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A Folate Receptor-a—Specific Ligand That Targets Cancer
Tissue and Not Sites of Inflammation

Balasubramanian Vaitilingam, Venkatesh Chelvam, Sumith A. Kularatne, Scott Poh, Wilfredo Ayala-Lopez,

and Philip S. Low

Department of Chemistry, Purdue University, West Lafayette, Indiana

Folic acid has been frequently exploited to target attached drugs to
cells that overexpress a folate receptor (FR). Unfortunately, folic acid
and folate-linked drugs bind equally well to both major isoforms of
the FR—that is, FR-a, which is primarily expressed on malignant
cells, and FR-B, which is upregulated on activated monocytes
and macrophages. Because both major isoforms of FR can be
expressed simultaneously in the same organism, folic acid cannot
enable selective targeting of therapeutic and imaging agents to
either tumor masses or sites of inflammation. In an effort to develop
a targeting ligand that can selectively deliver attached imaging and
therapeutic agents to tumor cells, we constructed a reduced and
alkylated form of folic acid, N5 N'0-dimethyl tetrahydrofolate
(DMTHF) that exhibits selectivity for FR-o. Methods: DMTHF-2*mTc
was injected into mice bearing FR-a—expressing tumor xenografts
and imaged by +y-scintigraphy. The selectivity for FR-a over FR-B in
vivo was examined by +y-scintigraphic images of animal models of
various inflammatory diseases such as apolipoprotein E-deficient
mice with atherosclerosis, DBA/1 LacdJ mice with induced arthritis,
C57BL/6J mice with muscle injury, and BALB/C mice with both
FR-a tumor and ulcerative colitis, by administration of equal
doses of DMTHF-2°"Tc and EC20-°°"Tc. The uptake of radio-
chelates in various organs was quantified by biodistribution
studies. DMTHF-near-infrared dye conjugate and DMTHF-Ore-
gon green dye conjugates were synthesized and evaluated for FR-
« selectivity over FR-B in rat peritoneal macrophages and human
peripheral blood monocytes, respectively, by flow cytometry. Fluo-
rescence-guided imaging was also performed using folate and
DMTHF dye conjugates. Results: The new targeting ligand was
found to bind malignant cells in mice with solid tumor xenografts
but not peripheral blood monocytes or inflammatory macrophages
in animal models of atherosclerosis, rheumatoid arthritis, muscle
injury, or ulcerative colitis. Results from optical and radioimaging
studies and biodistribution experiments confirm the differential
specificity of this new ligand for malignant masses. Conclusion:
The new targeting ligand DMTHF enables selective noninvasive im-
aging and therapy of tumor tissues in the presence of inflammation.
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Cancer is a major cause of death in the United States,
second only to heart disease (/), killing more than half a
million Americans per year (2). Importantly, many cancer-
related deaths are thought to be preventable if better meth-
ods for early detection of the disease can be developed.
Unfortunately, most methods for tumor imaging either lack
the sensitivity to detect early malignant loci or do not dis-
tinguish between tumor masses and sites of inflammation
(3). Thus, '8F-FDG not only effectively images cancer but
also accumulates at sites of infection and immune-mediated
inflammation (4), creating confusion over whether an im-
aged mass derives from a tumor or inflamed tissue (e.g.,
rheumatoid arthritis, Crohn disease, ulcerative colitis, and
asthma). Similarly, radiolabeled forms of choline, amino
acids, vitamins, and nucleosides also accumulate in both
malignant tissues and sites of inflammatory disease (4,5).

Folate-linked radionuclides have been frequently ex-
ploited for the radioimaging of cancer tissues due in large
part to the overexpression of folate receptor-a (FR-a) on
many malignant cell types (6—13). One such radioimaging
agent is FolateScan (Endocyte, Inc.) (EC20), a ®°™Tc-
based radiopharmaceutical currently in phase III clinical
trials for evaluation of folate receptor—positive tumors
(11,14). Importantly, EC20 has also proven to be effective
for imaging inflammatory diseases, primarily because of
the overexpression of FR-B on activated macrophages
(15-19). As with other PET and radioimaging agents, dual
imaging of both cancer and inflammatory diseases can
render differentiation of the 2 pathologies difficult. One
obvious solution to this uncertainty would be to design
a targeting ligand with selectivity for either FR-a or
FR-(. Because literature references suggest that different
forms of folic acid might exhibit different affinities for
FR-a and FR-B (20-22), we undertook a search for mod-
ified forms of folic acid that might associate preferentially
with FR-a over FR-B. In this paper, we demonstrate that
an N>, N'9-dimethylated derivative of tetrahydrofolic acid
(DMTHEF) displays the desired selectivity for FR-a over
FR-B. We also show that a °°™Tc-chelate conjugate of
DMTHF allows for selective imaging of cancer masses
in animals containing both solid tumors and multiple types
of inflammatory disease.
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MATERIALS AND METHODS

Cell Culture and Animal Husbandry

KB and A549 cells were obtained from American Type Culture
Collection. M109 cells were a kind gift from Alberto Gabizon.
CHO-f cells were a kind gift from Endocyte, Inc. The cell lines
were grown continuously as a monolayer in folate-free RPMI
medium containing 10% fetal calf serum and 1% penicillin and
streptomycin antibiotic cocktail in a 5% CO,:95% air-humidified
atmosphere at 37°C. M109 cells were regenerated as reported
earlier (11).

All animal procedures were approved by the Purdue Animal
Care and Use Committee in accordance with guidelines of the
National Institutes of Health. Normal rodent diets were not used,
because they contain excessive amounts of folic acid, which
elevate serum folate levels significantly above normal physiologic
concentrations. Rather, all animals were maintained on a folate-
deficient diet (Teklad; Harlan Laboratories Inc.) for at least 3 wk
before each study to lower their serum folate levels into the
physiologic range. Control animals were also maintained on
a folate-deficient diet.

Binding Affinity and Specificity of
DMTHF-%*"T¢ Conjugate

KB or CHO-f cells (100,000 cells per well in 500 pL) were
plated into 24-well Falcon plates and allowed to form adherent
monolayers (~70% confluent) overnight. Spent medium in each
well was replaced with fresh medium (0.5 mL) containing increas-
ing concentrations of EC20-"°"Tc or DMTHF-""Tc in the pres-
ence or absence of a 100-fold molar excess of folic acid, and the
cells were incubated for 1 h at 37°C. Cells were washed with
phosphate-buffered saline (PBS) (3 x 1.0 mL), after which
0.25 M aqueous NaOH (0.5 mL) was added to dissolve the cells.
After a 10-min incubation, 450 pL from each well were trans-
ferred to polypropylene tubes and counted for radioactivity in
a y-counter (Packard Instrument Co.). The binding affinity, Kg,
was calculated using GraphPad Prism 4 (GraphPad Software) by
plotting cell-bound radioactivity versus the concentration of ra-
diotracer added.

Flow Cytometry Analysis of KB Cells and Rat
Peritoneal Macrophages

KB cells were allowed to form monolayers in a T75 Falcon
flask for 48 h in folate-deficient RPMI 1640 culture medium. The
confluent cells were trypsinized, and 1 x 10° cells were transferred
into each Eppendorf tube and centrifuged. Spent medium was
removed, and the pelleted cells were resuspended in fresh me-
dium containing either DMTHF-DyLight680 (Pierce Thermo
Scientfic) conjugate (100 nM) or folate-DyLight680 conjugate
(100 nM), either in the presence or in the absence of a 100-fold
molar excess of free folic acid. After incubation for 1 h at 37°C,
the cells were washed 3 times with PBS (0.5 mL) and resus-
pended in fresh PBS (0.4 mL). Bound fluorescence was analyzed
using a flow cytometer (Cytomics F500; Beckman Coulter).

For similar analysis of rat peritoneal macrophages, experimen-
tal adjuvant—induced arthritis was induced in Lewis rats according
to a previously reported procedure (/8). After 25 d of arthritis
induction, the rats were sacrificed by CO, asphyxiation. Peritoneal
macrophages were harvested by injecting 60 mL of PBS into the
peritoneal cavity and, after brief massage of the abdomen, remov-
ing the cells using the injection syringe (23). Peritoneal cells were
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transferred to Eppendorf tubes and washed and stained as de-
scribed above, except CD11b™ macrophages, which were identi-
fied by costaining with anti-CD11b-PE (phycoerythrin-labeled
antibody to CD11b; Invitrogen).

Flow Cytometry Analysis of Human Peripheral
Blood Monocytes

Human peripheral blood monocytes were isolated from
whole human blood by a procedure described elsewhere (24).
Briefly, whole human blood in anticoagulant was collected
from healthy volunteers after obtaining informed consent, and
the mononuclear cells were separated by Ficoll-Paque centri-
fugation (GE Healthcare). Cells were resuspended in Eppen-
dorf tubes in folate-deficient RPMI 1640 culture medium
containing either DMTHF-Oregon Green488 (Pierce Thermo
Scientific) (100 nM) or folate—Oregon Green488 (100 nM) plus
CD11b Tri-Color (Life Technologies Corp.) to label human mono-
cytes. For competition studies, a 100-fold molar excess of free
folic acid was included in the suspension. After incubation for
1 h at 37°C, the cells were washed 3 times with PBS (0.5 mL)
and resuspended in fresh PBS (0.4 mL). Bound fluorescence was
analyzed by flow cytometry as described above.

Optical and Radioimaging of Animal Models of
Cancer and Inflammatory Diseases

Radioimages of murine models of human diseases were
acquired with a Kodak Imaging Station coupled to a charge-
coupled device camera operated with Kodak Molecular Imaging
Software (version 4.0; Carestream Molecular Imaging). Abdo-
mens were generally shielded with a lead plate to mask
radioactivity emitted from the kidneys and bladder. The following
parameters were used for radioimaging: acquisition time, 2 min;
f-stop, 4; focal plane, 7; field of view, 200; and binning, 4. For
white light imaging, the parameters were the following: acquisi-
tion time, 0.05 s; f~stop, 11; focal plane, 7; field of view, 200; and
no binning. For fluorescent imaging, abdomens were shielded with
black construction paper to block fluorescence emitted from the
kidneys and bladder. The parameters used were the following:
acquisition time, 30 s; excitation filter of N = 625 nm; emission
filter of A = 700 nm; f-stop, 4; focal plane, 7; field of view, 200;
and binning, 4.

Biodistribution of Radioimaging Agents

After the radioimaging studies, animals were dissected and
selected organs and tissues were collected into preweighed
v-counter tubes. Radioactivity of weighed tissues and test com-
pounds were counted in a y-counter. Counts per minute were de-
cay-corrected, and results were calculated as percentage injected
dose per gram of wet tissue (%ID/g).

Analysis of Tumor-Bearing Mice

Six-week-old female nu/nu mice (Harlan Laboratories Inc.)
were inoculated subcutaneously on their shoulders with KB or
A549 cells (1.0 x 10° cells/mouse in RPMI medium) using
a 25-gauge needle, as reported previously (25). Growth of the
tumors was measured in 2 perpendicular directions every 2 d using
a caliper, and the volumes of the tumors were calculated as 0.5 x
L x W2 (L was the measurement of the longest axis, and W was
the measurement of the axis perpendicular to L in millimeters).
Radiotracer biodistribution studies were performed 12-15 d after
tumor cell implantation, when the tumors reached approximately
50 mm? in volume. The mice were randomly assigned to different
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treatment groups and injected intraperitoneally with DMTHF-°™Tc
(50 nmol, 5.55 MBq [150 nCi] in 100 pL of PBS). Four hours
after injection, animals were sacrificed by CO, asphyxiation, and
imaging and biodistribution studies were performed as described
above.

Analysis of Atherosclerotic Mice

B6.129-ApoE™U¢[J mice (apolipoprotein E-deficient [apoE—/—])
breeding trios were purchased from the Jackson Laboratory and
maintained in a temperature- and humidity-controlled environ-
ment with a 12-h dark-light cycle. Female mice were weaned
at 3 wk of age and maintained on either normal rodent chow or
transferred at 5 wk of age to a Western diet consisting of 2%
cholesterol and 21.2% fat (TD.88137, Teklad; Harlan Laborato-
ries Inc.) to accelerate the induction of atherosclerosis (26). After
16 wk on a high-fat diet, the mice were randomly assigned to
different treatment groups and treated (intraperitoneally) with
EC20-"°™Tc or DMTHF-"T¢ (50 nmol, 5.55 MBq [150 nCi]
in 100 pL of PBS). Four hours after injection, animals were
sacrificed by CO, asphyxiation, and imaging and biodistribution
studies were performed as described earlier.

Analysis of Collagen-Induced Arthritic Mice

Seven-week-old male DBA/1 LacJ mice were purchased from
Harlan Laboratories Inc. and maintained on a folate-deficient
diet (Teklad; Harlan Laboratories Inc.). Collagen-induced ar-
thritis was initiated as described elsewhere (/8). Arthritis scores
were recorded by following the weighted criterion established
by Chondrex, Inc. When the mice attained an arthritis score of
7, they were randomly assigned to different treatment groups
and injected with EC20-°°T¢ or DMTHF-*°"T¢ (50 nmol,
5.55 MBq [150 pCi] in 100 L of PBS). Four hours after in-
jection, animals were sacrificed by CO, asphyxiation, and im-
aging and biodistribution studies were performed as described
earlier.

Analysis of Muscle Injury Model in Mice

Six-week-old male C57BL6J mice were purchased from Harlan
Laboratories Inc. and maintained on a folate-deficient diet
(Teklad; Harlan Laboratories Inc.) for at least 3 wk before
analysis. Muscle injury was caused by injecting cardiotoxin from
Naja atra, as reported elsewhere (27). Briefly, mice were anesthe-
tized with 3% isoflurane, and the right tibialis anterior muscle of
each mouse was injected with 100 wL of cardiotoxin I (10 wM;
Sigma-Aldrich). Three days after injection, the mice were ran-
domly assigned to different treatment groups and injected (intra-
peritoneally) with EC20-""T¢ or DMTHF-*"Tc¢ as described
above.

Analysis of Tumor-Bearing Mice That Were
Simultaneously Induced to Develop Ulcerative Colitis

Six-week-old female BALB/c mice were purchased from
Harlan Laboratories and maintained on a folate-deficient diet
(Teklad; Harlan Laboratories Inc.). After 1 wk of acclimation, the
mice were inoculated subcutaneously on the shoulder with 0.1 mL
of M109 tumor cell suspension (1 x 10° cells) (/1). Subcutaneous
tumor growth was monitored daily, and at day 10 after tumor
inoculation, 4% dextran sulfate sodium was added to their drink-
ing water for 6 d to induce experimental ulcerative colitis (28).
After colitis induction, the animals were randomly divided into
different treatment groups and injected with EC20-°"Tc or
DMTHF-°™T¢ as described above.
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Preparation of Animals for Optical Imaging

Animals bearing tumors and inflammatory diseases were pre-
pared as described above and injected intraperitoneally with
DMTHF-DyLight680 or folate—DyLight680 conjugate (4 nmol
in 100 pL of PBS). Four hours after injection, animals were sac-
rificed by CO, asphyxiation, and images were acquired with
a Kodak Imaging Station using the same parameters described
in the “Optical and Radioimaging of Animal Models of Cancer
and Inflammatory Diseases” section. To evaluate accumulation of
test compounds, animals were dissected, specific organs and tis-
sues of interest were excised, selected regions of interest were
analyzed in the Kodak Imaging Station.

RESULTS

Analysis of Relative Affinities of Folate and DMTHF
for FR-a and FR- In Vitro

Unlike many other imaging modalities, for which se-
lective visualization of malignant overinflamed tissues is
difficult (e.g., '®F-FDG PET and '!C-choline), folate uptake
by cancer cells and activated macrophages involves different
isoforms of the same receptor (i.e., FR-a and FR-{3, respec-
tively). Because these 2 isoforms are only 76% homologous,
slight structural differences between the 2 isoforms could
allow for selective binding to one form over its homolog,
enabling the development of a targeting agent that is spe-
cific for either malignant or inflammatory disease. Because
different forms of reduced folates have been reported to
exhibit different affinities for FR-a and FR- (20-22), we
prepared several modified folates and examined their affin-
ities for FR-a and FR-3. One compound, DMTHF, showed
evidence of specificity for FR-a over FR-3 and was there-
fore examined further for its ability to selectively target
cancer cells.

Initial analysis of the affinity of DMTHF for FR-a was
conducted by incubating increasing concentrations of a ra-
dioactive conjugate of DMTHF, termed DMTHF-°"T¢
(Supplemental Scheme 1; supplemental materials are avail-
able online only at http://jnm.snmjournals.org), with KB
cells, a human nasopharyngeal cancer cell line known to
express FR-a.. The level of bound radioactivity was assessed
by y-counting. As shown in Figure 1A, DMTHF-""Tc¢ as-
sociated with KB cells with an apparent Ky of 38 nM in
a manner that was quantitatively inhibited by a 100-fold
molar excess of free folic acid. Because parallel binding
studies with EC20 (an identical *°™Tc-chelating agent tar-
geted with folic acid) yielded a K4 of 12 nM (Fig. 1C), which
was also competitive with excess free folic acid, we con-
cluded that DMTHF-°"Tc and EC20 exhibit comparable
affinities for human FR-a.

Because FR-B—expressing monocytes and macrophages
constitute only a small fraction of the total cell population
in any tissue and FR-B—positive myeloid cells cannot be
easily cultured in vitro (23), it was not possible to directly
measure binding of DMTHFE-"™T¢ to a suspension of FR-
B—expressing monocytes or macrophages. Therefore, 2 dis-
tinct DMTHF dye conjugates were synthesized and used in
conjunction with fluorescent antibodies specific for macro-
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FIGURE 1. Binding affinity of DMTHF-2"Tc¢ for FR-a—positive KB cells in culture in absence (®) and presence () of 100-fold excess of

free folic acid (A) (n = 3); DMTHF-°*"Tc for FR-g—positive CHO-B cells (B) (n = 2); EC20-°°"Tc for FR-a—positive KB cells (C) (n = 3); and
EC20-2°"Tc for FR-B—positive CHO-B cells (D) (n = 2). Error bars indicate SD.

phages to assess binding of DMTHF to FR—positive macro-
phages by flow cytometry. As seen in Supplemental Figure
1A, DMTHF-DyLight 680 conjugate binds avidly to FR-
a—positive human KB cells, demonstrating that the conju-
gate can recognize the a-isoform of FR. In contrast,
DMTHF-DyLight 680 showed no affinity for CD11b™* rat
peritoneal macrophages (Supplemental Fig. 1B), even
though the same cell population associated aggressively
with folate-DyLight 680 (Supplemental Fig. 1C). These
data demonstrate that DMTHF binds FR-a but displays
little affinity for FR-3.

FIGURE 2. Overiay of whole-body DMTHF-*"Tc
radioimages on white-light images of nu/nu
mice bearing FR-a—positive KB tumor (A),
FR-a—positive KB tumor pretreated with ex-
cess folic acid to block all FR (B), and FR-
a-negative A549 tumor (C). In images A-C,
radioemissions from kidneys were blocked
to permit easier visualization of conjugate
distribution in other tissues. In SPECT/CT
image of KB tumor-bearing nu/nu mouse
(D), DMTHF-*°"Tc (11 MBq [300 p.Ci]) was
injected 2 h before imaging on MiLabs U-
SPECT-Il scanner.
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To confirm the absence of DMTHF affinity for human
FR—positive, human peripheral blood was simultaneously
labeled with the human monocyte marker, tricolor-labeled
antihuman CD11b, and either DMTHF-Oregon Green488
or folate—Oregon Green488. As expected, folate—Oregon
Green488 conjugate caused a shift in the CD11b* sub-
population of human peripheral blood leukocytes,

whereas DMTHF-Oregon Green488 did not (Supplemen-
tal Figs. 1D and 1E), corroborating the aforementioned
lack of affinity of DMTHF for FR-B—expressing myeloid
cells.
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FIGURE 3. (A) Biodistribution of DMTHF-°*"Tc in nu/nu mice

bearing KB tumors in absence and presence of 100-fold excess
of free folic acid. Error bars represent SD (n = 5 mice per group).
(B) Comparison of DMTHF-99mTc uptake by KB tumors, KB tumors
with FR blocked by administration of 100-fold excess of free folic
acid, and A-549 tumors. Error bars represent SD (n = 4 mice/
group).

Analysis of Relative Selectivities of Folate and
DMTHF for FR-a and FR-$ In Vivo

To evaluate the specificity of DMTHF for FR-a—expressing
tumors in vivo, we implanted both KB (an FR-a—expressing
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tumor) and A549 (an FR-a—negative tumor) xenografts on
the shoulders of nu/nu athymic nude mice and examined
the uptake of DMTHF-°"T¢ in both tumor models (Fig. 2).
As seen in Figures 2A and 2C, the new targeting ligand
displayed excellent specificity for the FR-a—positive KB tu-
mor but no affinity for the FR-o—negative A-549 tumor. The
FR-a specificity of DMTHF-""Tc¢ was further established
in Figure 2B, where KB tumor uptake was blocked by pre-
injection of excess folic acid. A SPECT/CT image of another
athymic nu/nu mouse implanted with a KB tumor and
injected intravenously with DMTHF-""™Tc¢ reveals the up-
take in the tumor and kidneys against the background of the
mouse’s skeletal structure (Fig. 2D).

Quantitative confirmation of the above FR specificity
was also provided by the biodistribution data in Figure 3A,
where competitive binding was seen in the FR-positive tu-
mor, but no significant binding was detected in the FR-
negative tumor (Fig. 3B). Other than the tumor, only the
kidneys, which also express FR-a, showed significant ac-
cumulation of DMTHF-""T¢. The %ID/g for tumor and
kidneys are 6 and 22, respectively. All other organs had
significantly lower uptake, with less than 1 %ID/g, suggest-
ing excellent tumor—to—nontumor tissue ratios for all organs
except the kidneys: 72:1 (tumor to muscle), 50:1 (tumor to
heart), 14:1 (tumor to liver), and 25:1 (tumor to spleen).

To further establish the selectivity of DMTHF-"°"T¢ for
FR-a over FR-f in vivo, y-scintigraphic images of animal
models of various inflammatory diseases were compared
after administration of equal doses of DMTHF-""T¢ and
EC20-°™T¢c. ApoE—/— mice were selected for our first
inflammation model, because these mice develop athero-
sclerotic plaques that are enriched in FR—positive macro-
phages (19). As seen in Figure 4A (right), mice injected
with EC20-2°"Tc displayed significant uptake in the aorta—
cardiac region, where atherosclerotic plaque is most abun-

FIGURE 4. (A) Overlay of radioimages
onto soft radiographic images of atheroscle-
rotic apoE~/~ mice injected with 5.55 MBq
(150 p.Ci) of DMTHF-9mTc (left), 27.75 MBq
(750 p.Ci) of DMTHF-%*mTc (middle), or 5.55
MBg (150 pCi) of EC20-°°"Tc (right). (B)
Overlay of radioimages onto soft radio-
graphic images of C57BL/6J mice injected
in hind leg with cardiotoxin to induce muscle
trauma, and then imaged with 5.55 MBq
(150 pCi) of either EC20-°°mTc (left) or

High  DMTHF-9"Tc (right).
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dant in this animal model. In contrast, mice injected with
the same dose of DMTHF-"""Tc (Fig. 4A, left) displayed
little or no uptake of radiotracer at the same site. In fact,
even a 5-fold higher dose of DMTHF-"™T¢ (Fig. 4A, mid-
dle) showed little evidence of accumulation in the athero-
sclerotic plaque. This absence of radioactive signal in mice
treated with DMTHF—"Tc confirms the poor affinity of
DMTHF-mT¢ for FR-B. This conclusion is also quantita-
tively established in the biodistribution analyses of Figure
5A, in which uptake of EC20-°™Tc¢ in the aortic arch is
10-fold higher than uptake of DMTHF-"""Tc.

To further document the selectivity of DMTHF-°"T¢
for FR-a, male DBA/1 Lac] mice were induced to develop
experimental autoimmune arthritis using a commonly ap-
plied procedure for collagen-induced arthritis. Seven days
after induction of inflammatory disease, animals were
injected with either DMTHF-""T¢ or EC20-°°"Tc and
then imaged. As anticipated from previous studies (/8),
the collagen induction procedure was found to promote sys-
temic inflammation throughout most tissues of the treated

animals. More importantly, EC20-*"Tc but not DMTHF-""T¢
displayed elevated accumulation in both internal organs and
inflamed joints of the arthritic animals (Fig. 5B). These data
further support the poor affinity of DMTHF-*"™Tc for sites
of inflammation.

Muscle injury as a consequence of physical trauma
constitutes a common condition in which inflammation can
interfere with normal tissue repair (29). To mimic this condi-
tion in a murine model, we injected the right tibialis anterior
muscle of male C57BL/6] mice with cardiotoxin. The loca-
tion and abundance of the resulting infiltrating activated mac-
rophages were then examined 3 d after trauma by intravenous
injection of either DMTHF-"°"T¢ or EC20-*°™Tc¢. As shown
in Figure 4B (left), only mice treated with EC20-"°"Tc
showed accumulation of radioactivity in the injured muscle,
whereas DMTHF-"""Tc—treated mice displayed little uptake
of the radioactivity (Fig. 4B, right, and Fig. 5C).

To rigorously test the ability of DMTHF-"""Tc to selec-
tively image cancer tissue in the presence of inflamed tis-
sues, an animal model was required that would present with
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FIGURE 5. Biodistribution studies of EC20-°*mTc and DMTHF-°"Tc chelate in mice with various inflammatory or autoimmune dis-
eases: apoE~/~ atherosclerotic mice (n = 5) (A), DBA/1J mice treated to develop collagen-induced arthritis (n = 3) (B), C57BL/6J mice
injected with cardiotoxin to develop muscle trauma (n = 5) (C), and M109 tumor-bearing BALB/C mice induced with DSS to develop
ulcerative colitis (n = 5) (D).
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both malignant and inflamed tissues at the same time. For
this purpose, male BALB/C mice were implanted with FR-
a—expressing M109 tumor xenografts on their necks, and
then treated with 4% dextran sodium sulfate (DSS) to in-
duce ulcerative colitis 2 wk after tumor implantation. As
seen in the Figure 6, tumor uptake of EC20-°™T¢ and
DMTHF-"T¢ was similar, however, a significant differ-
ence in uptake of the 2 radioimaging agents was seen in the
inflamed colons of the DSS-treated animals (Fig. 5D). The
fact that DMTHF-°°"T¢ imaged primarily the tumor sug-
gests that it can be used in vivo to distinguish sites of
malignant disease from sites of inflammation.

Finally, to establish the generality of this selectivity of
DMTHF for tumor over inflamed tissue, we elected to
replace the radiolabeled payload with a fluorescent payload
for use in fluorescence-guided imaging applications of both
folate and DMTHE. Mice bearing M109 tumors were
induced to develop ulcerative colitis as described above,
and then injected with either DMTHF-DyLight680 or fo-
late—DyLight680 before near infrared imaging. As seen in
Supplemental Figure 2, dorsal images of both mice showed
similar dye fluorescence in the dorsally implanted tumors. In
contrast, ventral images of the same mice showed significant
uptake only in the ulcerated gut of the folate-DyLight680—
treated mice. Indeed, image analysis of the relevant internal
organs confirmed that although uptake of folate—Dylight680
(Supplemental Fig. 2D) remained visible in the tumor, kid-
neys, and ulcerated colon, accumulation of DMTHF-
DyLight680 was prominent only in the tumor and kidneys.
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FIGURE 6. Overlay of radioimages onto soft radiographic images
of M109 tumor-bearing BALB/c mice (arrows) induced with DSS
to develop ulcerative colitis. Mice were injected intravenously with
either EC20-%9mTc¢ (left) or DMTHF-2*mTc¢ (right) 4 h before radio-
imaging. Kidneys were shielded in both cases to allow better
visualization of tumors and inflamed colon.
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DISCUSSION

It is not uncommon for cancer patients to simultaneously
be affected by one or more inflammatory or autoimmune
diseases such as fibrosis, arthritis, hepatitis, ulcerative
colitis, or pathogen infection. Although the inflammatory
and malignant diseases may be located in distinct regions of
the body, it is also possible that the 2 diseases could affect
the same organ. Indeed, chronic inflammation is thought to
be a common cause of cancers of the prostate, colon, liver,
and esophagus (30). Though many tumor-targeted radio-
imaging agents have been developed to date, most simul-
taneously recognize inflamed tissues with similar affinity.
This undesirable property is unfortunately also shared by all
folate receptor—targeted imaging agents reported in the lit-
erature (37). In this paper, we have remedied this problem
by identifying a modified FR ligand that displays significant
specificity for FR-a over FR-B. This specificity should al-
low facile differentiation of proximal malignant from
inflamed regions of the same organ or tissue. The improved
specificity could prove useful when recurrence of cancer
is suspected near the site of a prior surgery and standard
imaging methodologies cannot distinguish between the
inflammation caused by the surgery and any residual ma-
lignant disease (32). This specificity might also be ben-
eficial to autoimmune disease patients who have undergone
prolonged treatment with immunosuppressant. Because
such patients may experience a higher incidence of cancer
(33), an imaging agent that could reliably distinguish the 2
pathologies might be useful.

Finally, FR isoform selectivity not only might prove useful
in disease diagnosis, but the ability to specifically target
cancer cells with cytotoxic warheads might also reduce
toxicity. Although many antimitotic drugs do not seem to
harm FR-B—positive activated macrophages personal obser-
vations), other targeted therapies (e.g., radiotherapy, immu-
notherapy) will not likely discriminate between malignant
cells and activated macrophages, killing both cell types with
equal potency. In such cases, a tumor-selective targeting
ligand might avoid aggravating an otherwise manageable
inflammatory lesion. Thus, this new DMTH-targeting ligand
with its preferential selectivity for FR-a may find multiple
applications in the lab and in the clinic.

CONCLUSION

In this study, we have demonstrated the synthesis and
application of a new targeting ligand that is selective for
FR-a. The radiopharmaceutical and fluorescent dye con-
jugates derived from this ligand can be used for selective
noninvasive imaging of FR-a—expressing tumors from the
inflammatory microenvironment, distinguishing cancer
from inflammation during diagnosis and evaluation of ther-
apy. The ligand attached to cytotoxic drugs could open
a new avenue to decrease offsite cytotoxicity that may arise
during the treatment of cancer diseases by nontargeted
drugs.
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