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Preoperative characterization of thyroid nodules is challenging since

thyroid scintigraphy fails to distinguish between benign and malig-
nant lesions. Galectin-3 (gal-3) is expressed in well-differentiated

and in undifferentiated thyroid cancer types but not in normal thy-

rocytes and benign thyroid lesions. Herein, we aimed to validate

gal-3 targeting as a specific method to detect non–radioiodine-avid
thyroid cancer in thyroid orthotopic tumor models. Methods: Pap-
illary (BcPAP) and anaplastic (CAL62 and FRO82-1) thyroid carci-

noma cell lines were characterized via Western blot and polymerase
chain reaction for gal-3 and sodium-iodide symporter (NIS) expres-

sion. An 89Zr-labeled F(ab′)2 antigal-3 was generated and charac-

terized for binding versus 125I on 2- and 3-dimensional cell cultures.

The thyroid carcinoma cells were inoculated into the left thyroid
lobe of athymic nude mice, and the orthotopic tumor growth was

monitored via ultrasound and fluorescence molecular tomography.

Head-to-head PET/CT comparison of 124I versus 89Zr-deferoxamine

(DFO)-F(ab′)2 antigal-3 was performed, followed by biodistribution
studies and immunohistochemical analysis for gal-3 and NIS ex-

pression. Results: The thyroid carcinoma cells investigated were

invariably gal-3–positive while presenting low or lost NIS expres-

sion. 89Zr-DFO-F(ab′)2 antigal-3 tracer showed high affinity to gal-
3 (dissociation constant, ∼3.9 nM) and retained immunoreactivity

(.75%) on 2-dimensional cell cultures and on tumor spheroids.
125I internalization in FRO82-1, BcPAP, and CAL62 was directly de-
pendent on NIS expression, both in 2-dimensional and tumor spher-

oids. PET/CT imaging showed 89Zr-DFO-F(ab′)2 antigal-3 signal

associated with the orthotopically implanted tumors only; no signal

was detected in the tumor-free thyroid lobe. Conversely, PET imag-
ing using 124I showed background accumulation in tumor-infiltrated

lobe, a condition simulating the presence of non–radioiodine-avid

thyroid cancer nodules, and high accumulation in normal thyroid

lobe. Imaging data were confirmed by tracer biodistribution studies
and immunohistochemistry. Conclusion: A specific and selective

visualization of thyroid tumor by targeting gal-3 was demonstrated

in the absence of radioiodine uptake. Translation of this method into
the clinical setting promises to improve the management of patients

by avoiding the use of unspecific imaging methodologies and re-

ducing unnecessary thyroid surgery.
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Thyroid cancer is the most common endocrine cancer in the
United States. Although the age-adjusted incidence of many can-

cers has significantly decreased during the last 10 y, a significant

increase in thyroid cancer has been reported, with a reported

growing incidence in men and women since 2005 tripling from

1983 to 2012 (1,2). Because the mortality of thyroid cancer has not

changed during the same period, and there were no fundamental

changes in thyroid cancer therapy, it is generally believed that this

marked rise in incidence is caused by an increasing detection of small

and clinically insignificant thyroid nodules by ultrasound imaging. To

address this ‘‘thyroid cancer epidemic,’’ the criteria for biopsy of

thyroid nodules have been revised, and biopsies of small, incidentally

detected nodules with morphologically benign features are now dis-

couraged. Furthermore, some thyroid neoplasms (encapsulated follic-

ular neoplasms with papillary features) that were previously classified

as malignant are now considered benign (3). These changes have

recently led to a slowing of the thyroid cancer incidence. However,

the clinical criteria for performing biopsies are far from perfect and

are based mostly on the size of the nodule. Thus, they may also lead

to delayed diagnosis of more aggressive thyroid malignancies. Al-

though new classifications of thyroid neoplasms on histopathology

avoid overtreatment (such as total thyroidectomy, lymph node dissec-

tion, and radioiodine therapy), it would be preferable if clinically

insignificant tumors could be diagnosed before surgery.
Differentiation between benign and malignant thyroid nodules

is a particular problem in countries with iodine deficiency and a

high prevalence of nodular goiter. A combination of ultrasound

and thyroid scintigraphy with 99mTc-pertechnetate or 123I is rou-

tinely used to characterize thyroid nodules, but their accuracy is lim-
ited to multinodular goiter due to reduction or loss of sodium-iodide
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symporter (NIS) expression in thyroid cancer cells, as a result of
oncogenic activation (4). Therefore, there is an unmet clinical need
for more accurate diagnostic tests to differentiate between benign and
malignant thyroid nodules and to characterize thyroid cancer.
Galectin-3 (gal-3) is a well-established histologic marker of thyroid

cancer that is not expressed by normal thyroid cells. We have
previously shown that radiolabeled antibodies directed against gal-3
accumulate in subcutaneous thyroid cancer xenografts in mice and
allow for high-contrast PET imaging (5,6).
The purpose of this study was to further demonstrate the

specificity of thyroid cancer detection by gal-3–targeting anti-
bodies in orthotopic tumor models, characterized by low or lost
NIS expression, using PET and fluorescence imaging. We showed
that our methodology is highly sensitive in distinguishing specif-
ically between normal thyroid tissue and thyroid cancer tissue,
opening new possibilities for a personalized therapeutic approach
to patients affected by thyroid cancer.

MATERIALS AND METHODS

Western Blotting

Cell lysates derived from 2-dimensional (2D) and 3-dimensional

(3D) cultures of BcPAP (papillary), FRO82-1, and CAL62 (anaplastic)
were prepared using radioimmunoprecipitation assay buffer and

analyzed via Western blot as previously reported (6). The following
primary antibodies were used: a rat monoclonal antibody (mAb), anti-

gal-3 (1:5,000, M3/38; Mabtech); a mouse mAb, anti-NIS (1:500,
AB17052; Abcam); a rabbit mAb, anti–thyroid transcription factor 1

(1:500, 07-60; Millipore); and a mouse mAb, anti–glyceraldehyde-3-
phosphate dehydrogenase (GADPH) (1:6,000, CB1001; Calbiochem).

Gal-3 and thyroid transcription factor 1 were detected via a colorimetric

method using a goat antirat polyclonal antibody (1:5,000, A8438; Sigma)
and a goat antirabbit mAb (1:5,000, AP307A; Millipore) alkaline phos-

phatase–conjugated secondary antibodies, incubating the blotting
membrane with 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tet-

razolium chromogen (Abcam) for 5 min. The signal corresponding to
the human NIS expression was detected using a goat mAb antimouse

horseradish peroxidase–conjugated (1:5,000, AP124P; Millipore) and
chemoluminescence (enhanced chemiluminescence kit, Amersham

Corp.) by exposing the blotting membrane for 20 min to a Hyperfilm-
enhanced chemiluminescence (Amersham Corp.). The Amersham

enhanced chemiluminescence full-range rainbow marker (GE Healthcare)
and GADPH were used as references.

Real-Time Quantitative Polymerase Chain Reaction (PCR)

To investigate gal-3 and NIS gene expression via PCR analysis, the

complementary DNAwas synthetized from total RNA of tumor cell and
human thyrocytes (Takara Bio Europe). Primers used for the amplification

of specific sequences are listed in Supplemental Table 1 (supplemental
materials are available at http://jnm.snmjournals.org). After the amplifica-

tion, a 10-mL volume of each PCR product was separated via electro-
phoresis on a 1% agarose gel and stained with ethidium bromide. The

bands were visualized using an Omega Lum C Imaging System (Gel Co.).
A densitometric analysis of the signals was performed using the ImageJ

software, and results were normalized to GADPH gene.
Quantitative PCR was performed using a StepOne Real-Time PCR

System (Applied Biosystem, Life Technologies) with PowerUp SYBRGreen
Master Mix (BioRad) and the primers mentioned above. Data were analyzed

using the 22DDCT method normalizing for the GADPH CT value (7).

Probes for Gal-3 Targeting

A F(ab9)2 to gal-3 was prepared by pepsin digestion of a full rat

mAb to gal-3 (clone M3/38; Mabtech) preconditioned as previously
reported (8,9).

To perform fluorescence microscopy and fluorescence molecular

tomographic (FMT) imaging, the F(ab9)2 to gal-3 was conjugated to
AlexaFluor 488–tetrafluorophenyl dye (GE Healthcare) and to Cy5.5-

N-hydroxysuccinimide (GE Healthcare) and the ratios dye/F(ab9)2 to
gal-3 were measured via an Implen nanophotometer (Implen) analyz-

ing samples at specific wavelengths (supplemental data).
For gal-3 immuno-PET targeting, the F(ab9)2 was functionalized

with the chelator desferrioxamine-isothiocyanate (DFO-NCS) and la-
beled with 89Zr, followed by integrity and stability studies performed

as previously described (10,11).

In Vitro Iodine Uptake

Monolayer cell cultures were incubated with 74 kBq of carrier-free
125I-NaI as reported elsewhere (12). BcPAP, CAL62, and FRO82-1

spheroids, produced seeding 150,000, 100,000, and 50,000 cells per
well, were incubated for 2 h with 74 kBq of carrier-free 125I-NaI.

Control cell cultures were incubated with 300 mM KClO4 solution
to measure the unspecific iodine uptake. After incubation, spheroids

were centrifuged and washed, and the pellet-bound activity was
counted in a g-counter.

In Vitro Cell-Binding Test of 89Zr-Deferoxamine

(DFO)-aGal3-F(ab′)2
Binding affinity of 89Zr-DFO-aGal3-F(ab9)2 and dissociation con-

stant and maximum binding values were determined on 2D cell

cultures as previously described (6). The immunoreactivity of 89Zr-
DFO-aGal3-F(ab9)2 was assessed by the method of Lindmo et al. (13).

The cellular internalization of 89Zr-DFO-aGal3-F(ab9)2 was studied
on 2D cell cultures and by measuring the internalized activity at

different time points. Binding to tumor spheroids was tested by in-
cubating spheroids of different cell numbers with 89Zr-DFO-aGal3-

F(ab9)2. Cell-associated activity was counted in a g-counter.
The binding of aGal3-F(ab9)2 to tumor spheroids was characterized

by incubation for 24 h at 37�C with AlexaFluor 488–conjugated
F(ab9)2 and fluorescent images acquired at different time points using

a Biorevo 9000E (Keyence) digital microscope.

Orthotopic Thyroid Cancer Establishment and Monitoring

Six-week-old pathogen-free female athymic nude-Foxn1nu/nu mice
(Charles River Laboratories) were transplanted with thyroid cancer

cells as described elsewhere (14), with slight modifications. Establish-
ment of the orthotopic xenograft models and in vivo experimental

protocols were approved by the local authorities (Regierung von Ober-
bayern, Germany; license 55.2-1-54-2532-216-15).

The tumor growth was monitored weekly via ultrasound scanning
using a Vevo2100 Imaging System (Visualsonics) equipped with a

MS550D transducer (40-MHz center frequency, focal depth of 4 mm).
The presence of a tumor was confirmed by FMT imaging performed

48 h after injection of about 54 mg of Cy5.5-labeled aGal3-F(ab9)2
(2 nmol of near-infrared dye), using an FMT2500 system (VisEn

Medical Inc.). Image reconstruction and analysis were performed
by VisEn FMT 2500 software.

124I PET/CT Versus Immuno-PET Imaging of

Orthotopic Tumors

When the tumors reached 3–5 mm in diameter, 3 groups of mice

(3 mice per group) bearing the different tumors were injected via
a catheter in the tail vein with 1.10 6 0.01 MBq of 124I (IBA,

PerkinElmer) in 300 mL of 0.9% NaCl. One group of 3 healthy

mice injected with the same activity was used as a control. One
hour after injection, the animal, anesthetized with 5% v/v isoflur-

ane/O2, underwent a 30-min PET/CT static acquisition using an
Inveon small-animal PET/CT scanner (Siemens). Characterization

of malignant (tumor-bearing) versus normal (tumor-free) thyroid
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was performed by immuno-PET targeting of gal-3. Two groups of

mice per orthotopic tumor type were studied (5 mice per tumor type), and
2 groups of healthy mice (5 mice per group) were used as control.

All mice were injected via a catheter in the tail vein with 2.2 6 0.2
MBq of 89Zr-DFO-aGal3-F(ab9)2 in 250 mL of sodium acetate buffer

(pH 5.5), and 48 h afterward, the mice were anesthetized and imaged

via a 30-min PET/CT static acquisition. Images were reconstructed using
an ordered-subsets expectation-maximization 3D maximum a posteriori

algorithm. Data were normalized and corrected for randoms, dead time,
and decay with no correction for attenuation or scatter.

Tracer Accumulation Studies

After each imaging session, the tracer accumulation in selected

organs was measured ex vivo as previously described (6) and ex-
pressed as percentage injected dose per gram of tissue (%ID/g).

In vivo tumor uptake of 89Zr-DFO-aGal3-F(ab9)2 was analyzed
using Inveon Research Workplace software (Siemens). An approxi-

mate region of interest was drawn on the left thyroid lobe encompass-
ing the tumor signal using a threshold of 50%. The %ID/g was

calculated as ratio of mean radioactivity in each region of interest
(MBq) per gram of tumor (weighed postmortem) and injected radio-

activity (MBq). In vivo and ex vivo accumulation data were compared
for correlation analysis. The right thyroid served as an internal control.

A dosimetry study was performed on 1 group of mice, analyzing the
data of the 30-min static acquisition at 12, 24, 48, and 70 h using

OLINDA/EXM as described elsewhere (15).

Histology and Immunohistochemistry

Excised tumors were fixed in 10% neutral-buffered formalin solution for

48 h, dehydrated under standard conditions (Leica ASP300S), and
embedded in paraffin. Serial 3-mm-thick sections were prepared using a

rotary microtome (HM355S; ThermoFisher Scientific). Tissue slides were
deparaffinized and pretreated with citrate buffer, pH 6, for 20 or 30 min,

for gal-3 and NIS immunostaining. Immunohistochemistry applying

a primary horseradish peroxidase–conjugated rat mAb antigal-3
(Mabtech) or rabbit polyclonal antibody anti-NIS (GTX37599; Gen-

etex) was performed using a BondMax RXm system (Leica). For NIS
staining, secondary species-specific polyclonal antisera with a polymer

refine detection kit was applied. Immunoreactiv-
ity was visualized with 3,39-diaminobenzidine

for both antibodies. Tumor sections were coun-
terstained with hematoxylin–eosin, and normal

thyroid tissue served as a control. All hematox-
ylin–eosin and immunohistochemical slides

were evaluated by a certified pathologist
masked to the animal groups. All slides were

scanned with a Leica AT2 system to a Leica
eSlide Manager database and evaluated with

Leica ImageScope software.

Statistical Analyses

Differences in tumor radioactivity uptake
between different groups of mice were statisti-

cally analyzed with GraphPad Prism 4.0 soft-
ware using the Student t test for unpaired data.

Two-sided significance levels were calculated
and P values of less than 0.05 or less than

0.01 were considered statistically significant.

RESULTS

Gal-3 and Human NIS Expression

Monolayer and 3-dimensional cultures
of BcPAP, FRO82-1, and CAL62 cells
showed gal-3 expression, with a band at 31
kDa (Fig. 1A). The relative signal density of
gal-3 was about 38% higher in the spheroids
than in monolayer cultures (Supplemental
Fig. 1A). Human NIS expression analysis
revealed a band at 68 kDa, which was weaker

FIGURE 1. 2D and 3D cell culture characterization. (A) Cell lysates

from monolayer (2D) and spheroid (3D) cell cultures analyzed via West-

ern blot. Bands were separated with 100 V for 90 min. (B) Electropho-

retic separation of complementary DNA encoding for gal-3 and human

NIS on 1% agarose gel, using 80 V for 60 min, and staining with ethidium

bromide. TTF 5 thyroid transcription factor.

FIGURE 2. 125I and 89Zr-Df-aGal3-F(ab′)2 cell binding analysis. (A) 125I uptake assay performed

on 2D (left) and 3D (right) cell cultures. (B) Binding affinity test of 89Zr-Df-aGal3-F(ab′)2 on 2D cells

incubated with increasing concentration of tracer. (C) Immunoreactivity assessed on cell dilutions from

6.0 · 106 to 1 · 105 incubated with constant concentration of tracer. Data represent 3 independent

experiments performed each time in triplicate and are expressed as mean ± SD. TA/SA 5 total

bounded activity/specific bounded activity.
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than the gal-3 band but 3-fold stronger for FRO82-1 and BcPAP cells
than for CAL62 cells (Supplemental Fig. 1A).
A high Gal-3 messenger RNA expression in 2D cell cultures was

detectable compared with normal human thyrocytes, being higher in

tumor spheroids. Conversely, human NIS messenger RNA was
undetectable in 2D and 3D cell cultures compared with the expression
in normal human thyrocytes (Fig. 1B; Supplemental Figs. 1B and 1C).
The presence of a thyroid transcription factor 1 double band at

40 kDa confirmed the phenotype of the tumor cell lines (Fig. 1A).

Iodine Uptake in 2D Cell Cultures and Tumor Spheroids
125I uptake in monolayer cultures and tumor spheroids was

strongly dependent on the differential human NIS expression evi-
denced via Western blot and PCR analysis. 125I internalization in
CAL62 was very low when compared with the higher accumula-
tion in FRO82-1 and BcPAP cells (Fig. 2A, left). A specular 125I
accumulation was measured on tumor spheroids (Fig. 2A, right).

Characterization of Gal-3 Tracers and Cell Binding

Radiolabeling of the antigal-3 F(ab9)2 with 89Zr provided a
probe (89Zr-DFO-aGal3-F(ab9)2) with 29.6 6 2.0 GBq/mmol spe-
cific activity, more than 98% radiochemical purity measured via
radio–high-performance liquid chromatography (Supplemental
Fig. 2A), retained integrity, and high stability in human serum
(Supplemental Figs. 2B and 2C).
A dissociation constant of 3.9 6 0.2 nM and an immunoreactivity

of 75.2% (Figs. 2B and 2C) were measured. In internalization tests,
30% of the added 89Zr-DFO-aGal3-F(ab9)2 was internalized after
5 min of incubation, reaching 62% (Supplemental Fig. 2D) in the
remaining 120 min. A size-dependent binding of 89Zr-DFO-aGal3-
F(ab9)2 to tumor spheroids was measured (Supplemental Fig. 3A).
A time-dependent penetration of the AlexaFluor 488–conjugated

probe (5.06 0.1 dye particles per molecule of F(ab9)2) and a strong
fluorescent signal within 5 h of incubation were evidenced (Fig.
3A), in particular for more compact tumor spheroids (BcPAP and

CAL62) compared with cell aggregates
(FRO82-1) (Fig. 3B).
The spheroids showed viability and meta-

bolic activity, indirectly measured by the
reduction of the water-soluble tetrazolium
salt 1 (Supplemental Fig. 3B), a reaction
catalyzed by cell-surface nicotinamide-
adenine-dinucleotide-plus-hydrogen (NAPDH)
oxidases (16,17). All cell lines showed sub-
stantial NAPDH oxidase activity, indicating
an active metabolism (18). However, com-
pared with BcPAP and CAL62, the metabolic
activity per cell for FRO82-1 spheroidlike
structures was about 3-fold higher.

Orthotopic Thyroid Tumor

Growth Monitoring

The mice tolerated the orthotopic trans-
plantation of cancer cells well, without any
complication related to surgery or anesthe-
sia. BcPAP, FRO82-1, and CAL62 cell lines
exhibited high tumorigenicity (.90%) after
intrathyroid injection, and there was a differ-
ence in the rate of tumor volume growth
among FRO82-1, CAL62, and BcPAP, which
reached a diameter of 0.3–0.5 cm in 3, 5, and
6 wk, respectively, after cell transplantation.
The growth of tumors was visualized by

ultrasound imaging as a small dark area within
the left thyroid (Fig. 4A). The neoplastic
nature of this structure was confirmed by

FIGURE 3. Characterization of gal-3–specific F(ab′)2 binding to spher-

oids. (A) Time-dependent penetration of AlexaFluor 488–aGal3-F(ab′)2
into BcPAP tumor spheroids during incubation with 10 μg/mL concen-

tration of AlexaFluor 488 conjugate (representative image). (B) Full focus

confocal and fluorescent overlay of tumor spheroids.

FIGURE 4. Orthotopic tumor growth monitoring. (A) Representative ultrasound transversal im-

age of mouse neck before thyroid cancer cell transplantation (top left): strap muscle (1), left thyroid

lobe (2), right thyroid lobe (3), carotid arteries (4); ultrasound image showing orthotopic tumor

(arrows) expanding from left lobe (top right); and Doppler mode enhancement of activity of carotid

arteries and correct localization of thyroid (bottom). (B) FMT imaging of same mouse performed 48 h

after injection of Cy5.5-labeled aGal3-F(ab′)2 and visualizing gal-3–positive mass in neck. (C) Ana-

tomic analysis of thyroid orthotopic tumor at necropsy. Tr 5 trachea; L. L. 5 left lobe.
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FMT imaging in the neck region using Cy5.5-conjugated F(ab9)2 to
gal-3 (3.6 6 0.1 dye particles per molecule of F(ab9)2) (Fig. 4B). The
position of the tumor was confirmed at anatomic analysis (Fig. 4C).

Head-to-Head PET/CT Comparison of

Gal-3 Immunotargeting Versus 124I

In control mice injected with 124I-NaI,
radioiodine accumulation in both thyroid
lobes was visible after 1 h (Fig. 5, left). Con-
trol mice injected with 89Zr-DFO-aGal3-
F(ab9)2 did not show any accumulation in nor-
mal thyroid (Fig. 5, right; Supplemental Fig.
4A). Mice bearing tumors showed strong ac-
cumulation of 124I in the right thyroid, with a
weaker and a decreasing signal in the left
thyroid, for BcPAP . FRO82-1 . CAL62,
respectively (Fig. 5, left). Conversely, a strong
signal associated only with the left thyroid
was visible in all mouse models injected with
89Zr-DFO-aGal3-F(ab9)2 (Fig. 5, right; Sup-
plemental Fig. 4B).
In some animals, the enlargement of the

thyroid lobe during tumor cell injection
induced extravasation of medium-contain-
ing cells, which infiltrated the neck fatty
tissues. Those cells were not visualized via
124I PET/CT but were highlighted using
89Zr-DFO-aGal3-F(ab9)2.

Tracer Accumulation Analysis

A high 124I retention was measured in
the right thyroid (42.4 6 5.6 %ID/g) com-
pared with the left thyroid (6.6 6 2.0, 2.7
6 1.1, and 1.7 6 0.1 %ID/g for BcPAP,
FRO82-1, and CAL62, respectively), con-
firming a reduced tumor NIS expression
(Fig. 6A). High accumulation of 89Zr-
DFO-aGal3-F(ab9)2 was measured in the

left thyroid (7.2 6 0.9, 3.9 6 0.5, and 4.2 6 1.3 %ID/g for
FRO82-1, BcPAP, and CAL62, respectively; Fig. 6B), compared
with right thyroid (1.3 6 0.3 %ID/g).

FIGURE 5. Head-to-head comparison of 124I vs. 89Zr-DFO-aGal3-F(ab′)2 detection of thyroid

orthotopic tumors. Representative small-animal PET images were acquired 1 h after injection of
124I and 48 h after injection of 89Zr-DFO-aGal3-F(ab′)2. Each row presents axial PET/CT fusion

projection and 3D projection for both tracers. L. L. 5 left lobe; R. L. 5 right lobe.

FIGURE 6. Biodistribution analysis of 124I vs. 89Zr-DFO-aGal3-F(ab′)2. Three groups of mice (3 per tumor type) were injected with 124I and 2 groups

of mice (5 per tumor type) were injected with 89Zr-DFO-aGal3-F(ab′)2. (A) Low NIS expression in orthotopic tumors yielded low 124I accumulation in

left lobe compared with right lobe. Differences were statistically significant (*P , 0.01). (B) Strong 89Zr-DFO-aGal3-F(ab′)2 retention was measured

in orthotopic tumors, with background accumulation in right lobes. Differences in 89Zr-DFO-aGal3-F(ab′)2 accumulation were statistically significant

(*P 5 ,0.01 for FRO82-1; **P , 0.05 for BcPAP and CAL62). R. L. 5 right lobe.
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A low left-thyroid–to–right-thyroid 124I accumulation ratio
(0.16 6 0.02, 0.06 6 0.01, and 0.04 6 0.01 for BcPAP, FRO82-1,

and CAL62, respectively) was measured (Supplemental Fig. 5A),

compared with the 89Zr-DFO-aGal3-F(ab9)2 accumulation ratio (4.0

6 0.7, 5.5 6 1.5, and 3.5 6 0.9 for BcPAP, FRO82-1, and CAL62,

respectively; Supplemental Fig. 5B; Supplemental Tables 2 and 3),

which yielded high-contrast images. 89Zr-DFO-aGal3-F(ab9)2 reten-
tion in liver and spleen can be explained by 89Zr residualization after

catabolism of the conjugate (19) but in kidneys is due to tracer excretion

(77.0 6 15.0 %ID/g).
The exposure for the kidneys resulted in an organ dose of 0.01

mSv/MBq, versus an estimated effective total-body dose of 0.061

mSv/MBq. A good correlation (R2 5 0.69)
between image-derived uptake calculation
and ex vivo accumulation analysis was
found (Supplemental Fig. 5C).

Immunohistochemical Analysis of

Tumor Xenografts and Normal

Mouse Thyroid

Immunostaining for NIS expression re-
vealed a stronger signal in BcPAP tumors
and a weaker signal for FRO82-1 and a
CAL62 (Fig. 7, top inset). Conversely, a high
NIS expression was visualized for the con-
tralateral right thyroid (as expected), with
thyrocytes positive for NIS around the thy-
roidal follicles (Fig. 7, top right).
Gal-3 expression was detected in the

cytoplasm of the thyroid cancer cells in-
filtrating the left thyroid (Fig. 7, bottom
inset), with stronger staining for BcPAP
and CAL62 tumors than for FRO82-1. Gal-3
was undetectable in normal residual paren-
chyma of the left thyroid and in the tumor-
free right thyroid (Fig. 7, bottom right).

DISCUSSION

Thyroid nodules are common in adults,
especially in areas with iodine deficiency.
Depending on the ultrasound technology,
the prevalence in healthy populations ranges
between 33% and 68% (20). Currently, it is
often not possible to exclude a malignant
nodule by imaging and fine-needle aspiration
biopsy, especially in patients with multinod-
ular goiter, because an imaging agent with
high and specific uptake in malignant lesions
is lacking. This uncertainty results in a large
number of thyroidectomies for benign thy-
roid diseases, with a ratio of 1:15 malignant
versus benign nodules in Germany, 1:7 in
Italy, and 1:5 in Great Britain (21). A non-
invasive imaging test that specifically accu-
mulates in malignant thyroid nodules could
substantially reduce the morbidity from thy-
roid surgeries for benign nodules and reduce
health-care costs (22).
The specific expression of gal-3 by thyroid

cancer makes it an excellent target for the
development of such an imaging test

(5,6,23,24). In fact, gal-3 staining of thyroid fine-needle aspi-
ration biopsy samples has already been shown to be able significantly
reduce the number of surgeries for benign thyroid nodules. However,
fine-needle aspiration is limited by sampling errors (especially in multi-
nodular goiters), which can be overcome by molecular imaging target-
ing gal-3. Herein, we therefore performed the preclinical evaluation of
gal-3 immunotargeting with 89Zr-DFO-aGal3-F(ab9)2 for detection
of malignant thyroid nodules. F(ab)2 fragments were used because
of their faster blood clearance and lower liver uptake than monoclonal
antibodies (6,19,25).
We started our evaluation with tumor spheroids, in vitro cellular

models that better mimic the physiologic tissue characteristics (e.g.,

FIGURE 7. Immunohistochemical analysis for NIS and gal-3 expression. Tissue sections derived

from normal and tumor-infiltrated thyroid lobes were stained for NIS and gal-3 expression using

rabbit polyclonal antibody anti-NIS (GTX37599, 0.5 mg/mL; Genetex) and horseradish peroxi-

dase–conjugated rat mAb to gal-3 (Mabtech) (10 μg/mL). (Top) Insets show weak membrane

staining on tumor cells, and right column shows normal lobe with thyrocytes positive for NIS

staining. (Bottom) On Gal-3 staining, insets show cytoplasmic staining, and right column shows

normal lobe without any visible signal for gal-3. Left 5 ·4 with 2.0-mm bar; middle 5 ·20 with

300-μm bar; right 5 ·10 with 1-mm bar.
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cell–cell interaction), which help in predicting the in vivo results,
especially for cell adhesion molecules such as gal-3 (12,26). Accord-
ing to Western blot and quantitative PCR analysis, the 2D and 3D
cell cultures showed low to absent human NIS expression and high
gal-3 expression, thus explaining the differential accumulation of
125I on monolayer and spheroid cultures, and the specific binding
of 89Zr-DFO-aGal3-F(ab9)2 determined by an active internalization
process. The combination of ultrasound and FMT imaging to mon-
itor the orthotopic tumor growth suggests the possibility to use gal-
3–specific probes conjugated to near-infrared dye (700–900 nm) for
performing image-guided surgery of thyroid nodules (27–29).
The head-to-head comparison of 124I PET/CT versus gal-3 target-

ing demonstrated the specificity of our methodology for thyroid
cancer imaging. High uptake of 89Zr-DFO-aGal3-F(ab9)2 was ob-
served for the orthotopic thyroid tumors that showed only minimal
or no radioiodine uptake. Conversely, the normal thyroid demon-
strated high radioiodine uptake but no specific uptake of 89Zr-DFO-
aGal3-F(ab9)2. These imaging findings were confirmed by ex vivo
biodistribution studies for 89Zr-DFO-aGal3-F(ab9)2. Lack of 89Zr-
DFO-aGal3-F(ab9)2 uptake by the normal thyroid tissue is not due
to species differences since the F(ab9)2 recognizes an amino-termi-
nal common epitope of human and mouse gal-3 (23,24).
The high uptake of 89Zr-DFO-aGal3-F(ab9)2 in thyroid tumors

without significant radioiodine uptake also indicates that gal-3 is a
promising target for staging and potentially for radionuclide therapy
of radioiodine-negative or refractory thyroid cancer. The high kid-
ney uptake of 89Zr-DFO-aGal3-F(ab9)2 is a limitation for therapeu-
tic applications. However, it may be reduced by coadministration of
cationic amino acid solutions or basic polypeptides (poly-lysine)
(30). In addition, modifications of antibody fragments by PEGyla-
tion have been shown to drastically reduce renal uptake (31).

CONCLUSION

Using an antigal-3 F(ab9)2, we demonstrated that molecular
imaging of gal-3 expression is a new tool for in vivo detection
of thyroid cancer. Our results are promising for noninvasive iden-
tification of malignant thyroid nodules with nuclear and optical
imaging, staging of thyroid cancer, and targeted radionuclide ther-
apy of metastatic, radioiodine-negative thyroid cancer.
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