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Abstract: Clinical management of anaplastic thyroid cancer (ATC) is very challenging due to its dedifferentiation 
and aggressiveness. We aim to develop HER2-targeted multimodal imaging approaches and assess the diagnostic 
efficacies of these molecular imaging probes in preclinical ATC models. Flow cytometry was used to detect HER2 
expression status in thyroid cancer cell lines. We then developed a HER2-specific immunoPET imaging probe 89Zr-
Df-pertuzumab by radiolabeling a HER-2 specific monoclonal antibody (mAb) pertuzumab with 89Zr (t1/2=78.4 h) and 
a fluorescent imaging probe IRDye 800CW-pertuzumab. The diagnostic efficacies of the probes were assessed in 
subcutaneous and orthotopic ATC models, followed by ex vivo biodistribution profile and immunofluorescence stain-
ing studies. HER2 was highly expressed on the surface of all the four primary thyroid cancer cell lines examined, 
which included two ATC cell lines (i.e., 8505C and THJ-16T). PET imaging with 89Zr-Df-pertuzumab clearly visualized 
all the subcutaneous ATCs with a peak tumor uptake of 20.23±6.44 %ID/g (n=3), whereas the highest tumor uptake 
of the nonspecific probe 89Zr-Df-IgG in subcutaneous ATC models was 6.30±0.95 %ID/g (n=3). More importantly, 
89Zr-Df-pertuzumab PET imaging strategy readily delineated all the orthotopic ATCs with a peak tumor uptake of 
24.93±8.53 %ID/g (n=3). We also suggested that Cerenkov luminescence imaging (CLI) using 89Zr-Df-pertuzumab 
and fluorescence imaging using IRDye 800CW-pertuzumab are useful tools for image-guided removal of ATCs. We 
demonstrate that HER2 is a promising biomarker for ATC, and multimodal imaging using 89Zr-Df-pertuzumab and 
IRDye 800CW-pertuzumab is useful for identifying HER2-postive ATCs.
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Introduction

Anaplastic thyroid cancer (ATC) is a deadly dis-
ease associated with a dismal prognosis [1]. 
Most ATCs are thought to arise from differenti-
ated thyroid cancers (DTCs), which are charac-
terized by frequent oncogenic mutations or 
fusion oncoproteins [2-4]. Unsurprisingly, a 
number of genetic events are reported to be 
involved in the initiation and progression of 
ATCs [5-7]. Unlike DTCs, ATCs are virtually 
refractory to radioiodine therapy. Traditional 
treatment options for patients with ATC include 
surgery, chemotherapy, and external beam 
radiation. While efforts in the past two decades 
have yielded novel therapeutics, such as tyro-

sine kinase inhibitors [8, 9], and the most 
recent immunotherapy [10], effective manage-
ment of ATCs is still a clinical challenge due to 
its extreme virulence and genetic complexity. 
Therefore, exploring molecular makers for  
ATCs and developing marker-specific diagnostic 
or theranostic approaches are of clinical 
significance. 

The human epidermal growth factor receptor 2 
(HER2) gene (ERBB2) is aberrantly amplified in 
20% to 25% of breast cancer cases [11]. The 
amplification and overexpression of HER2 is a 
typical molecular marker of human breast can-
cers. Several HER2-specific therapies (e.g., 
trastuzumab, lapatinib, and pertuzumab) have 
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dramatically improved the outcomes of patients 
with HER2-positive breast cancers [12, 13]. 
Outside of breast cancers, HER2 is also overex-
pressed or amplified in a wide range of malig-
nancies [14, 15], including thyroid cancers [16-
19]. HER2 overexpression was found in 44% of 
follicular thyroid cancers and in 18% of papil-
lary thyroid cancers [20]. HER2 is also ampli-
fied in certain ATCs [5], and CUDC-101 (an 
inhibitor of EGFR, HER2, and HDACs) inhibited 
tumor growth and metastases in metastatic 
ATC models [21]. These studies indicate that 
HER2 may emerge as a potential target  
for developing theranostic interventions for 
advanced thyroid cancers.

HER2 alterations at the levels of protein and 
gene are traditionally determined by immuno-
histochemical staining and fluorescence in situ 
hybridization, respectively [22]. However, these 
methods lack precision and reproducibility, and 
are unable to assess the HER2 variability within 
and among patients. In this setting, immu-
noPET emerges as a promising option to uncov-
er the heterogeneous status of receptor tyro-
sine kinases in various kinds of cancers [23, 
24]. In the case of HER2, clinical studies have 
demonstrated that radiolabeled monoclonal 
antibodies (mAbs), such as 64Cu-DOTA-tras- 
tuzumab [25, 26], 89Zr-Df-trastuzumab [27-29], 
and 89Zr-Df-pertuzumab [30], are capable of 
evaluating HER2 heterogeneity in lesions inac-
cessible by traditional biopsy. 

In this study, we hypothesized that HER2 is a 
promising target for ATC, developed a HER2 
specific PET imaging probe 89Zr-Df-pertuzumab, 
and investigated the diagnostic efficacy of the 
radiotracer in subcutaneous (S.C.) and ortho-
topic ATC models. At the same time, the burden 
of orthotopic ATCs was monitored by IRDye 
800CW-pertuzumab fluorescence imaging. In- 
spired by the fact that clinical Cerenkov lumi-
nescence imaging (CLI) with 131I clearly visual-
ized superficial thyroid gland [31], we further 
explored CLI using 89Zr-Df-pertuzumab in ortho-
topic ATC models.

Methods

Cell lines and flow cytometry

The six thyroid cancer cell lines used in this 
study were kindly provided by Dr. Heather 
Hardin (University of Wisconsin-Madison), and 

were maintained in RPMI 1640 medium (Gibco) 
supplemented with 10% FBS (Gibco) and 1% 
PenStrep (Invitrogen) at 37°C in a humidified 
atmosphere with 5% CO2. Flow cytometry was 
performed to evaluate the cell surface abun-
dance of HER2 in these thyroid cancer cell lines 
following our previously reported protocol with 
minor modifications [14]. Briefly, thyroid cancer 
cells (1×106 cells for each sample) were sus-
pended and washed in cold phosphate-buff-
ered saline (PBS, HyClone). Thereafter, the cells 
were re-suspended in flow cytometry staining 
buffer (Invitrogen), incubated with 10 μg/mL of 
pertuzumab or Df-pertuzumab on ice for 45 
min, and then washed three times with cold 
PBS. After re-suspending in cold flow cytometry 
staining buffer, cells were incubated with Alexa 
Fluor 488-labeled goat anti-human IgG (5 μg/
mL) for 45 min and again washed with cold PBS 
for three times. The cell samples were re-sus-
pended in cold PBS and analyzed using a BD 
LSR Fortessa flow cytometer (BD Biosciences). 
Flow results were analyzed with FlowJo soft-
ware (FlowJo LLC).

Subcutaneous and orthotopic thyroid cancer 
models

All animal experiments were conducted in com-
pliance with the institutional guidelines at the 
University of Wisconsin-Madison. We chose the 
newly established THJ-16T cell line to establish 
ATC models, as this cell line is known for its 
aggressiveness and high tumor take rate in 
athymic nude mice [32]. For S.C. thyroid cancer 
models, 5×106 THJ-16T cells were suspended 
in sterile PBS and mixed with matrigel matrix 
(Corning) at a ratio of 1:1. The prepared cells 
were injected subcutaneously in the right later-
al flanks of athymic female nude mice aged 3-4 
weeks (Envigo). For orthotopic ATC models, 0.5-
1×106 THJ-16T cells were injected into the right 
thyroid bed as described in a previously report-
ed protocol [33]. S.C. and orthotopic tumors 
were ready for imaging five weeks and four 
weeks after inoculation, respectively. The bur-
den of the orthotopic ATCs was evaluated us- 
ing a near-infrared imaging probe IRDye 
800CW-pertuzumab, which was prepared by 
conjugating IRDye 800CW (LI-COR Biosciences 
Inc.) to pertuzumab (Roche AG) at a dye-to-mAb 
ratio of 1.67:1 [34]. Two weeks after tumor cell 
implantation, 80 µg of IRDye 800CW-pertuzu- 
mab was intravenously injected to each mouse, 
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and serial fluorescent imaging was obtained 
using an In Vivo Imaging System (IVIS, Perkin 
Elmer Inc.) with 745 nm/800 nm excitation/
emission filters.

Preparation of 89Zr-Df-pertuzumab and 89Zr-Df-
IgG

The method for p-SCN-Bn-Deferoxamine (Df, 
Macrocyclics) conjugation and 89Zr radiolabel-
ing of Df-modified mAb was previously estab-
lished [35]. Briefly, 2 mg of clinical-grade pertu-
zumab was diluted in 400 µL sterile PBS. The 
pH of the mAb solution was adjusted to 9.0 by 
adding 0.1 M Na2CO3. 5 µL of p-SCN-Bn-Defer-
oxamine dissolved in DMSO at a concentration 
of 20 mg/mL was added to the mAb solution, 
resulting in a Df-to-mAb molar ratio of 10:1. The 
reaction mixture was incubated for 2 h at room 
temperature using a thermomixer at 600 r.p.m. 
The mixture was purified using a PD-10 desalt-
ing column (GE Healthcare) and Df-pertuzumab 
was collected. 89Zr was produced using a GE 
PETtrace biomedical cyclotron by irradiation of 
natural yttrium targets at the University of 
Wisconsin - Madison. For 89Zr radiolabeling, 3 
mCi of 89Zr in oxalic acid was adjusted to a final 
pH of 7.0-7.5 in 0.5 M HEPES buffer (pH 7.1-
7.3). 300 µg of Df-pertuzumab was added to 
the above 89Zr solution and the mixture was  
left under constant shaking (600 r.p.m.) at 
37°C for 1 h followed by purification of 89Zr-Df-
pertuzumab using rinsed size exclusion PD- 
10 columns. Following the same procedure, 
89Zr-labeled human serum IgG (Invitrogen) was 
prepared and used as a nonspecific imaging 
probe.

Small animal imaging and data analysis

PET images were acquired using an Inveon 
micro-PET/CT scanner (Siemens Preclinical 
Solutions). Female athymic nude mice bearing 
THJ-16T tumors were intravenously injected 
with 7.4-11.1 MBq of 89Zr-Df-pertuzumab or 
89Zr-Df-IgG (n=3 for each group). At indicated 
time-points (i.e., 4 h, 24 h, 48 h, 72 h, and 96 h) 
post-injection (p.i.) of the radiotracers, mice 
were anesthetized with 2% of isoflurane mixed 
with oxygen and then placed in prone position 
on the PET scanning bed. 40 million coinci-
dence events were collected at the initial 4 
time-points, whereas 20 million coincidence 
events were acquired at the last time-point. 
PET data was reconstructed using the InveonTM 

Research Workplace (Siemens Preclinical 
Solutions) with a non-scatter-corrected three-
dimensional ordered subset expectation opti-
mization/maximum a posteriori (OSEM3D/
MAP) algorithm. Quantitative region-of-inter-
ests (ROIs) were drawn on PET images and 
uptake of the tracers in tumors and in major 
organs (i.e., blood, liver, spleen, kidney, muscle) 
was calculated in terms of percentage of inject-
ed dose per gram (%ID/g).

Serial CLI was performed in mice bearing ortho-
topic THJ-16T tumors 24 h after intravenous 
injection of 89Zr-Df-pertuzumab. The IVIS 
Spectrum preclinical imaging system was used 
to obtain the Cerenkov images. Following the 
manufacturer’s protocol, mice were placed in 
the supine position in the imaging chamber and 
sequential 2 min acquisitions were obtained. 
Images were analyzed with Living Image 4.5.2 
(Perkin Elmer Inc.) and expressed as photons 
per second per square centimeter per steradi-
an (p/s/cm2/sr). 

Biodistribution studies

After PET imaging at the terminal imaging time-
point (i.e., 96 h after administration of the trac-
ers), ex vivo biodistribution study was carried 
out. First, mice were euthanized by CO2 asphyx-
iation. Second, blood was drawn by cardiac 
puncture with insulin syringes, and major 
organs including tumors were harvested and 
wet-weighed using a XSE 205 dual range ana-
lytical balance (Mettler Toledo). The radioactiv-
ity was counted with an automatic Wizard2 
gamma counter (Perkin Elmer). Results of the 
biodistribution studies were also recorded as 
%ID/g (mean ± SD).

Histology and immunofluorescence imaging

Tumor tissues were collected after PET imaging 
at the terminal time-point. The tumor tissues 
were either initially fixed in 10% formaldehyde 
for 24 h and transferred to 70% alcohol for sub-
sequent hematoxylin and eosin (H&E) staining 
or embedded in optimal cutting temperature 
(O.C.T.) compound stored at -80°C, and used 
for immunofluorescent staining until most of 
the 89Zr was decayed (10 half-times, approxi-
mately 30 days). For confocal immunofluores-
cent staining, slides of 10 μm were cut from 
O.C.T.-fixed specimens. The slides were left dry-
ing at room temperature for 15 min, fixed with 
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4% paraformaldehyde for 10 min, rinsed with 
PBS for 3 times, permeabilized with 0.2% Triton 
X-100 (Thermo Scientific) in PBS for 15 min, 
and rinsed again with PBS. Then the slides 
were blocked with 5% donkey serum for 1 h, fol-
lowed by incubation of 15 µg/mL of pertuzum-
ab and 20 µg/mL of rat anti-mouse CD31 anti-
body (Novus) overnight at 4°C. Next, the slides 
were washed with PBS for 3 times before a 1 h 
incubation with the secondary antibodies in 
darkness, i.e., Alexa Fluor488-labeled goat 
anti-human IgG (5 μg/mL, Invitrogen) and Cy3-
labeled donkey anti-rat IgG (5 μg/mL, Jackson 
ImmunoResearch Laboratories). After washing, 
the slides were mounted with UltraCruz® Hard-
set Mounting Medium containing 1.5 µg/mL of 
DAPI (Santa Cruz Biotechnology), and images 
were obtained using a Nikon A1R confocal 
microscope. 

Statistical analysis

Prism software (version 7.0; GraphPad) was 
used for all statistical analyses. Differences 
between two groups were calculated using an 
unpaired Student’s t-test. Multiple t-tests (one 
unpaired t-test per row) were used to compare 
the differences between ROI data and ex vivo 
biodistribution data from S.C. and orthotopic 
ATC models. One-way ANOVA was used to cal-
culate differences in the CLI data at different 
time-points. P<0.05 (*), P<0.01 (**), and 
P<0.001 (***) were considered statistically 
significant.

Results

HER2 is a potential marker for primary thyroid 
cancers

We included six thyroid cancer cell lines with 
different origins and genetic background in our 
present study (Table 1) [36-39]. The expression 

of HER2 on the surface of the six thyroid cancer 
cell lines was first assessed using flow cytome-
try (Figure 1). The results showed that all the 
four primary thyroid cancer cell lines (i.e., THJ-
16T, 8505C, TPC-1, and FTC-133) were positive 
for HER2. However, HER2 expression was not 
observed in the two metastatic follicular thyroid 
cancer (FTC) cell lines (i.e., FTC-236 and FTC-
238), where the former cell line was estab-
lished from FTC cervical lymph node metasta-
sis and the latter from FTC lung metastasis 
[38]. We observed a preferential level of HER2 
in the two ATC cell lines tested (THJ-16T and 
8505C). The high expression of HER2 on the 
two ATC cell lines warranted our further investi-
gation of HER2 as a target for developing diag-
nostic approaches for ATCs.

89Zr-Df-pertuzumab PET imaging of S.C. ATCs

Since ATC is the most aggressive form of thy-
roid cancers and remains lethal in most 
patients, we investigated HER2 as a marker to 
develop molecular imaging probes for this dis-
ease. ATC models were prepared by inoculating 
THJ-16T cells subcutaneously into the right lat-
eral flanks of female athymic nude mice [32]. 
We first explored the diagnostic efficacy of 
89Zr-Df-pertuzumab PET in the delineation of 
S.C. ATCs. In accordance with above in vitro 
results, PET imaging using 89Zr-Df-pertuzumab 
clearly visualized all the S.C. THJ-16T tumors. 
Representative maximum intensity projection 
(MIP) and coronal PET images demonstrated 
substantial overexpression of HER2 in S.C. THJ-
16T tumors (Figure 2), reflecting the overall and 
regional uptake of 89Zr-Df-pertuzumab across 
the mouse, respectively. ROI analysis of PET 
images revealed an increasing tumor up- 
take of 89Zr-Df-pertuzumab over the imaging  
time (Figure 2C). While the tumor uptake of 
89Zr-Df-pertuzumab at the initial four time-
points was 7.43±2.78 %ID/g, 17.87±3.74 %ID/g, 

Table 1. Information of the six thyroid cancer cell lines used in the present study
Cell line Year Type Nidus Patient information Mutations Ref.
THJ-16T 2010 ATC Primary Female, age unspecified TP53, RB, PIK3CAE545K [32]
FTC-133 1989 FTC Primary A 42-year-old man PTEN, TP53, TERTC228T [37]
8505C 1994 ATC Primary A 78-year-old woman BRAFV600E, TERTC250T [39]
TPC-1 1987 PTC Primary Female, adult TERTC228T, RET/PTC1 [36]
FTC-236 1992 FTC Metastatic A 42-year-old man Not available [38]
FTC-238 1992 FTC Metastatic A 42-year-old man Not available [38]
Abbreviations: ATC, anaplastic thyroid cancer; FTC, follicular thyroid cancer; PTC, papillary thyroid cancer.
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17.57±5.77 %ID/g and 19.83±5.85 %ID/g, the 
peak uptake with a value of 20.23±6.44 %ID/g 
occurred 4 days after administration of the 
tracer (n=3). In contrast, uptake and retention 
of the tracer in blood circulation and other 
major organs decreased gradually over the 
imaging period (Figure 2C). The uptake in the 
liver, spleen, and kidney at the last imaging 
time-point were 8.23±1.77 %ID/g, 6.60±0.44 
%ID/g, 6.13±1.65 %ID/g, respectively. These 
results were further corroborated by quantita-
tive ex vivo biodistribution studies (Figure 2D). 
It is worthwhile to note that bone uptake 
(8.02±3.61 %ID/g, n=3) was caused by the 
unbound 89Zr which preferentially accumulates 
in the bones. These results were further sup-
ported by confocal immunofluorescence stain-
ing and imaging of the resected tumor tissue, 
where abundant HER2 expression was ob- 
served on the membranes of THJ-16T cells 
(Figure 2E). 

89Zr-Df-IgG PET imaging of S.C. ATCs

As a comparison, we next examined whether 
89Zr-Df-IgG PET was capable of visualizing ATCs 
in another cohort of nude mice bearing S.C. 

THJ-16T tumors. It was clear that 89Zr-Df-IgG 
PET imaging could barely map HER2 expres-
sion and the tumors when compared with 
above 89Zr-Df-pertuzumab PET imaging (Figure 
3). ROI analysis showed that tumor accumula-
tion of 89Zr-Df-IgG at 4 h, 24 h, 48 h, 72 h and 
96 h after injection of the tracer was 3.37±0.32 
%ID/g, 5.70±0.36 %ID/g, 6.23±0.36 %IDf/g, 
6.27±0.90 %ID/g, 6.30±0.95 %ID/g, respec-
tively (n=3, Figure 3C). Except for the uptake at 
the first time-point, a direct comparison of the 
ROI data revealed that tumor uptake of 89Zr-Df-
pertuzumab was statistically higher than that 
of 89Zr-Df-IgG at all the other time-points 
(P<0.05). Since the nonspecific human IgG has 
no antigen-specific targeting property, 89Zr-Df-
IgG primarily resided in the blood circulation 
and other major organs/tissues but not in the 
tumors, as shown by the ex vivo biodistribution 
studies (Figure 3D). 

Multimodal imaging of orthotopic ATCs

Due to their reproducibility and ability to repli-
cate the histopathological scenario of advanced 
thyroid cancers, orthotopic models of human 
thyroid cancers hold great potential for testing 

Figure 1. Assessment of HER2 expression in thyroid cancer cell lines by flow cytometry. Expression of HER2 is much 
more abundant in primary thyroid cancer cell lines (i.e., THJ-16T, 8505C, TPC-1, and FTC-133) than in metastatic 
thyroid cancer cell lines (i.e., FTC-236 and FTC-238).
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novel therapeutic agents and diagnostic 
probes. We established orthotopic ATC models 
using THJ-16T cell line and evaluated the tumor 
burden two weeks after inoculation. Serial 
near-infrared fluorescent imaging using IRDye 
800CW-pertuzumab demonstrated signal in 
terms of radiant efficiency in the thyroid areas, 
indicating the rapid formation of orthotopic 
ATCs and a tumor take rate of 100% (Figure 4). 

After another two weeks, we performed 89Zr-Df-
pertuzumab PET imaging to map HER2 expres-
sion and to detect the orthotopic THJ-16T 
tumors. We observed substantial uptake of 

89Zr-Df-pertuzumab in the tumors as early as 24 
h p.i. of the probe (Figure 5A, 5B). Quantitative 
analysis of ROI data illustrated that uptake of 
the radiotracer in the tumors increased in a 
time-dependent manner with the peak uptake 
of 24.93±8.53 %ID/g reached at 96 h (n=3, 
Figure 5C), but it was not statistically different 
from the corresponding uptake (20.23±6.44 
%ID/g, n=3) obtained in the S.C. ATC models. 
However, statistical analysis of the ex vivo bio-
distribution data showed that tumor uptake of 
89Zr-Df-pertuzumab was significantly higher in 
the orthotopic models compared to the  
S.C. ATC models (36.62±2.62 %ID/g versus 

Figure 2. 89Zr-Df-pertuzumab PET imaging of athymic nude mice bearing subcutaneous (S.C.) THJ-16T tumors. A, 
B. Representative maximum intensity projection (MIP) and coronal PET images showing the capability of 89Zr-Df-
pertuzumab PET in visualizing the tumors by imaging HER2 status. C. Quantitative analysis of change of 89Zr-Df-per-
tuzumab in blood circulation and in other major organs over the imaging duration. D. Ex vivo biodistribution profiles 
in THJ-16T-bearing nude mice at 96 h after tail vein injection of 89Zr-Df-pertuzumab. E. Section of S.C. THJ-16T tumor 
was stained with CD31 (red), HER2 (green) and DAPI (blue) and images were taken at 20× original magnification. 
For ROI and biodistribution data, values are shown in mean ± SD (n=3).
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Figure 3. 89Zr-Df-IgG PET imaging of athymic nude mice bearing subcutaneous (S.C.) THJ-16T tumors. A, B. Repre-
sentative maximum intensity projection (MIP) and coronal PET images performed with 89Zr-Df-IgG PET in nude mice 
bearing THJ-16T xenografts. C. Quantitative analysis of change of 89Zr-Df-IgG in blood circulation and major organs 
over the study duration. D. Ex vivo biodistribution profiles in THJ-16T-bearing nude mice at 96 h after tail vein injec-
tion of 89Zr-Df-IgG. For ROI and biodistribution data, values are shown in mean ± SD (n=3).
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23.77±3.09 %ID/g, P<0.01, n=3 for each group, 
Figure 5D).

The same orthotopic ATC models were used to 
evaluate the Cerenkov light-emitting efficien- 
cy of 89Zr-Df-pertuzumab. CLI occurs when 
charged particles such as α- and β-emitting iso-
topes travel faster than the velocity of light in a 
dielectric medium, which results in visible pho-
ton emission [40-42]. With an acquisition time 
of two minutes, we found that CLI clearly delin-
eated all the orthotopic thyroid tumors (Figure 
6A). We also found the radiance in the tumor 
areas reduced gradually over the imaging time. 
The average radiance was 19333±1193 at 72 
h and 15367±1818 at 96 h, both of which were 
statistically lower than that obtained at 24 h 
after radiotracer administration (28933±3609, 
n=3; Figure 6B). Based on these preliminary 

results, we suggest that CLI using 89Zr-Df-
pertuzumab, upon further optimization of radio-
tracer dose, acquisition conditions and equip-
ment resolution, could be harnessed to detect 
HER2-positive ATCs and further to facilitate 
image-guided surgery of the identified tumors.

Histology and immunofluorescence studies

Following the orthotopic imaging studies, we 
euthanized the mice and collected the tumors 
surrounding the tracheae for histology and 
immunofluorescence analysis. H&E staining of 
the resected tumor tissue showed that pleo-
morphic tumor cells (large dashed inset) infil-
trated thyroid gland (small inset), effacing and 
superseding the remaining normal thyroid folli-
cles (Figure 6C-E). Consistent with the in vivo 
PET imaging results, confocal immunofluores-

Figure 4. Fluorescent Imaging in orthotopic anaplastic thyroid cancer (ATC) models. THJ-16T cells were inoculated 
into the right thyroids of athymic nude mice. Two weeks later, mice were intravenously injected with IRDye 800CW-
pertuzumab and tumor burden was measured by serial IVIS fluorescent imaging in a standardized field of interest. 
The results implied the formation of tumors within two weeks after implantation.

Figure 5. 89Zr-Df-pertuzumab PET imaging clearly delineated orthotopic THJ-16T Anaplastic thyroid cancers (ATCs). 
Representative maximum intensity projection (MIP) images (A) and coronal images (B) showing the HER2-positive 
tumors. (C) ROI analysis on PET images revealed the time-dependent increase of 89Zr-Df-pertuzumab uptake in 
the tumors and also the dynamic change of radiotracer in blood circulation and in other major organs. (D) Ex vivo 
biodistribution in THJ-16T-bearing nude mice at 96 h after tail vein injection of 89Zr-Df-pertuzumab. For ROI and 
biodistribution data, values are shown in mean ± SD (n=3).
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cent results further confirmed the prominent 
expression of HER2 mainly located at the outer 
membranes of ATC cells (Figure 6F). 

Discussion

With an initial aim of uncovering biomarkers for 
advanced thyroid cancers, our results here 
demonstrate that HER2 is a receptor tyrosine 
kinase highly expressed in primary thyroid can-

cers, especially in ATCs. More importantly, our 
findings indicate that noninvasive molecular 
imaging of HER2 holds great promise for deter-
mining the HER2 status in ATCs. It has been 
reported that 40% of ATC cases will develop 
cervical lymph node metastases and 40-50% 
of ATC patients are suffering from distant 
metastases at the time of diagnosis [43]. 
Therefore, utilizing immuno PET in the clinic 
may aid comprehensive patient diagnosis and 

Figure 6. Cerenkov luminescence imaging (CLI) in orthotopic ATC models and subsequent histopathological studies. 
(A) CLI in the orthotopically grown xenografts using THJ-16T cells. (B) Quantitative analysis of the radiance in the 
thyroid areas at different time-points after administration of 89Zr-Df-pertuzumab. (C-E) H&E staining of tumors show-
ing remaining thyroid follicles (small inset, D) and THJ-16T tumor cells (large dashed inset, E). Note that the tumor 
cells have pleomorphic patterns, especially nuclear pleomorphism, and nuclear atypia (large dashed inset, E). (F) 
Section of orthotopic THJ-16T tumor was stained with CD31 (red), HER2 (green) and DAPI (blue) and images were 
taken at 20× original magnification. **Indicates P<0.01, and ***indicates P<0.001.
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avoid futile surgeries [44]. Furthermore, with 
broad clinical translation and application of 
89Zr-Df-pertuzumab PET, this imaging approach 
may detect the heterogeneous levels of HER2 
among the lesions throughout the whole body. 
That means this novel imaging tool is able to 
specifically identify ATC patients who might 
respond to HER2-targeted therapies (e.g., per-
tuzumab and trastuzumab), and to dynamically 
assess the therapeutic responses following 
drug administration.

It is pertinent for complete surgical resection of 
ATC with gross negative margins since less 
than 9% of ATC patients have primary tumors 
confined to the thyroid gland, tumors infiltrate 
into adjacent structures (e.g., muscle, trachea, 
esophagus, and larynx) in most cases [45], and 
negative surgical margin status is significantly 
predictive for improved overall survival [43]. 
Indocyanine green (ICG), a nonspecific fluores-
cent substance used for decades in various 
surgical procedures, preferentially distributes 
to tumors and/or lymph nodes through the 
enhanced permeability retention effect [46]. In 
contrast, antibodies labeled with IRDye 800CW 
or dual-labeled using IRDye 800CW and iso-
topes have high specificity for outlining tumors 
and for delineating tumor margins. Several 
ongoing clinical trials are evaluating IRDye 
800CW-labeled antibodies to optimize surgical 
removal of malignancies [46, 47]. In a phase I 
protein dose escalation study, Marlène et al. 
reported that 111In-DOTA-girentuximab-IRDye 
800CW, a dual-labeled probe targeting carbon-
ic anhydrase IX, could be used intraoperatively 
to localize clear cell renal cell carcinomas and 
to delineate positive surgical margins [48]. 
Thus, fluorescence imaging using IRDye 
800CW-pertuzumab may serve as a useful tool 
for image-guided complete removal of ATC 
upon optimization. However, in two phase I tri-
als, which included 27 patients with head and 
neck squamous cell carcinomas, Gao et al. 
reported that toxicity from panitumumab-IRDye 
800CW and cetuximab-IRDye 800CW may limit 
their clinical applications [49]. 

Alternatively, CLI using 89Zr-Df-pertuzumab fol-
lowing PET imaging may permit image-guided 
surgery and avoid those potential adverse 
effects. Indeed, optical imaging from ionizing 
radiation sources is a unique imaging alterna-
tive [40, 50, 51]. This is especially true for the 

therapeutic isotope 90Y, which is very difficult to 
detect because of a lack of suitable γ-emissions 
and low amount of positrons emitted [52, 53]. 
More recently, several proof-of-concept clinical 
studies have demonstrated the feasibility of 
CLI using 18F-FDG [54, 55], or using 131I [31]. 
Another advantage of dual-modality imaging 
using 89Zr-Df-pertuzumab is that both PET and 
Cerenkov signals originate from the same 
probe. Upon further clinical translation, 89Zr-Df-
pertuzumab may be integrated into the stan-
dard care of ATCs and facilitate dual-modality 
image-guided complete surgical resection of 
ATCs. Additionally, Cerenkov signals from medi-
cal isotopes can be used to trigger photody-
namic therapies, as evidenced by several excel-
lent studies [56-58], and also by our recent 
work [59]. Other than CLI, other potential appli-
cations of Cerenkov signal in the field of thyroid 
cancer needs to be exploited by future 
studies.

External-beam radiotherapy and chemotherapy 
are the mainstays for the treatment of ATCs, 
with the former therapy is associated with 
improved local disease control and overall sur-
vival [43]. Radioimmunotherapy (RIT), an alter-
native to traditional radiotherapy, is being 
developed by conjugating therapeutic radioiso-
topes to mAbs. RIT permits antigen-specific 
delivery of a high therapeutic radiation dose to 
cancer cells while minimizing the nonspecific 
radiation to normal cells [60]. RIT is gradually 
changing the therapeutic landscape of several 
kinds of malignancies including prostate can-
cers [61], metastatic neuroblastoma [62], and 
relapsed or refractory non-Hodgkin lymphoma 
[62, 63]. Future studies may develop HER2-
targeted RIT agents by incorporating therapeu-
tic radioisotopes (either alpha-emitting [e.g., 
211At, 225Ac, and 213Bi] or beta-emitting [e.g., 90Y, 
177Lu, and 188Re]) to antibodies (i.e., pertuzum-
ab and trastuzumab) [60]. It is worthwhile to 
mention that using pretargeted strategies may 
further lower radiation dose to normal organs 
(e.g. liver), optimize the diagnostic efficacy of 
immunoPET probes, and enhance the thera-
peutic outcomes of RIT agents [64, 65]. 
Intensive and multimodal approaches should 
be used synergistically to control local and/or 
systemic ATC lesions. As a result, clinical out-
comes of patients with ATCs will be maximized 
[66].
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Unlike small molecule drugs that undergo rapid 
renal and/or hepatic clearance, mAbs are usu-
ally degraded via proteolytic catabolism after 
endocytosis or via internalization after forming 
antibody-target complex [67]. Additionally, the 
presence of Fc/neonatal Fc receptor interac-
tion protects mAbs from degradation and fur-
ther affects the overall biodistribution and 
retention of mAbs [68-70]. While 89Zr-Df-
pertuzumab was prepared using a fully human-
ized IgG1 that binds to the extracellular domain 
II of HER2, 89Zr-Df-IgG was conjugated using a 
nonspecific human IgG. The structure differ-
ences and different targeting properties of the 
two mAbs may account for the different distri-
bution profiles of the two tracers in non-target-
ed tissues observed in our study. Considering 
the fact that pertuzumab binds to the extracel-
lular domain II of HER2 and trastuzumab selec-
tively binds to the extracellular domain IV of 
HER2 [71], and addition of pertuzumab further 
enhances the therapeutic effect of trastuzum-
ab and docetaxel clinically [72], future studies 
may investigate if it is possible to discriminate 
the distribution differences of trastuzumab and 
pertuzumab via noninvasive molecular imaging 
approaches. Knowledge in this regard may help 
clinical combinational use of pertuzumab and 
trastuzumab.

Conclusions

Our findings reported indicate that 89Zr-Df-
pertuzumab as well as IRDye 800CW- 
pertuzumab are useful imaging tools that can 
be leveraged to reveal the HER2 status in ATCs, 
which may further improve the molecular diag-
nosis and clinical management of these lethal 
diseases upon clinical translation and 
application.
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