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Tumor endothelial marker 1 (TEM1/endosialin) is a tumor vascular marker
highly overexpressed in multiple human cancers with minimal expres-
sion in normal adult tissue. In this study, we report the preparation and
evaluation of 24-MORADb-004, a humanized monoclonal antibody tar-
geting an extracellular epitope of human TEM1 (hTEM1), for its ability
to specifically and sensitively detect vascular cells expressing hTEM1
in vivo. Methods: MORAb-004 was directly iodinated with 25 and 24,
and in vitro binding and internalization parameters were characterized.
The in vivo behavior of radioiodinated MORAb-004 was characterized
in mice bearing subcutaneous ID8 tumors enriched with mouse endo-
thelial cells expressing hTEM1 and by biodistribution and small-animal
immuno-PET studies. Results: MORAb-004 was radiolabeled with high
efficiency and isolated in high purity. In vitro studies demonstrated
specific and sensitive binding of MORAb-004 to MS1 mouse endothe-
lial cells expressing hTEM1, with no binding to control MS1 cells. 25
MORAb-004 and '24l-MORAb-004 both had an immunoreactivity of
approximately 90%. In vivo biodistribution experiments revealed rapid,
highly specific and sensitive uptake of MORAb-004 in MS1-TEM1
tumors at 4 h (153.2 + 22.2 percentage injected dose per gram [%ID/
gl), 24 h (127.1 £ 42.9 %ID/g), 48 h (130.3 £ 32.4 %ID/g), 72 h (160.9 +
32.1 %ID/g), and 6 d (10.7 + 1.8 %ID/g). Excellent image contrast was
observed with 24-immuno-PET. MORAb-004 uptake was statistically
higher in TEM1-positive tumors than in control tumors. Binding spec-
ificity was confirmed by blocking studies using excess nonlabeled
MORADb-004. Conclusion: In our preclinical model, with hTEM1 exclu-
sively expressed on engineered murine endothelial cells that integrate
into the tumor vasculature, 124-MORAb-004 displays high tumor-to—
background tissue contrast for detection of hTEM1 in easily accessible
tumor vascular compartments. These studies strongly suggest the
clinical utility of 124-MORAb-004 immuno-PET in assessing TEM1
tumor-status.
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Tumor vascular markers (TVMs) are attractive targets for
antibody-based diagnostics and therapeutics. Targeting tumor vas-
culature rather than tumor cells themselves has several advantages.
Among these, tumor vasculature expresses unique molecular tar-
gets that are absent in normal vasculature, vascular targets are less
likely to be lost due to adaptation or mutations, and TVMs are readily
accessible to blood circulation. Consequently, TVMs are attractive
targets for antibody-based cancer diagnosis of molecular pheno-
type and personalized therapy (/-3).

Tumor endothelial marker 1 (TEMI1)/endosialin/CD248 is emerg-
ing as a robust TVM in multiple human cancers (4,5). These early
studies concluded that TEM1-positive cells are tumor endothelial
cells. However, nearly all carcinomas, including ovarian, lung, and
breast cancer, have TEM1 expression that is restricted to tumor-
associated perivascular cells (pericytes) and stromal cells (6—12).
In sarcomas, ranging from neuroblastoma to colorectal cancers to
highly invasive glioblastomas, TEM1 is also expressed in malig-
nant cancer cells (6,/13-15). TEMI is a heavily O-glycosylated
175-kDa type I transmembrane protein of the C-type lectin-like
receptor family, which shares overall architecture with thrombo-
modulin (/7). The extracellular domain contains a C-type lectin-
like domain, 3 epidermal growth factor-like repeats, and a proline-
rich mucin domain, whereas the intracellular domain is fairly
short (51 amino acids), with 3 potential phosphorylation sites
and a C-terminal PDZ-binding motif (/6). This surface protein is
not shed, but little is known on its modulation or internalization in
response to epitope engagement by antibodies and other TEM1-
targeted therapies. Its high expression on the tumor vasculature across
a wide variety of solid human cancers, with limited expression in
normal adult tissue, makes human TEM1 (hTEM1) an ideal target
for exogenous antibody therapies and diagnostics (17-19).

A humanized IgG monoclonal antibody (mAb) directed to human
endosialin/TEM1 (MORADb-004; Morphotek, Inc.) (20) is currently
being explored in phase I/II clinical trials for its potential antian-
giogenic and antineoplastic activity in solid and soft-tissue tumors.
The efficacy of this anti-TEM1 mAb against solid tumors is also
being investigated in combination with chemotherapy (27). The
mechanism of action of MORADb-004 in vivo appears to be medi-
ated by inhibiting the cell surface association of TEM1 with extra-
cellular matrix proteins including fibronectin, collagen I/IV (20),
and the Mac-2 BP/90K protein (22).

A critical factor in targeted therapy is evaluating the presence
and amount of the specific target in the tumor and its relevance to
the disease state. The overexpression of TEM1 on tumor vasculature
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provides a potential target for the specific diagnosis and therapy of
TEM1-positive (TEM1+) tumors. Initial clinical experience by
immunohistochemistry analysis reveals that high TEM1 levels
correlate with high tumor grade and aggressive tumor behavior
(7,23). Along with other pathologic procedures and tests, noninvasive
nuclear imaging is often used to assess the status of the specific target.
Multiple antibodies against TEM1 have been reported (17,24), how-
ever, there is limited demonstration of whether this TVM can
function as a target for tumor detection in diagnostic nuclear med-
icine. Considering the superiority of PET over single-photon scin-
tigraphy, the development of an hTEM1-specific PET radioimmu-
noconjugate is a worthwhile pursuit. Because of its high resolution,
sensitivity, and unique ability to measure tissue concentrations of
radioactivity in 3 dimensions, PET is the method of choice for in
vivo imaging using therapeutic and diagnostic antibodies. '>*1 is
a positron-emitting radioisotope that can be attached to antibodies
generally without significant loss of immunobiologic character-
istics; its 4.2-d half-life allows assessment of long-term pharma-
cokinetics of antibody forms (25-27). To the best of our knowl-
edge, this report represents the first study of a positron-emitting
form of a TEM1-directed antibody construct in a murine mouse
model of hTEM1-expressing tumor vasculature.

MATERIALS AND METHODS

Antibodies and Cell Lines

Humanized anti-hTEM1 MORAb-004 mAb (IgG,, 160 kDa), which
binds human but not murine TEM1, was produced by Morphotek, Inc.
The MS1 mouse endothelial cell line, engineered to express DsRed and
firefly luciferase fLuc (for ease, designated as MS1), was used for sub-
sequent generation of the MS1-TEMI1 cell line, expressing hTEM1, and
EmGFP, in addition to DsRed and fLuc (/8). MS1-TEMI1 cells were
sorted by flow-assisted flow cytometry sorting using a MoFlo cell sorter
(Dako Cytomation), and the cell population with lower hTEM1 ex-
pression was expanded and used for subsequent studies. ID8 is a mouse
ovarian surface epithelium cancer cell line, provided by Dr. Paul
Terranova (University of Kansas Medical Center) (28). MS1 cell lines
and the ID8 cell line were maintained in RPMI 1640 containing 10%
fetal bovine serum and antibiotics. Full details of all methods and
equipment used are presented in the supplemental materials (available
at http://jnm.snmjournals.org).

Radiolabeling

Todination of MORAb-004 mAb and control IgG; was performed
by the IODO-GEN method (Pierce) (29). Briefly, '23I-Nal (in 0.01N
NaOH; Perkin Elmer) or '24I-Nal (in 0.02 M NaOH; IBA Molecular)
was added to a precoated iodination tube (Thermo Scientific) contain-
ing antibody (15 g, 1 mg/mL in phosphate-buffered saline) and in-
cubated for 5 min. Radiolabeled antibody was purified using a 2-mL
desalting column (Thermo Scientific). Trichloroacetic acid precipita-
tion assay (30) and radio-thin-layer chromatography were used to
determine radiolabeling efficiency and purity for labeled antibodies.
Protein concentration was measured using Nanodrop 2000c (Thermo
Scientific) to calculate specific activity (MBg/mg).

In Vitro Characterization

Radioimmunoassay. Assessment of specific binding o
MORADb-004 was determined by radioimmunoassay using cells grown
to confluence on 1% gelatin-coated 96-strip well microplates (Corning
Life Sciences). For direct mAb binding assay, cells were incubated
with increasing concentration of 12124I-MORAb-004 in assay buffer
(5% fetal bovine serum in RPMI 1040) in quadruplicate at 4°C for 4 h.
Cells were washed 5 times with ice-cold wash buffer (3% bovine serum
albumin/phosphate-buffered saline). Cell-associated radioactivity was

f 125/1 241_
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measured by a vy counter (2470 Wizard?, Perkin Elmer) and normalized
to the total number of cells, counted by hemocytometer. Nonspecific
binding was determined using control MS1 cells or by performing the
assay in 100-fold excess of unlabeled ligand. Radioimmunoassay anal-
ysis was performed as previously described (30). The details to de-
termine the apparent binding affinity, K4; the number of functional
binding sites per cell, B,,.x; and the binding inhibition constant, K;,
can be found in the supplemental materials. In competitive binding
assays, cells were incubated with a fixed concentration of 12>/124]-mAb
for 4 h at 4°C, in the presence of unlabeled MORAb-004 (0-200 nM).
Binding data were collected as above and the competitive binding data
plotted as described in the supplemental materials.

Internalization Assay. For fluorescent ligand assay, cells were cultured
on chamber slides (Nunc; Life Technologies) overnight at 37°C in
culture medium. Cells were incubated with DyLight405-MORAb-004
immunoconjugate (1 mL, 1.5 mg/mL in medium) at 4°C and allowed
to warm to 37°C for 1 h. After two 5-min washes with wash buffer (or
additional glycine buffer wash [pH 2; 200 mM glycine; 150 mM NaCl]),
cells were fixed with 2% paraformaldehyde. Images were taken with
an inverted LSM510 confocal microscope (Carl Zeiss), using a 405-
nm diode laser, 488-nm argon laser, and 561-nm diode laser for ex-
citation of Dylight405, EmGFP, and DsRed, respectively.

For the radioligand assay, cells were grown to confluence on 1%
gelatin-coated 96-strip well microplates and incubated with !25]-
MORADb-004 at 37°C at selected time points up to 24 h. Cells were
placed on ice and rinsed with wash buffer. Parallel plates were washed
with glycine buffer (pH 2) twice for 5 min to remove surface-bound
radioactivity. Wells were counted in a -y counter and normalized to total
activity bound.

In Vivo Characterization

Chimeric hTEM1-Expressing Murine Vascular Graft Model. All
animal experiments were conducted in compliance with the guidelines
of the Institutional Animal Care and Use Committee. Chimeric tumors
expressing hTEM1 in the vasculature were established by subcutane-
ous injection of 2 x 10¢ ID8 cancer cells comixed with MS1-TEM1 or
MSI1 endothelial cells (at a ratio of 1:5 ID8 to MS1) in each mouse
flank of female athymic nu/nu mice (Crl:NU-Foxnl™; weight, 18 g;
age, 4-6 wk; Charles River Laboratories, Inc.). Mice were provided
with food and water ad libitum. Mice with tumor grafts expressing
fLuc reporter were anesthetized using 1%—2% isoflurane/O, (VetEquip),
and in vivo bioluminescence imaging was performed thrice weekly
using the Xenogen IVIS Lumina II small-animal imaging system
(Caliper Life Science). Briefly, p-Luciferin (phosphate-buffered
saline stock [150 mg/mL]; 150 wL/15-g mouse) was injected intra-
peritoneally, and optical images were acquired at 10 min after in-
jection. Pseudocolor images of emitted photon radiance (p/s/cm?/sr)
were generated and quantified with Living Image Version 3.0 soft-
ware (Caliper Life Science). Tumors were allowed to grow to a size
of 5-10 mm in diameter (14-21 d), and then mice were used for sub-
sequent studies.

Biodistribution and Autoradiography Studies. Naive mice and mice
bearing ID8 tumors comixed with MS1 or MS1-TEM1 endothelial
cells were administered '>I-MORADb-004 (0.185 MBq [5 pCil, 2.5
ng mAb, in 150 pL of sterile 0.9% saline for injection) via the tail
vein. Animals (n = 3-6, per group) were euthanized at 4, 24, 48, 72,
and 144 h after injection, and organs and tumors were removed,
weighed, and counted in a vy counter for accumulation of activity. In
a separate cohort, tumors were harvested, embedded in Tissue-TEK
OCT compound (Sakura, Finetek U.S.A Inc.), and frozen at —80°C.
Serial 10-pm-thick sections were cut at —20°C in a cryostat (Leica
CM1950). Sections were exposed to a phosphorimage plate (BAS;
Fujifilm) for 48 h. Digital autoradiography images were read using
a phosphor plate reader (Typhoon FLA-7000; GE Healthcare).
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(4-6 mCi/mg; mean, 185 MBq/mg [5 mCi/
mg]) and from 280 to 340 MBg/mg (7.6—

9.2 mCi/mg) for IgG; control (mean, 300
MBg/mg [8.1 mCi/mg]). For >*I-MORAb-
004, specific activities were between 1,920
and 2,220 MBg/mg (52-60 mCi/mg; mean,
2,072 MBg/mg [56 mCi/mg]).

In Vitro Binding Properties

of MORAb-004
The specificity of binding of 1>>I-MORADb-
004 to hTEM1 was assessed with mouse
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FIGURE 1. Cell surface binding parameters of 125I-MORADb-004 to MS1-TEM1 and MS1 cells by

live-cell radioimmunoassay. (A) Saturation binding curve for 125|-MORADb-004 from representative
experiment at 4°C for 4 h (inset shows Scatchard plot). (B) Competitive binding of 1251-MORAb-
004 (5.0 nM) with increasing concentrations of unlabeled MORAb-004. Binding data were plotted

as 125|-MORADb-004 bound per cell (mAb/cell).

Immuno-PET Studies. PET experiments were conducted on a small-
animal A-PET scanner (Mosaic; Philips) with an imaging field of view
of 11.5 ¢cm (31). Mice were administered >I-MORADb-004 (5.2 MBq
[~140 nCi], 2.5 g mAb, in 150 wL of sterile 0.9% saline for injection)
via tail vein injection. For blocking studies, mice were coinjected with
25 g of nonlabeled MORAb-004. Mice were anesthetized by inha-
lation of a 1%-2% isoflurane/O, and placed on the scanner bed before
the imaging study. PET data acquisition commenced at 4, 24, 48, and
72 h after injection of the radiotracer, and dynamic scans were obtained
over a period of 1 h (5 min per frame; image voxel size, 0.5 mm?). Analysis
on reconstructed images was performed using AMIDE (http://amide.
source-forge.net). After termination of the final PET scan, mice were
euthanized and tissue activity assessed.

Data Analysis and Statistics

All experiments were performed at least in triplicate, with a minimum
of 3 independent experiments. Results are expressed as mean * SD
unless otherwise noted. Significant differences between means were
determined using 1-way ANOVA followed by a post hoc Bonferroni
multiple comparison test or unpaired Student ¢ test, as appropriate.
Differences at the 95% confidence level (P < 0.05) were considered
statistically significant. All curve-fitting and statistical analyses were
conducted using Prism 5.0 software (GraphPad).

RESULTS

Radioiodination

MORADb-004 was successfully radiolabeled with near-quantita-
tive labeling efficiency. Radiochemical purity by radio—thin-layer
chromatography and trichloroacetic acid precipitation assays
showed that more than 98% of 1251241 was bound to protein after
size-exclusion column purification (Supplemental Fig. 1). Specific
activities for 12I-MORADb-004 ranged from 150 to 225 MBg/mg

endothelial MS1 cells engineered and sub-
sequently sorted to express surface TEM1
as compared with control MS1 cells. The
apparent dissociation constant (Kg) of '23]-
MORADb-004 determined by live-cell ra-
dioimmunoassay was 3.41 = 1.20 nM, and
the number of MORAb-004 mAb bound per cell (B,,,x) was 6.28
+ 2.14 x 10° (Fig. 1A). '2’I-MORAD-004 did not bind to control
MST1 cells, and binding on MS1-TEM1 cells could be blocked
with excess unlabeled mAb, demonstrating specificity. Competi-
tive binding assays demonstrated that >I-MORAb-004 was dis-
placed with increasing amounts of unlabeled MORAb-004, with
the K; of unlabeled MORAb-004 being 3.10 = 1.24 nM (Fig. 1B).
mAb immunoreactivity from radioimmunoassay was approximately
90% for both '>I-MORADb-004 and '>*I-MORADb-004 after direct
iodination at the noted specific activity (Table 1). '2I-MORAbD-
004 bound to endogenous hTEM1 with higher affinity (K4 ~0.5
nM) when incubated with human neuroblastoma LA1-5s cells, as
compared with recombinant hTEM1 expressed in the murine
MS1-TEMI cell line (Supplemental Fig. 2). The number of sur-
face hTEM1 molecules is comparable between LA1-5s cells and
MSI1-TEMI cells.

Internalization of MORAb-004

To qualitatively assess mAb internalization after binding to
TEMI1, we followed the location of fluorescent dye-labeled
MORADb-004 (MORAb-004-Dy405) on MS1-TEM1 cells versus
control MS1 cells by confocal microscopy. Cells were initially
incubated with MORAb-004-Dy405 on ice and then allowed to
warm to 37°C. At 4°C, MORADb-004-Dy405 (blue) localized to
the cell membrane on MS1-TEM1 cells (Fig. 2A), but there was
no binding on MS1 cells (Fig. 2E). Surface binding could be effec-
tively removed after acid wash, showing that signal was restricted
to the plasma membrane at 4°C (Fig. 2B). After warming to 37°C
for 1 h, strong immunofluorescence was observed on both plasma
membrane and in intracellular compartments of MS1-TEM1 cells
(Fig. 2C). Internalization of MORAb-004-Dy405 was confirmed
by acid wash of MS1-TEMI1 cells, where surface-bound mAb was

TABLE 1
Binding Parameters of antiTEM1 IgG; MORAb-004 mAb to Live MS1 Cells Expressing hTEM1*
mAb Specific activity (MBg/mg) Kg (nM) Bmax (x 10% mAb/cell) Immunoreactivity
125I-MORADb-004 (n = 5) 150-225 3.41 +1.20 6.28 + 2.14 90.1% + 4.8%
124]-MORADb-004 (n = 3) 1920-2220 3.41 £ 0.93 7.52 +1.92 90.1% + 1.5%

*MS1 cells used as binding control; results expressed as mean + SD.
TImmunoreactivity = Ky 125/124-MORAb-004/K; unlabeled MORAb-004.
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in mediating internalization. Figures 3B
and 3C show the internalized and surface-
bound fractions over time, with respect to
total cell bound radioactivity. The surface-
bound fraction of radioactivity was the ac-
tivity removed from the total bound activity
after an acid wash of the cells.

In Vivo Characterization

Biodistribution Studies. In naive non—tumor-
bearing mice, there was a dramatic difference
in the blood clearance kinetics of '>I-MORAb-
004, as compared with mice bearing ID§
tumor grafts enriched with MS1 or MS1-
TEMI1 endothelial cells in either flank
(Fig. 4; Tables 2 and 3). In naive mice, the
blood-pool activity was 22.39 = 1.47 per-
centage injected dose per gram (%ID/g) at
4 h and slowly decreased 4-fold to 5.64 =
0.50 %ID/g on day 6. Blood-pool activity
decreased 25-fold over a 6-d period, from
18.84 = 0.93 %ID/g at 4 h to 0.74 = 0.05
%ID/g on day 6. There was slower washout
of activity across all major organs, as seen
with blood levels, in naive mice, as compared
with tumor-bearing mice. In contrast, up-
take in TEM1+ tumor grafts was 153.19 *
22.24 %ID/g as early as 4 h after injection
and remained consistently high out to 3 d
after injection, demonstrating retention of
the TEMI-targeted antibody. Uptake in

TEMI1 + tumors decreased to 10.65 = 1.08

FIGURE 2. Confocal immunofluorescence microscopy of MS1-TEM1 (A-D) and MS1 (E) cells
incubated with fluorescent immunoconjugate MORAb-004-DyLight405 (Dy405; blue) shows that
MORADb-004 is internalized in MS1-TEM1 cells. MS1-TEM1 cells were transfected with DsRed
(red) and GFP (green), whereas MS1 cells express only DsRed (Red). MORAb-004-Dy405 local-
ized to cell surface membrane of MS1-TEM1 cells at 4°C for 1 h (A) and could be effectively
removed after low pH wash (B). After 1 h at 37°C, MORAb-004 was observed on cell surface and
in intracellular compartments of MS1-TEM1 cells (C), with intracellular fraction still evident after
low pH wash (D). MORAb-004 did not bind to MS1 cells (E). Merging of blue, red, and green
channel with differential interference contrast (DIC) image is shown in topmost box in A-E. Scale

%ID/g at 6 d after injection. Uptake in
TEM1-negative (TEM1—) tumor grafts was
significantly lower than TEM1+ tumors at
all time points, with uptake clearing over
time from 8.98 = 2.48 %ID/g at4 hto 3.93 =
1.98 %ID/g at 72 h and 0.67 = 0.08 %ID/g
on day 6. Autoradiography of tumors at
24 h after injection further confirmed the

bar in DIC panel is 30 pm.

removed but intracellular MORADb-004-Dy405 was still retained
(Fig. 2D).

For quantitative assessment of MORAb-004 internalization, MS1-
TEMI cells were incubated with '>>I-MORAb-004 and the inter-
nalization of MORADb-004 was studied by +y counting (Fig. 3). The
fraction of radioactivity that internalized in MS1-TEM1 cells at
2 h at 37°C was approximately 12% of total activity bound and did
not change with increasing dose of 12°I-mAb added to the medium
(0.5-4 nM) (Fig. 3A). The fraction of radioactivity that internal-
ized in MS1-TEMI cells, with respect to the total amount of '2°1-
MORADb-004 bound per MS1-TEM1 cell, increased from 15.6% =
0.7% at 2 h t0 23.4% = 0.9% at 4 h and reached a plateau at 8 h
from 32.8% * 0.8% to 38.6% * 0.9% at 24 h (Figs. 3B and 3C).
Interestingly, in LA1-5s neuroblastoma cells, which endogenously
express hTEM1, maximum internalization was achieved at 60 min
and remained quite low at less than 10% at all time points thereafter
(Supplemental Fig. 3). The uptake of radioactivity was completely
blocked by the addition of unlabeled MOR Ab-004 to the incubation
medium, thus demonstrating the requirement of TEM1-specific binding

TEM1 ImmuNo-PET witH 124I-MORAB-004

higher uptake of '2I-MORADb-004 in
TEM1+ tumors than in the control tumors
(Fig. 4C). The tumor-to-blood ratio in TEM1+ grafts increased
4.5-fold from 8.1 to a maximum of 40.6 on day 3. Similarly, the
TEM1+-to-TEMI1 — tumor ratio in ID8 grafts increased 2.7-fold
from 18.1 to a maximum of 49.1 on day 3. Target-to-nontarget uptake
ratios were decreased by day 6. As an indication of radioiodine
metabolism from the antibody, thyroid uptake was also assessed over
time. No time-dependent changes in thyroid uptake were observed in
both naive and tumor-bearing mice up to 6 d after injection. Thyroid
levels ranged from 0.1% to 1.2 %ID per total organ (%ID/org).
The specificity of TEMI1 tumor targeting was demonstrated
using an isotype control IgG;. The biodistribution of >I-1gG,
shows that uptake of the nontargeted IgG is nearly the same be-
tween both MS1-TEM1 and MS1 vascularized tumors, with 5.43 =
0.73 and 5.13 = 1.86 %ID/g at 24 h after injection, respectively
(supplemental materials). The localization ratio of TEM1+ tumor
uptake to blood and TEM1— tumor uptake were low for nontar-
geted IgG; (generally < 1), indicating a lack of specific uptake.
Pharmacokinetic Analysis. To evaluate the blood pharmacokinetics
of 1I-MORAb-004 in naive versus TEM1+ tumor—bearing nu/nu

Chacko et al. 503
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FIGURE 3.

Internalization of 1251-MORAb-004 by MS1-TEM1/fLuc cells with respect to total amount of mAb bound per cell after incubation at 37°C

as function of dose (A) and time (B-C). Internalization was measured in presence or absence of excess of unlabeled MORAb-004 (100 nM) in
incubation medium to block hTEM1 surface protein binding. (C) Internalized fraction of 125I-MORADb-004 over time as function of total cell-associated
radioactivity. Values shown are mean of 3 independent experiments performed in quadruplicate. ***P value < 0.001.

mice, serum samples were collected and analyzed at defined times
(supplemental material). Blood-pool clearance rates were slow for
the targeted IgG; mAb in naive mice as compared with mice with
TEMI1+ tumors: the fast a-phase of the biphasic blood clearance
was 1.9 versus 1.1 h, respectively, whereas the slower (3-phase was
117.9 h in naive mice, compared with 28.8 h in tumor-bearing
mice (R?> = 0.95 and 0.92, respectively). For further comparison,
the a- and (3-decay rates for blood clearance of the isotype control
1251-1gG, in tumor-bearing mice were 3.7 and 76.9 h, respectively.
These rates were both slower than those for '2’I-MORAb-004 in
tumor-bearing mice, further demonstrating targeting specificity of
125]-MORADb-004 for TEM1+ tumors.

PET Imaging Studies. Tumor location and volume were first
confirmed by in vivo bioluminescence imaging of fLuc reporter
gene expression in mice bearing subcutaneous ID8 tumor grafts with
MS1-TEMI1-expressing vasculature on the left flank and control
MS1/ID8 tumor graft on the right flank. '*I-MORAb-004 uptake
in tumor grafts was TEM1-specific, as demonstrated by target-
blocking experiments performed by coinjecting an excess dose
(25 pg) of nonlabeled cold MORAb-004 (Fig. 5B). TEM1+ tumors
were poorly visualized throughout the 3-d study period, demonstrat-
ing TEM1 specificity of MORADb-004. Images for the remaining
mice in the PET study are provided in the supplemental materials.
Postmortem tissue sampling of the mice after 72-h PET imaging
confirmed the biodistribution data. The tumor uptake of >*I-MORADb-
004 was 221.82 = 57.33 %ID/g in TEM1+ tumor grafts at 72 h
after injection and was significantly greater than corresponding
tumor uptake of 24.06 = 3.26 %ID/g at 72 h in mice blocked
with excess cold MORAD-004, again confirming radioimmuno-
conjugate specificity (supplemental material). In contrast, no sig-
nificant difference in tumor uptake was observed in TEM1 tumor
grafts after coinjection with blocking dose of MORADb-004 (Fig.
5B).

DISCUSSION

The tumor vascular marker TEM1/endosialin is emerging as
an attractive biomarker for targeted molecular diagnostics and
therapeutics because of its expression across many human tumors,
low to absent expression in normal tissues, and accessibility from
the vascular circulation. Although the molecular function of TEM1
remains unclear, investigators have recently designed IgG anti-
bodies targeting the lectin-like domain of TEMI1, which inhibit
cell migration (20) and vascular tube formation (9,32,33). Smaller
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scFv constructs have also been reported for TEMI targeting of
drug-delivery vehicles (/9) or diagnostics for fluorescence imaging
techniques (/7). Although TEMI1 is a quasiuniversal tumor target
present in the vasculature of many solid tumor types, a variable
proportion of tumors—depending on histotype—show low or no
TEMI1 expression (6). Detection of TEM1 in tumors may facilitate
the selection of patients for specific therapies and would allow
monitoring of therapeutic effect in real time using immuno-PET
(25,34,35). Combined with the ready availability of >*I and its
sufficiently long half-life (4.2 d), '**I immuno-PET imaging is an
attractive approach to demonstrate quantitative biomarker expres-
sion noninvasively. In this work, we describe the detailed preclinical
characterization of a novel PET radioimmunodiagnostic humanized
anti-TEM1 '*I-MORAb-004 1gG,, of which the naked antibody
MORAD-004 is currently in trials for cancer immunotherapy.

Direct radioiodination of MORADb-004 did not dramatically
alter the functional targeting to MS1 mouse endothelial cells
engineered to express recombinant h\TEM1 (MS1-TEM1). This is
evidenced by the nanomolar affinity, high cellular binding
capacity (>10° antibodies bound per cell), and immunoreactivity
of 125124I_.MORAb-004. Differences in degree and quality of
hTEM1 glycosylation patterns in murine and human cells could
potentially overestimate MORADb-004 accessibility and binding to
native hTEM1. However, the affinity of '2I-MORAb-004 for na-
tive hTEMI expressed in human neuroblastoma cancer cells is
considerably higher than recombinant hTEM1 in murine endo-
thelial cells, suggesting that MORAb-004 accessibility and af-
finity is sufficiently high for targeting to endogenous hTEM1 in
patients. Antibody internalization and intracellular retention are
important criteria for assessing the potential of a therapeutic
agent being considered for conjugation with a toxin or radioiso-
tope. Fluorescence microscopy of dye-labeled MORAb-004 and
radiotracing of '>I-MORAb-004 confirm slow internalization
(and radiolabel catabolism ex post facto) in vitro by MSI1-
TEMI1 endothelial cells. Internalization was found to be even slower
in human neuroblastoma cells endogenously expressing hTEMI.
However, in vitro results may not always be indicative of antibody
processing in vivo.

MORADb-004 binds to hTEM1 and does not cross-react with
murine TEM1. Hence, we used a chimeric ovarian cancer vascular
murine model recently described to assess the targeting of
MORADb-004 to hTEM1 TVM (I8). In this preclinical model, tu-
mors derived from ID8 ovarian cancer cells enriched with MS1
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FIGURE 4. Biodistribution (%ID/g) of '251-MORAb-004 (2.5 pg/mouse) in naive nu/nu female
mice (A) and MS1-TEM1/ID8 and MS1/ID8 tumor-bearing mice (B). Insets are respective up-
take of radioiodine in thyroid represented as %ID/org. Data are shown as mean + SD. There
was significant difference between uptake in TEM1+ tumors as compared with TEM1- tumors.
P < 0.001. (C) Digital autoradiography (DAR) of representative MS1-TEM1/ID8 and control
MS1/ID8 tumors showing specific uptake of 1251-MORAb-004 24 h after injection in TEM1+

take in the contralateral hTEM1— ID8/
MSI1 tumors. This high degree of targeting
to TEM1+ vessels was maintained up to
72 h after injection, with target tumor up-
take decreasing on day 6. There was a low
extent of thyroid uptake over the course of
the biodistribution and PET study (<2 %
ID/org). This is consistent with previously
reported studies with other radioiodine-
labeled mAbs targeting slowly internaliz-
ing cell surface markers—including '?41-
c¢G250 IgG mAb for imaging carbonic
anhydrase 9 (CAIX) expression (25) and
1251-35A7 IgG mAb, as a radioimmunother-
apeutic targeted to carcinoembryonic anti-
gen (CEA) (36). Therefore, we can tenta-
tively conclude that the antibody catabolic
rate in vivo is comparable to that seen in
vitro. It is plausible that slow intratumoral
metabolism and subsequent recirculation
of 12#I-labeled metabolites may also occur.
Full metabolic studies are beyond the
scope of the current study and will be the
subject of further investigations.

This type of preclinical model is a help-
ful tool for validating agents specific to
human tumor vascular targets in the ab-
sence of more relevant knock-in models
with the human coding sequence inserted

tumors only.

endothelial cells had increased vascular density, compared with
ID8 tumors alone by visual inspection and from quantification of
hemoglobin content (data not shown). This increase implies that
MST1 cells contribute to the formation of functional tumor vascula-
ture. Further, MS1-TEM1 cells admixed with ID8 cells integrate
into the tumor vasculature, as confirmed by immunohistochemical
visualization of hTEM 1-positive vessels and capillaries (Supplemen-
tal Fig. 8).

Biodistribution data with this vascular hTEM1 murine model
revealed high uptake of '>I-MORADb-004 (>150 %ID/g at 4 h) in
ID8 ovarian tumors with TEM1+ tumor vasculature and no up-

into the mouse locus. Immuno-PET data

demonstrate that >*I-MORAb-004 imag-
ing provides high tumor—to—background tissue ratios and that this
high uptake is specific for TEM1 expression in tumor tissue. On
the basis of the aforementioned in vivo results, 12*I-MORAb-004
has favorable pharmacokinetics, with rapid tumor targeting, rapid
blood clearance, and fast washout from nontarget tissue. An ex-
perimental limitation to our preclinical model is that hTEM1 is
exclusively expressed on engineered murine endothelial cells that
integrate into the murine tumor vasculature, and so we are only
able to assess targeting and tumor retention of MORADb-004 to the
most easily accessible tumor vascular compartment. In human
tumors, TEM1 is expressed by tumor-associated stromal cells, fibro-

TABLE 2
Biodistribution of 125-MORAb-004 in Naive Mice at Various Times After Injection*

Organ 4h(n=26) 24 h(n=25) 48 h (n = 6) 72h((n =4 6d(n =4
Blood 22.39 + 1.47 11.64 + 0.95 10.53 + 1.32 8.93 + 1.30 5.64 + 0.50
Heart 4.40 + 0.38 2.26 + 0.32 2.40 £ 0.52 1.94 + 0.30 1.06 £ 0.10
Lungs 8.85 £ 1.06 4.88 + 0.47 4.58 + 0.66 3.76 £ 0.80 2.20 £ 0.15
Kidney 4.61 + 0.69 2.32 £ 0.57 2.28 £ 0.62 2.06 + 0.69 1.14 £ 0.27
Spleen 6.17 £ 1.20 3.20 £ 0.84 2.88 + 0.46 2.71 £ 0.42 1.40 + 0.29
Liver 5.56 + 0.71 2.41 + 0.57 2.21 £ 0.31 2.00 £ 0.22 1.03 £ 0.22
Muscle 0.69 £ 0.31 1.36 + 0.44 1.28 + 0.69 1.11 £ 0.18 0.55 +0.18
Brain 0.77 £ 0.11 0.37 £ 0.08 0.40 £ 0.09 0.29 + 0.09 0.18 £ 0.01
Uterus 7.55 + 1.54 3.86 £ 1.16 4.06 £ 1.49 4.57 £ 0.31 2.30 £ 0.47
Ovaries 6.98 £ 0.75 5.36 +2.18 5.75 + 1.81 442 +1.31 2.30+0.18
Thyroid® 0.56 £+ 0.29 0.87 + 0.55 0.90 + 0.39 0.60 + 0.37 1.16 + 0.99

*Data are expressed as %ID/g + SD; mice injected with 0.185 MBq (5 pCi); 2.5 pg of IgG.

TData are expressed as %ID/org + SD.
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TABL

E3

Biodistribution of 125I-MORAb-004 in Tumor-Bearing Mice at Various Times After Injection*

Organ 4h(n =23 24h((n =23 48 h (n = 4) 72h((n =4 6d(n =3

Blood 18.84 + 0.93 9.90 + 2.49 6.75 + 2.61 4.68 + 2.09 0.74 + 0.05
Heart 3.55 + 0.51 2.48 + 0.81 1.40 £ 0.53 1.00 £ 0.44 0.18 + 0.04
Lungs 6.57 + 0.71 3.32 + 1.48 2.62 + 1.16 1.75 £ 0.82 0.33 + 0.02
Kidney 4.46 + 0.98 1.98 + 0.64 1.54 £ 0.41 1.13 £ 0.52 0.21 £ 0.04
Spleen 3.81 £ 0.43 2.47 + 0.83 1.45 £ 0.46 1.10 £ 0.49 0.23 + 0.08
Liver 3.76 £ 0.76 2.23 + 0.43 1.19 £ 0.42 0.99 + 0.45 0.19 £ 0.02
Muscle 0.58 + 0.16 0.77 £ 0.15 0.58 + 0.13 0.47 + 0.29 0.06 + 0.01
Brain 0.40 £ 0.06 0.25 £ 0.11 0.15 £ 0.07 0.12 £ 0.05 0.03 + 0.01
Uterus 5.77 +2.25 3.79 + 0.76 2.33 + 0.82 2.00 + 1.04 0.47 + 0.12
Ovaries 5.44 + 0.82 3.20 + 0.56 2.37 £ 0.85 2.01 £0.87 0.51 £ 0.24
Thyroid® 0.09 = 0.02 0.08 + 0.04 0.05 + 0.01 0.17 £ 0.11 0.20 £ 0.17
Tumors
MS1-TEM1/ID8 153.19 +£ 22.25 127.13 + 42.87 130.27 + 32.38 160.91 + 32.09 10.65 + 1.08
MS1/ID8 8.98 +2.48 8.03 + 1.86 5.04 +2.12 3.93 + 1.98 0.67 + 0.08
Ratio of TEM1+ tumor to

Blood 8.14 +1.13 12.36 + 4.72 21.76 £ 9.15 40.64 + 19.40 16.50 + 3.68

Muscle 266.03 + 84.62 164.35 + 64.30 224.86 + 74.10 340.08 £ 216.28 177.50 £ 34.63

TEM1- tumor 18.06 + 5.10 16.51 + 6.21 29.71 + 13.29 49.14 + 22.54 16.02 + 2.51

*Data are expressed as %ID/g + SD; mice injected with 0.185 MBq [5 pCil; 2.5 pg of IgG.

TData are expressed as %ID/org + SD.

blasts, and pericytes (7,24,37); various types of cancer cells; and
endothelial progenitor cells (6,33). However, IgG can readily cross
the leaky basement membrane of tumor vasculature and extravasate
into the perivascular space, suggesting that MORAb-004 could
bind readily to various cell types presenting surface TEMI in
the tumor microenvironment. Although this model cannot address
questions including the temporal regulation of hTEM1 with re-
spect to tumor size or on internalization of the antibody, the recent
development of hTEMI1 knock-in mice (38) will allow future
studies to focus toward that goal.

Overall, the novel radiotracer '>*I-MORAb-004 represents a prom-
ising candidate for further evaluation and translation to the clinic
as an immuno-PET agent for the noninvasive detection of primary
and metastatic cancers expressing TEM1 in vivo.

CONCLUSION

The humanized anti-hTEM1 IgG mAb !25/124I-MORADb-004
can be prepared by direct radioiodination, with high radiochemical
purity and specific activity, without significant loss of specificity
and immunoreactivity to hTEMI1-positive cells. In vitro inter-
nalization is fairly low and protracted. Biodistribution and 241
immuno-PET in a chimeric hTEM1 mouse tumor model revealed
robust TEM1-specific contrast within the tumor vasculature as early
as 4 h and up to 6 d after administration. Autoradiography further
confirmed microdistribution of '*I-MORAb-004 within TEM1-
postitive vascularized tumor tissue. This is the first report, to our
knowledge, fully characterizing '**I-MORAb-004 as an immuno-
PET diagnostic of noninvasive detection of hTEMI1 in a murine
tumor vascular network.

PET: '24-MORAb-004
48 h

72h

PET: '24-MORAb-004 + block
24h 48 h 72h

@

Radiance

FIGURE 5. Longitudinal in vivo immuno-PET imaging of distribution of 124I-MORAb-004 in nude mice bearing subcutaneous chimeric ID8 tumor
grafts over time. Mice were injected with '24I-MORADb-004 (5.2 MBq, 2.5 pg mAb) (A) or coinjected with 25 pg of unlabeled MORAb-004 (B) and
scanned for 1 h at different time points after injection. Transverse projections of 1 mouse from each group are shown, with representative images of
photon radiance from bioluminescence imaging of tumor grafts enriched with luciferase (fLuc)-transfected MS1 or MS1-TEM1 endothelial cells of
respective mouse shown to left of each PET panel. (A) Increased uptake of 124l-MORAb-004 was observed in tumors expressing TEM1+ tumor
(right, white arrow), compared with control tumor (left, red arrowhead). (B) Specific blocking of 124I-MORAb-004 uptake in TEM1+ tumor observed
after administration of excess unlabeled mAb. BLI = bioluminescence imaging.
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