacent proximity to endothelium, were also positive.
However, stromal cell staining was confined to the tumor region in Tem8 WT mice and was
absent from the tumors in TEM8 KO mice, confirming the specificity of antibody staining
(Figure 5E).

L2 can elicit NK-mediated and complement-mediated cytotoxicity

We reasoned that the anti-tumor activity of L2 in vivo may involve multiple mechanisms,
and that antibody-dependent cellular cytotoxicity (ADCC) and/or complement dependent
cytotoxicity (CDC) could contribute to this activity. To determine if TEM8 could potentially
function as a target of ADCC, we mixed effector NK cells with TEM8-expressing 293 target
cells at various ratios, and found that L2, but not control IgG, was able to elicit cytotoxicity
that was dependent on both the antibody and effector cell concentration (Figure 5F and 5G).
Similarly, L2 elicited CDC in both an antibody and complement-dependent manner (Figure
5H and 5I). Although these in vitro studies support a role for ADCC and CDC, further work
is required to determine if these mechanisms contribute to the anti-tumor activity of L2 in
vivo.

L2 potentiates tumoricidal responses

The delayed tumor growth in Tem8 KO mice and the encouraging anti-tumor activity of L2
against relatively small established 50mm3 tumors prompted us to explore the activity of L2
against larger tumors. Importantly, even tumors that were 200mm? in size prior to L2
treatment showed a significant response to the antibody such that when the control tumors
reached an average size of 2000 mm3, treated tumors had an average size of 1288mm3
(Figure 6A). However, because the L2-mediated growth inhibition was less effective against
relatively large (200mm?3) pre-established tumors compared to small (50mm3) tumors
(compare L2 treated group in Figure 6A with that in Figure 4B), we determined whether the
combination of L2 with other types of anticancer agents would result in enhanced antitumor
efficacy. When L2 treatment was combined with the anti-VEGFR2 antibody DC101, which
prevents VEGF from binding VEGFR2, L2 significantly enhanced the activity of DC101
against UACC melanoma (p<0.05; Figure 6A). Furthermore, the combination of L2 with
DMXAA (ASA404), a vascular targeting agent that has shown promising activity in early
clinical trials against lung cancer (Baguley and McKeage, 2010), proved highly effective
against NCI-H460 lung cancer xenografts (Figure 6B). Both L2 and DMXAA significantly
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delayed tumor growth, but the combination was even more efficacious than either treatment
alone (p<0.001; DMXAA + L2 versus DMXAA alone). Finally, when L2 was combined
with 5-fluorouracil (5FU) and irinotecan (IRT), chemotherapeutic agents that are currently
used to treat patients with colorectal cancer, L2 significantly enhanced their efficacy against
HCT116 tumors (p<0.0001; 5FU + L2 versus 5FU, p<0.02; IRT + L2 versus IRT, see
Figures 6C and 6D). L2 also enhanced the efficacy of irinotecan against SW620 (p<0.02;
IRT + L2 versus IRT, Figure 6E), another colon cancer tumor model, demonstrating the
generality of this response. Combination of L2 with IRT was highly efficacious, such that
tumors in 5 of 11 mice in the HCT116 study and 4 of 11 mice in the SW620 study had
completely regressed by 100 days post-inoculation, and these mice remained tumor-free for
the duration of the study- an additional 7 months (Figures 6D and 6E). No complete tumor
responses were observed in any of the monotherapy treatment arms. To further assess the
inhibitory activity of L2 + IRT following long term therapy, treatment was discontinued
after 100 days, which resulted in rapid expansion of the remaining tumors that had not
completely regressed. Analysis of body weights, food consumption, serum chemistry and
hematological profiles in these combination drug trials failed to reveal a change in toxicity
caused by the addition of L2 to the chemotherapeutic agent (Figure 6F and Table S1). Taken
together, these studies demonstrate that L2 treatment can enhance the anti-tumor responses
of a wide variety of anti-cancer agents without added toxicity.

L2 binds human tumor vasculature

To examine the specificity of L2 binding in human tumors, in situ immunofluorescence
staining with L2 was performed on colorectal tumors or adjacent normal colonic mucosa
derived from 6 cases of late-stage colorectal cancer, 4 of which were patient-matched.
Although staining was undetectable in all cases of normal colonic mucosa, in each of the
tumor samples L2-FITC strongly labeled the tumor stroma, including von Willebrand factor
(VWF) positive ECs as well as some perivascular stromal cells that, based on morphology,
appeared to include pericytes and possibly fibroblasts (Figure 7). Although the intensity of
stromal staining was variable in different regions of the tumor, the staining was considered
specific because it was completely blocked by the addition of unlabelled L2 but not isotype-
matched control IgG. Thus, in tumors derived from both patients and mouse xenografts,
TEMBS is found in tumor-associated vasculature and tumor-associated perivascular stromal
cells.

DISCUSSION

These studies demonstrate that TEMS is critical for promoting pathological angiogenesis
evoked by a variety of tumor types, and that antibody-mediated targeting of TEM8 provides
a rational strategy for combating cancer. Most angiogenesis regulators that have been
discovered to date cannot distinguish physiological and pathological angiogenesis. In
immunocompetent mice L2 inhibited tumor growth but had no effect on wound healing in
the same mice, consistent with earlier studies demonstrating no difference in wound healing
between Tem8 WT and KO mice (Cullen et al., 2009). TEM8 was also dispensable for
developmental angiogenesis and normal physiological angiogenesis of the corpus luteum
(Cullen et al., 2009; Nanda et al., 2004; St Croix et al., 2000). A function for TEM8 in these
normal physiological processes could potentially be masked through compensation by
another molecule. However, CMG?2 is the only other protein that shares significant amino
acid identity with TEMS8 and, aside from misaligned incisors, Cmg2/Tem8 double mutant
mice, like Tem8 KO mice, appear to develop normally (Liu et al., 2009). These results
support the conclusion that physiological and pathological angiogenesis are distinct and that
antibody mediated targeting of TEM8 can selectively inhibit pathological tumor growth,
while sparing normal healing processes that also require vascularization.

Cancer Cell. Author manuscript; available in PMC 2013 February 14.
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Based on our results, we propose that TEM8 overexpression in tumor vasculature may be
caused, at least in part, by local decreases in the availability of stromal growth factors, such
as VEGF and FGF. At first this might seem counterintuitive given the overall proangiogenic
nature of tumors. However, blood flow through the tortuous vessels in tumors is known to
be slow, erratic, and often static, which could contribute to the rapid local depletion of
angiogenic growth factors. Tumor ECs may also have to compete for growth factors with
tumor cells that often express VEGF and/or FGF receptors themselves and can sometimes
utilize angiogenic growth factors for their own growth (Dallas et al., 2007; Masood et al.,
2001). Finally, hypoxia, a well known inducer of VEGF gene transcription, may also lead to
overexpression of the high affinity VEGFR1 (Gerber et al., 1997) or its soluble splice
variant SVEGFR1 that can act as decoy receptors, limiting VEGF bioavailability (Lamszus
et al., 2003, Yamaguchi et al., 2007, Yang et al., 2011a). Elevated TEM8 expression in
tumor ECs in response to growth factor deprivation and possibly other unidentified
microenvironmental stressors may be part of a survival pathway that helps ECs cope during
suboptimal growth conditions.

Tem8 KO mice provide a valuable tool for assessing the role of TEM8 in pathological
angiogenesis. For most pharmacological angiogenesis inhibitors, it is difficult to find animal
models completely lacking the drug target, because the target proteins are usually required
for developmental angiogenesis and temporally induced deletion of a conditional “floxed”
target gene in adult mice using cre-lox technology is often incomplete. Importantly, by
treating Tem8 WT or KO mice with L2 anti-TEM8 antibody we could verify that TEMS8 is
the target of this antibody in vivo, and that L2 treatment inhibits tumor growth to a level
similar to complete genetic ablation. Further evidence for antibody specificity was obtained
using FITC-labeled L2 that selectively reacted with the tumor vessels in Tem8 WT but not
KO mice.

Multiple mechanisms could potentially contribute to the anti-tumor activity of L2 in vivo,
but so far the evidence suggests that the antibodies work primarily by blocking TEM8
function and that ADCC and CDC may play a more limited role. The extent of tumor growth
delay observed in the Tem8 KO was found to vary depending on the tumor type employed,
but the same tumor type-dependent responses were observed following L2 blockade. For
example, UACC tumors consistently displayed the most pronounced growth delay in Tem8
KO versus WT mice, and were also the most responsive to L2. Indeed, the tumor growth
patterns observed in the Tem8 KO mice were found to be indistinguishable from those
observed in the L2-treated Tem8 WT mice provided that L2 treatment began immediately
following tumor cell inoculation (for example, see Figure 5A). It is currently unclear why
some tumor types rely more on host-derived TEM8 than others, but the degree of TEM8
dependence does not appear to correlate with the tumor cells ability to evoke TEM8
expression in nearby tumor-associated ECs. For example, in Tem8 WT mice tumor ECs
isolated from LLC tumors expressed 4-times more Tem8 than those isolated from B16
tumors, yet comparisons of tumor growth in Tem8 WT and KO mice revealed that B16
tumors are more dependent on host-derived TEM8 than LLC cells (Cullen et al., 2009). We
expect that if ADCC and CDC were the major mechanisms governing tumor responses in
vivo then tumor responsiveness would have correlated with TEM8 expression levels in
tumor ECs, because ADCC and CDC both depend on target antigen expression levels.
Therefore, further studies are required to establish if ADCC and CDC contribute
significantly to L2’s activity in vivo. Nevertheless, affinity maturation of the variable
domain and modifications to the Fc domain that enhance ADCC and CDC activity (Natsume
et al., 2009) could lead to further enhancement of anti-tumor efficacy.

While anti-TEMS8 antibodies inhibited tumor growth as a monotherapy, based on our results
we predict that TEMS8 antibodies may be most useful in combination with other agents.
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TEMBS antibodies were completely non-toxic and displayed efficacy when combined with
various classes of anti-cancer agents. That anti-TEMS8 antibodies augment the activity of
VEGFR?2 neutralizing antibodies suggests that signaling pathways involving TEM8 may be
responsible, at least in part, for angiogenesis that persists following VEGF/VEGFR2
inhibition. Although human-mouse chimeric antibodies were employed in the preclinical
studies described here, reengineering of the Fc domain can be used to make the 1gG fully
human for future clinical development.

In summary, we report the development of anti-TEM8 antibodies that retard tumor growth
by inhibiting tumor angiogenesis. Anti-TEM8 antibodies were non-toxic and maintained
efficacy in combination with various classes of anti-cancer agents. Thus, anti-TEM8
antibodies provide a rationally designed tool for selectively inhibiting pathological
angiogenesis with important ramifications for the management of angiogenesis-dependent
diseases.

EXPERIMENTAL PROCEDURES

Antibody Production and Purification

In vitro selection of the Morphosys HUCAL Gold phage library involved two rounds of
sequential panning on biotinylated, purified recombinant TEM8(ED)-Fc fusion proteins,
prepared as described in the Supplemental Information, and one round of panning on
HEK?293 cells transfected with human TEM8 (293/Flagh-TEMS8). DNA inserts for the Fab
heavy and light chains were subcloned, expressed, and bivalent Fabs evaluated for TEMS8-
binding by ELISA (see Supplemental Information). Two of the TEM8-binding clones (L2
and L5) were reformatted to generate mouse/human chimeric full IgGs. Anti-TEM8
antibodies were collected from HEK293T culture supernatants and purified by Protein A
and size exclusion chromatography.

Western Blotting

Western blotting was performed using antibodies against TEM8 (clone SB5; Nanda et al.,
2004), CMG2 (a kind gift from Dr. Steve Leppla), actin (Chemicon) or HIF-1a (Novus
Biologicals) as previously described (Cullen et al., 2011).

Animal and Tumor Studies

To derive Tem8 KO mice on an immunodeficient background, Tem8 KO mice on a C57BL/
6 background (Cullen et al., 2009) were crossed with athymic NCr-nu/nu mice and only
Tem8 WT and KO littermates derived from Tem8 heterozygous intercrosses were used for
comparison. Tumors were measured with a caliper, and tumor volumes calculated using the
formula LxW?2x0.5 and presented as the mean +SE. All animal studies were carried out in
accordance with protocols approved by the NCI animal care and use committee.

Immunofluorescence

For in vivo target identification, FITC-labeled L2 was co-injected with non-specific mouse
IgG intraperitoneally into DLD1 tumor-bearing Tem8 WT and KO mice. Frozen sections
were labeled with rat anti-PV-1 (Meca-32) or rat anti-CD31 (BD) antibodies. For
immunofluorescence staining of human normal colonic mucosa or colorectal cancer, frozen
tissue sections were blocked with non-specific mouse/human chimeric 1gG antibodies
(mouse Fc / human-Fab) generated against cyclosporine A and detected with L2-labeled
FITC. The anonymized human colon tissue samples were obtained from the Cooperative
Human Tissue Network (CHTN), with approval from the NIH Office of Human Subject
Research. Further details regarding the immunofluorescence staining can be found in the
Supplemental Information.
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Statistical Analysis

A Students t-test was used to calculate differences in tumor volumes or weights between two
groups (for example, Tem8 WT and KO mice) at the time when the WT (or control) group
reached its maximum size and had to be euthanized. For comparisons between multiple
tumor groups, a one-way ANOVA was used with a Bonferroni post-test. A one-way
ANOVA was used for comparisons of microvascular densities and the fraction of CD31-
positive cells by flow cytometry. p-values <0.05 were considered significant.

Significance

Inhibiting angiogenesis has become an important adjunct to traditional anti-cancer
therapy, but current anti-angiogenic agents, including VEGF/VEGFR2 pathway
inhibitors, disrupt normal physiological processes and are associated with an increasing
number of adverse side effects. TEM8 is an appealing target for selective inhibition of
tumor angiogenesis because it is functionally required for optimal tumor angiogenesis
and growth, but dispensable for normal development and physiological angiogenesis.
Function blocking antibodies specific to the extracellular domain of TEM8 blocked
pathological angiogenesis and tumor growth, and augmented the activity of various
classes of anti-cancer agents, including VEGFR inhibitors. Thus, targeting TEM8 on
tumor vasculature may provide opportunities for the selective blockade of cancer and
other diseases dependent on pathological angiogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TEMS is selectively upregulated on tumor vasculature and is elevated in cultured
HMEC:s in response to growth factor deprivation

(A) QPCR was used to evaluate the expression of the indicated genes in ECs isolated from
resting adult liver (0 hr), regenerating liver taken 6 hr, 18 hr, 48 hr, 72 hr, or 96 hr following
70% partial hepatectomy, or from DLD1, HCT116 or LS174T colon cancer xenografts.

(B) TEM8 mRNA levels over the course of 10 days in HMECs grown in endothelial basal
medium (EBM-2) or in complete medium [EBM-2 supplemented with FGF (F), VEGF (V)
and 5% fetal bovine serum (S)].

(C) TEMS protein levels over the course of 10 days in HMECs grown in basal medium or in
complete medium. The media are the same as in (B).

(D) The appearance of the cells used in (B) and (C) is shown. Note that HMECs became
confluent by day 6 in complete medium but formed only small colonies by day 10 in basal
medium. The media are the same as in (B). Bar = 100um.

(E, F) Effect of supplementation of basal growth medium with FGF, VEGF, or serum alone
or all three together on the expression of TEM8 protein (E) and mRNA (F). (*p<0.05).
Values in (A),(B) and (F) represent mean + SD. See also Figure S1.
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Figure 2. The Growth of Human Tumor Xenografts is Impaired in Tem8 KO Mice

(A-G) Melanoma (A-B), breast (C), lung (D), and colon (E-G) cancer cell lines were
injected into Tem8 wildtype (WT, blue) or knockout (KO, red) mice and tumor volume
monitored over time. The physical appearance of the resected UACC tumors is shown in
(A). p-values were calculated from the final tumor measurement (A-F) or at day 41 (G)
when the WT group reached its maximum size and had to be euthanized (Students t-test). n
=7 to 15 mice/group. Values in (A-G) represent mean + SE. Bar = 10mm.
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Figure 3. The L2 and L5 1gGs React Selectively with TEM8 and Block Binding and Toxicity of
Anthrax Toxin Proteins
(A) L2 and L5 antibodies were used for flow cytometry staining of 293 cells stably

transfected with mouse Tem8 (293-mTEMBS) or a FLAG-tagged human TEM8 (293-Flag-
hTEMS).
(B) L2 and L5 were used for flow cytometry staining of CHO/PR230 (CHO) cells (an

anthrax toxin receptor-deficient cell line) that had been stably transfected with human TEM8
(CHO-TEMBS) or human CMG2 (CHO-CMG2). FITC-labeled protective antigen (PA-FITC),
which binds both TEM8 and CMG2, was used as a positive control.

Cancer Cell. Author manuscript; available in PMC 2013 February 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chaudhary et al.

Page 16

(C) Western blot analysis was used to evaluate the expression of TEM8 and CMG2 in stably
transfected CHO-TEM8 and CHO-CMG2 cells.

(D) L2 antibodies were used for cell-surface Immunofluorescence labeling of CHO and
CHO-TEMS cells.

(E) The ability of L2 and L5 antibodies to block binding of PA-FITC to CHO-TEMS cells
was measured by flow cytometry.

(F) The viability of CHO and CHO-TEMS cells was evaluated 48 hours post-treatment with
lethal toxin.

(G) The ability of L2 and L5 antibodies to protect cells from toxicity following treatment
with 1pg of lethal toxin was evaluated. In this assay the ECsq for L2 and L5 were 1.9nM
and 16.6nM respectively. Values in (F) and (G) represent mean + SE. See also Figure S2.
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Figure 4. Anti-TEMS8 Antibodies Inhibit Tumor Growth but do not Delay Wound Healing
(A-F) Melanoma (A, B and E; UACC, F; B16) or colon cancer (C; LS174T, D; HCT116)
tumor cells were inoculated subcutaneously into athymic nude (UACC, LS174T, HCT116)
or C57BL/6 (B16) mice and tumor growth monitored. Treatments with PBS (vehicle), anti-
VEGFR?2 antibodies, or anti-TEM8 antibodies (L2 or L5) were administered 3 times per
week and were initiated when tumors reached a size of 50mms3 (arrow). A Students t-test
was used to calculate p-values between the vehicle and L2 treatment groups at the final
tumor measurement. Tumors were excised at the end of the study to calculate final tumor
weights (Insets in B, C and D) *p=0.00005, **p=0.002, ****p=0.02.
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(A) The physical appearance of the UACC melanoma tumors at the end of the study
following surgical excision. Bar = 10mm.

(B) L2 inhibition of UACC melanoma tumor growth.

(C) L2 and DC101 (anti-VEGFR?2) inhibition of LS174T tumor growth.

(D) L5 inhibition of HCT116 tumor growth.

(E) L2 and L5 dose-dependent inhibition of UACC tumor growth.

(F) L2 inhibition of B16 melanoma tumor growth.

(G) Wound closure rates following treatment with L2 or vehicle (PBS) alone. In this
experiment, wounds were generated in the same tumor-bearing mice as shown in (F).

(H) CD31-immunofluorescence staining of granulation tissue vasculature in control and L2
treated groups. Control mice received non-specific 1gG in this experiment (n=6 wounds per
group).

(1) Matrigel Plug vascularization was assessed following treatment with non-specific 1gG or
L2 anti-TEM8 antibodies. Vessels areas were calculated from 6 plugs per group. Values in
(B) to (I) represent mean * SE. Bar in (H) and (I): 100pum.
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Figure 5. L2 Targets Tumor Vasculature In Vivo and Engages ADCC and CDC In Vitro

(A) Non-specific antibodies (1gG control) or L2 anti-TEMS8 antibodies were administered to
Tem8 wildtype (T8-WT) or Tem8 knockout (T8-KQO) mice at 20mg/kg mice 3 times per
week beginning one day post subcutaneous inoculation of TEM8-negative DLD1 tumor
cells. *At day 30 the tumors in the T8-WT + 1gG control group were significantly larger
than those in each of the other three groups (p<0.0001), but there was no differences in
tumor size between the T8-KO + IgG, T8-WT + L2, and T8-KO + L2 groups (one-way
ANOVA with Bonferroni post-test). n=12 mice/group.

(B) Immunofluorescence vessel staining of Tem8 WT and KO mice following treatment
with L2 or IgG. Right panel, quantification of CD31 positive vessel area. *p<0.0001
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between each of the groups and the 1gG WT control group (one-way ANOVA). Bar =
200pm.

(C) Flow cytometry staining of dispersed tumor tissues was used to determine the percent of
CD31-positive cells in L2-treated tumors from Tem8 WT mice (WT-L2), IgG treated tumors
from Tem8 KO mice (KO-1gG) and 1gG treated tumors from Tem8 wildtype mice (WT-
IgG). The dot plots show representative data for each of the groups and the bar graph
displays the average percent CD31-positive cells (n=6 per group). Both the WT-L2 and KO-
1gG groups had significantly fewer cells than the WT-1gG group as determined by a one-
way ANOVA.

(D) L2 localization in vivo was assessed by immunofluorescence staining of various tissues
following i.v. injection of FITC-labeled L2 into DLD-1 tumor bearing mice. An overlay of
the L2 image (green) with the endothelial marker image (Meca-32 or CD31, red) was used
to asses co-localization with vasculature (yellow, merge). Bar = 50um.

(E) The specificity of L2-FITC for TEM8 in vivo was assessed by comparing the staining of
tumor stroma from Tem8 wildtype (WT) and Tem8 knockout (KO) mice. Bar = 50um.

(F) NK-mediated toxicity against TEM8 expressing target cells was measured in the
presence of L2 or control 1gG. The effector:target (E:T) cell ratio in this experiment was
25:1.

(G) The impact of increasing E:T cell ratios on L2-mediated ADCC was evaluated.

(H) Complement-dependent cytotoxicity (CDC) was assessed with varying amounts of L2 or
control 1gG.

(I) To evaluate complement dependency, variable amounts of complement (compl.) were
added to the CDC assay. Values in (A-C) and (F-I) represent mean + SE. See also Figure
S4.
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Figure 6. L2 Anti-TEM8 Antibodies Augment the Efficacy of Various Classes of Anti-Cancer
Agents

(A) UACC tumor growth was compared following treatment with vehicle (PBS), non-
specific mouse 1gG (20mg/kg), L2 anti-TEM8 (20mg/kg), anti-VEGFR2 (40mg/kg) or a
combination of L2 (20mg/kg) and anti-VEGFR2 (40mg/kg). Treatments were administered
3 times per week (arrows) beginning 15 days post tumor cell inoculation when tumors
reached a size of 200mm3,

(B) NCI-H460 tumor growth was compared following treatment with vehicle, L2 anti-
TEMS8, DMXAA or a combination of L2 and DMXAA beginning 15 days post tumor
inoculation when tumors reached an average size of 100mms3. In this experiment L2 (20mg/

Cancer Cell. Author manuscript; available in PMC 2013 February 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chaudhary et al.

Page 22

kg) was administered 3 times per week (red arrows) for the duration of the study whereas
DMXAA was administered at a high dose of 25mg/kg (black arrows), followed by 5mg/kg/
day the following two days.

(C) HCT116 tumor growth was compared following treatment with vehicle, L2 anti-TEM8
(20mg/kg), 5-fluorouracil (5FU) (100 mg/kg) or a combination of L2 and 5-FU beginning
11 days post tumor inoculation when tumors reached an average size of 100mm3 in volume.
In this experiment L2 was administered 3 times per week (red arrows) whereas 5-FU was
administered once/week for three weeks (black arrows).

(D) HCT116 tumor growth was compared following treatment with vehicle, L2 anti-TEM8
(20mg/kg), irinotecan (IRT) (80 mg/kg) or a combination of L2 and irinotecan beginning 11
days post tumor inoculation when tumors reached a size of 100mm3. In this experiment L2
was administered 3 times per week (red arrows) until 100 days post-inoculation. To
maximize efficacy without excessive toxicity and mimic the clinical situation, IRT was
administered in three cycles (where 1 cycle = 1 treatment per week x 3weeks; black arrows)
that were separated by a two week rest period to allow recovery. The HCT116 tumor studies
in C and D were conducted simultaneously and contain the same vehicle and L2 groups
which were duplicated for ease of comparison.

(E) SW620 tumor growth was compared following treatment with vehicle, L2 anti-TEM8
(20mg/kg), irinotecan (80 mg/kg) or a combination of L2 and irinotecan beginning 14 days
post tumor inoculation when tumors reached a size of 100mms3. The treatments in this study
were the same as those described for HCT116 above. IRT caused tumor regression in many
of the treated mice. In (E), a decrease in tumor size caused by IRT is readily observed in
both IRT arms (IRT and IRT+L2) during the second cycle of IRT treatment. During the
subsequent two-week rest period the tumors rapidly rebounded. Following the last cycle of
IRT, many of the tumors in the combination group (IRT + L2) regressed again, while the
larger tumors in the control group did not respond. For ease of comparison, only half of the
error bars are shown in D and E. Data in A-E represent mean + SE.

(F) Body weights in HCT116 tumor-bearing mice from the 5FU study [upper panel,
corresponding to (C)] or the irinotecan study [lower panel, corresponding to (D)] were
monitored from the start of therapy until the tumors in the control groups reached their
maximum allowable size and mice had to be euthanized. Data in (F) represent mean values.
The SD ranged from 2 to 8% and error bars were omitted for clarity. The apparent reduction
in mean body weight observed following 5-fluorouracil and irinotecan treatments (black
arrows) were non-significant and were not altered by L2 treatment (red arrows). Values in
(A) to (E) represent mean + SE. See also Figure S5.
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Figure 7. L2 Anti-TEM8 Antibodies Bind to the VVasculature of Human Colorectal Cancer
FITC-conjugated L2 (green) was used for immunofluorescence labeling of human colorectal
tumors and normal colonic mucosa. The vasculature was co-stained with antibodies against
von Willebrand factor (VWF; red), a pan endothelial marker, and overlapping
immunofluorescence is shown in the merged image (yellow). The normal and tumor samples
shown were patient-matched and processed in parallel. To prevent non-specific binding,
immunofluorescence staining was performed in the presence of a 50-fold excess of isotype-
matched (human-mouse chimeric) control IgG that was generated against a foreign antigen
(cyclosporine A). The staining was abolished by blocking the samples with unlabelled L2
(bottom panel) prior to adding L2-FITC. The middle and bottom panel were taken from
serial sections. Bar = 100um.
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Table 1
Selected Toxicological Results and Organ Weights

Control 100mg/kg
L2 Anti-TEM8
Selected Parameters®
WBC (K/uL) 59V 25 6.3V 2.4
RBC (M/uL) 9.5V 0.4 9.6V 04
Albumin (g/dL) 40V 04 39Vv0.1
ALT (U/L) 52.7V 10.1 519V 274
Total Bilirubin (mg/dL) #0.2 #0.2
Creatine (mg/dL) #0.2 #0.2
Hemoglobin (g/dL) 139V 0.6 139V 04
Total Protein (g/dL) 56V 0.2 57V 04
BUN (mg/dL) 19.7V 2.0 175V 3.4
Selected Organ Weightsb (mg)
Brain 462 V 19 465 V 15
Heart 137V 15 155v 21
Kidney 312 v 58 308 V 63
Liver 1173 v 180 1152 v 271
Lung 153V 20 168 V 34
Spleen 80V 13 83V 15

a . .
Represented toxicological data and

borgan weights from mice (n=6/group) dosed i.p. every second day with saline (control) or 100 mg/kg anti-TEM8 mAb. Values are means + SD.
See also Figure S3.
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