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Triple-negative breast cancer (TNBC) is a diverse 
group of cancers lacking well-defined therapeutic 

molecular targets. TNBC is generally associated with 
poorer outcomes compared with other breast cancer 
subtypes (1,2), and TNBCs carry various driver lesions 
in their genomes (3). The presence of epidermal growth 
factor receptor (EGFR) driver amplicons was shown to 
correlate with programmed cell death ligand 1 (PD-L1) 
expression in TNBC (3). Furthermore, EGFR overex-
pression in TNBC is clearly linked to malignancy and 
metastatic spread of breast cancer to the brain (4) and 
to bone (ie, approximately 50% of all cases of metastatic 
spread [5–7]). Whereas available clinical experience is 
insufficient, these findings suggest that monoclonal an-
tibodies (mAbs) specific to immune checkpoint recep-
tors produce high rates of clinical benefit in the case of 

metastatic TNBC, with objective response rates exceed-
ing 40% in some cases (8,9). These responses to pro-
grammed cell death 1 (PD-1) and PD-L1 monotherapy 
could be a consequence of differences in the expression 
levels of PD-1 and PD-L1 in TNBC compared with 
non-TNBC tumors (10). It is expected that combina-
tion therapeutic strategies will be required to surpass 
response rates observed to date for monotherapies (11–
13); such strategies may involve repurposing of existing 
targeting approaches.

In addition to genomic profiling, the ability to spa-
tially detect and monitor EGFR expression in patients 
with breast cancer through noninvasive molecular imag-
ing could be useful in screening patients to select candi-
dates who could benefit from combination anti-EGFR 
and checkpoint inhibitor therapies. There has been a 
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Purpose: To develop multimodality imaging techniques for measuring epidermal growth factor receptor (EGFR) as a therapy-relevant 
and metastasis-associated molecular marker in triple-negative mammary adenocarcinoma metastases.

Materials and Methods: An orthotopic bone metastasis EGFR-positive, triple-negative breast cancer (TNBC) model in rats was used for 
bioluminescence imaging, SPECT/CT, PET/CT, and MRI with quantitative analysis of transcripts (n = 22 rats). Receptor-specific 
MRI of EGFR expression in vivo was performed by acquiring spin-echo T1-weighted images after sequential administration of a pair 
of anti-EGFR antigen binding fragments, F(ab’)2, conjugated to either horseradish peroxidase or glucose oxidase, which have comple-
menting activities, as well as paramagnetic (gadolinium[III]-mono-5-hydroxytryptamide of 2,2′,2′′-(10-(2,6-dioxotetrahydro-2H-
pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid, or Gd-5HT-DOTAGA) or positron-emitting (gallium 68-5HT-
DOTAGA) substrates for MRI and PET/CT imaging, respectively. EGFR expression was confirmed by quantitative reverse transcrip-
tase polymerase chain reaction and immunohistochemical analyses to compare with image findings.

Results: After surgical intraarterial delivery of TNBC cells, rats developed tumors that diverged into either rapidly growing osteolytic 
or slow-growing nonosteolytic tumors. Both tumor types showed receptor-specific initial MRI signal enhancement (contrast-to-noise 
ratio) that was three to six times higher than that of normal bone marrow (29.4 vs 4.9; P , .01). Micro PET/CT imaging of EGFR 
expression demonstrated a high level of heterogeneity with regional uptake of the tracer, which corresponded to region-of-interest MRI 
signal intensity elevation (121.1 vs 93.3; P , .001). Analysis of metastases with corroboration of imaging results showed high levels of 
EGFR protein and messenger RNA, or mRNA, expression in the invasive tumor.

Conclusion: Convergence of multimodal molecular receptor imaging enabled comprehensive assessment of EGFR overexpression in an 
orthotopic model of TNBC metastasis.

Supplemental material is available for this article.
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Materials and Methods

Study Design
All surgical, interventional, and imaging procedures related 
to animal use were performed according to the guidelines 
approved by the Institute Animal Care and Use Committee. 
Rowett nude rats (male and female rats; age, 3–4 weeks) were 
acquired from Charles River Laboratories and were used for or-
thotopic intraarterial cell implantation when animals reached 
the age of 6–12 weeks.

This study included a total of five different in vivo experi-
ments with a total of 22 rats, with some overlap of animals 
between experiments. In total, three rats underwent interven-
tional protocols with fLuc1MBA-MB-231 and 19 rats under-
went surgical protocols with either fLuc1MBA-MD-231 (n = 
9) or MDA-MD-231 (n = 10). The five experiments were as 
follows: comparison of interventional versus surgical protocols, 
identification and characterization of osteolytic versus nonosteo-
lytic fLuc1MBA-MB-231 tumors by bioluminescence imag-
ing (BLI) (n = 8), assessment of EGFR expression in osteolytic 
tumors (fLuc1MBA-MB-231 tumors) imaged with SPECT/
CT and histopathologic comparison (three from experiment 
1), MRI in osteolytic and nonosteolytic tumors for EGFR us-
ing GOx and HRP conjugated to anti-EGFR F(ab’)2 with 
coinjection of gadolinium[III]-mono-5-hydroxytryptamide of 
2,2′,2′′-(10-(2,6-dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tet-
raazacyclododecane-1,4,7-triyl)triacetic acid (Gd-5HT-DOT-
AGA) (eight  from experiment 1), and imaging of osteolytic 
MDA-MB-231 tumors for EGFR by using GOx and HRP-con-
jugated anti-EGFR F(ab’)2 with coinjection of Gd-5HT-DOT-
AGA for MRI and gallium 68 (68Ga)-5HT-DOTAGA for PET/
CT imaging (n = 10; six experimental and four control rats). 
The overview of animal numbers and their use in experiments is 
shown in Table E3 (supplement).

Cell Lines and Protocols for Orthotopic Tumor Cell Delivery
For all in vivo experiments, fLuc-MDA-MB-231 and MDA-
MB-231 were used. For in vitro experiments, fLuc-MDA-
MB-231 and MDA-MB-468 were used. Additional infor-
mation on the cell lines used in this study can be found in 
Appendix E1 (supplement). The interventional and surgical 
protocols for tumor cell delivery to the bone are in Appendix 
E2 (supplement).

Preparation of Imaging Agents
We used click chemistry technique based on inverse electron 
demand Diels-Alder cycloaddition (31,32) to improve the pre-
viously used conjugation approach (28). The click chemistry re-
action was used to conjugate the anti-EGFR and antiepithelial 
cell adhesion molecule (EpCAM; anti-EpCAM) antigen bind-
ing fragments, F(ab’)2, to deglycosylated HRP or GOx without 
the need for further purification (Fig E1A [supplement]).

Anti-EGFR antibodies were conjugated with HRP and 
GOx. Details regarding the conjugation process and character-
ization are described in Appendix E3 (supplement). Conjuga-
tion of anti-EGFR antibodies with technetium 99m (99mTc) 

consistent effort to use imaging to visualize EGFR expression 
as a marker of TNBC (14). Related cancer imaging efforts in-
cluded developing molecular imaging agents based on high-
affinity humanized or fully human antibodies (15,16), their 
proteolytic fragments (17), and engineered affibodies (18–20). 
The proposed imaging modalities for in vivo EGFR imaging 
range from tomographic and clinically approved techniques 
(PET, SPECT, and MRI) (21,22) to fluorescence imaging for 
emerging applications in imaging-guided surgery (23–25).

Certain authors of this study previously investigated 
EGFR imaging in animal models by using a strategy of re-
ceptor targeting with binary system for imaging signal am-
plification (26,27). The latter strategy is based on tagging 
antireceptor antibodies with two enzymes with comple-
menting activities. Anti-EGFR antibody-enzyme conjugates 
colocalize in the tissue because of the binding of antibody to 
tumor cells in a receptor-specific manner (28). In this study, 
we used horseradish peroxidase (HRP) and glucose oxidase 
(GOx). The resultant complementation of enzyme activities 
yields trapping of labeled substrates (eg, paramagnetic imag-
ing enzymatic probes [29,30]) at the site of colocalization. 
In our study, we further explore a multimodality receptor 
imaging approach combined with corroboration by using 
tumor-specific transcripts analysis and histopathologic out-
comes with bioluminescence and CT imaging–based phe-
notyping of orthotopic TNBC tumor metastases in detect-
ing EGFR-specific PET and MRI signatures in a model of 
human breast adenocarcinoma bone metastases in rats.

Abbreviations
BLI = bioluminescence imaging, CNR = contrast-to-noise ratio, 
EGFR = epidermal growth factor receptor, EpCAM = epithelial 
cell adhesion molecule, GOx = glucose oxidase, HRP = horseradish 
peroxidase, mAb = monoclonal antibody, PCR = polymerase chain 
reaction, PD-1 = programmed cell death 1, PD-L1 = programmed 
cell death ligand 1, qRT PCR = quantitative reverse transcriptase 
PCR, ROI = region of interest, TNBC = triple-negative breast 
cancer

Summary
Multimodality imaging of triple-negative mammary adenocarcinoma 
metastases by using luminescence enabled differentiation between 
osteolytic and nonosteolytic phenotypes, whereas specific assessment 
of epidermal growth factor receptor overexpression was achieved by 
using MRI and PET/CT in an orthotopic rat model.

Key Points
 n Longitudinal luminescence imaging differentiated between experi-

mental orthotopic bone metastases phenotypes in a triple-negative 
breast cancer model.

 n Enzymatic activity complementation provided receptor-specific 
expression imaging in metastases after the administration of binary 
targeted conjugates followed by imaging substrates.

 n Both paramagnetic and positron-emitting substrates may poten-
tially be used for receptor imaging using a pair of targeted enzymes 
with complementing activities.

Keywords
Animal Studies, Molecular Imaging-Cancer, MR-Contrast Agent, 
Radionuclide Studies, Skeletal-Appendicular, Metastases
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administration of contrast material) image was acquired by using 
spin-echo pulse sequence (600/7.4) with the same geometric pa-
rameters as the T2-weighted image with fast-spin-echo factor of 
four; two or eight excitations. MRI contrast agent (0.15 mmol/
kg Gd-5HT-DOTAGA in 0.5–0.8 mL Dulbecco phosphate-
buffered saline) was intravenously injected by tail vein catheter, 
and T1-weighted images were acquired every 6 minutes for 90 
minutes.

The next day the animals were administered 200 µg (dose, 1 
mg/kg) of tumor cell–specific pair of anti-EGFR F(ab’)2 conju-
gated to HRP or anti-EGFR F(ab’)2 conjugated to GOx (schemat-
ically shown in Figure 1A) intravenously in 0.2 mL phosphate-
buffered saline. Each of the injection mixtures (experimental or 
control mixture) contained a two-times lower amount of HRP 
conjugate than that of GOx (ie, a one-to-two weight ratio). Two 
types of control experiments were performed to test the specificity 
of the EGFR imaging: (a) anti-EGFR F(ab’)2 HRP conjugate in 
the mixture was replaced by anti-EpCAM F(ab’)2-HRP, and (b) 
animals were preinjected with a dose of cetuximab (an anti-EGFR 
mAb, used to block the HRP- and GOx-labeled antibodies from 
binding) at 5 mg/kg 10 minutes before the F(ab’)2 conjugates were 
administered and MRI was performed.

Four hours after the intravenous injection of antibody conju-
gates, a precontrast image was acquired and then an intravenous 
injection of 0.15 mmol/kg Gd-5HT-DOTAGA was adminis-
tered. Thereafter, MRI T1-weighted spin-echo images were ac-
quired serially during a 1-hour period. All animals with enhanc-
ing nonosteolytic tumors at MRI were imaged after an 18-hour 
to 20-hour delay. Precontrast T2-weighted images were used for 
selecting ROIs for quantitative analysis.

A separate group of animals bearing osteolytic MDA-MB-231 
tumors (six experimental rats and four control rats) was imaged 
by using 7.0-T MRI (ClinScan 70/30; Bruker) and PET/CT 
(see below) performed the next day by injecting the conjugates as 
described above followed by a 4-hour waiting period after which 
a dose of 0.2 mmol/kg Gd-5HT-DOTAGA was injected intra-
venously. The preinjection of free cetuximab was performed in 
a control group of animals as described above. Seven pre- and 
postcontrast MRI scans were acquired at 10-minute intervals by 
using spin-echo pulse sequence (repetition time, 600 msec; echo 
time, 6.6 msec; reconstruction matrix, 384 3 384; field of view, 
45 mm 3 45 mm).

SPECT Imaging
Animals were monitored for 26 days after implantation of cancer 
cells by using CT (NanoSPECT/CT; Bioscan). SPECT was sub-
sequently performed when signs of osteolysis were identifiable on 
CT images by injecting 0.8 mCi (29.6 MBq in 0.25 mL of saline) 
of 99mTc mertiatide–labeled anti-EGFR F(ab’)2 in the tail vein and 
acquiring images 6 hours after injection (n = 3). CT and SPECT 
reconstruction, image fusion, and calculation of imaging volumes 
were performed by using InVivoScope 1.37 software (Bioscan).

PET Imaging
The 68Ga-labeled 5HT-DOTAGA diluted in saline and 0.25 
mL (3–7 MBq per animal) were injected intravenously in the 

mertiatide–labeled anti-EGFR F(ab’)2) for SPECT/CT imag-
ing is described in Appendix E4 (supplement). Appendix E5 
(supplement) describes the synthesis of 5HT-DOTAGA and 
the conjugation of gadolinium to 5HT-DOTAGA (Gd-5HT-
DOTAGA) for MRI. Appendix E6 (supplement) describes 
the synthesis of 68Ga-labeled 5HT-DOTAGA tracer for PET/
CT imaging.

HRP and GOx Cross-Titration and MRI Enzyme-Linked 
Immunosorbent Assay
To determine the ratio of HRP:GOx EGFR-conjugated anti-
bodies needed for optimal signal, an enzyme-linked immuno-
sorbent assay was performed with varying concentrations of 
anti-EGFR F(ab’)2. Additional details on this assay are in Ap-
pendix E7 (supplement). Additionally, because one objective 
of this study was to assess the use of HRP and GOx-conjugated 
antibodies for MRI, an MRI enzyme-linked immunosorbent 
assay was performed to assess T1-weighted MRI signal (Ap-
pendix E8 [supplement]).

BLI Acquisition
Animals were anesthetized with isoflurane (1.75% in 30% oxy-
gen and nitrogen mixture), and an intraperitoneal injection of 
a dose of 100 mg/kg d-luciferin in 0.75 mL of saline was per-
formed. BLI (IVIS SpectrumCT; PerkinElmer) was performed 
on days 2, 6, 14, and 22 after implantation of TNBC 5 minutes 
after injection every 5 minutes for a total of 20 minutes to en-
sure the peak of luminescence was detected. The acquired 16-bit 
TIFF images were analyzed by using ImageJ (https://imagej.net/
Welcome), and luminescent tumor area and integrated intensity 
(in relative light units) were measured within the boundaries of a 
region of interest (ROI) with margins determined by signal levels 
equivalent to twice the background levels.

MRI Acquisition
Two groups of animals (four with osteolytic tumors and four 
with nonosteolytic tumors) underwent imaging by using 3-T 
MRI (Philips Achieva) without contrast enhancement on the 
30th day after cell implantation. The same animals were fur-
ther imaged between the 30th and 60th day after implantation 
after the consecutive intravenous injection of F(ab’)2 conju-
gates and Gd-5HT-DOTAGA. Animals were maintained un-
der gas anesthesia at 37°C throughout the experiments with 
respiratory monitoring. In experiments involving the injection 
of Gd-5HT-DOTAGA, a 26-gauge catheter capped with a 
needle port was placed in the tail vein for direct paramagnetic 
substrate administration.

A solenoid radiofrequency coil (50 mm 3 50 mm) was used 
for MRI signal collection. Initially a multisection T2-weighted 
image was acquired by using a spin-echo pulse sequence (repeti-
tion time msec/echo time msec, 4000/40) with the following 
MRI parameters: 41 sections; thickness, 0.7 mm; intersection 
gap, 0; field of view, 44 mm 3 44 mm; data acquisition ma-
trix, 148 3 144 (reconstruction matrix, 384 3 384); and seven 
excitations. Contrast agent–only administration and imaging 
were performed as follows: a precontrast (ie, obtained before the 
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Statistical Analysis
Standardized uptake values in PET experiments (both mean 
and maximum standardized uptake value) were used to calcu-
late tumor:muscle ratios, which were compared between PET/
CT groups as well as with corresponding MRI ROI within the 
same groups using the nonparametric Mann-Whitney-Wil-
coxon test. The comparison of mean luminescence and peak 
MRI CNRs in osteolytic versus nonosteolytic tumors was per-
formed using the same Mann-Whitney-Wilcoxon test. Differ-
ences were considered significant if two-tailed P , .05. MRI 
signal-decay data were plotted to obtain time decay constant 
values using the comparison of mono- and biexponential fit-
ting. For each model the better model was chosen when F test 
results were significant, and a simpler model (ie, the monoex-
ponential) was chosen in the case of P . .05.

Results

Synthesis and Testing of F(ab’)2-HRP and F(ab’)2-GOx 
System in TNBC Cells
The half-maximum effective concentrations were 0.18 µg/mL 
to 0.19 µg/mL for both anti-EGFR F(ab’)2-HRP and anti-
EGFR F(ab’)2-GOx conjugates as determined by cross-titra-
tion assay (Fig 2A). In the case of anti-EpCAM conjugates, we 
observed a much lower signal with the half-maximum effective 
concentration in the microgram range generated by either con-
jugate in the presence of the complementing enzyme activity 
(Fig E1B [supplement]).

tail vein (three experimental and four control animals) at 
4 hours after injection of the anti-EGFR F(ab’)2 HRP and 
anti-EGFR F(ab’)2-GOx conjugate mixture, at a dose of 
200 µg (1 mg/kg). The PET images were acquired at 1 
hour after tracer injection by using the Inveon PET/CT 
scanner (Siemens), at an acquisition time of 15 minutes. 
Images were analyzed and ROIs were drawn using Sie-
mens Inveon Research Workplace 4.0 software.

MRI Analysis
Initial enhancement (10–12-minute peak), delayed en-
hancement (1 hour), and serially acquired T1-weighted 
spin-echo MRI signals (12 minutes to 20 hours) were 
analyzed as signal decay curves in the tumor area defined 
by an ROI drawn in each section based on precontrast 
brightening on T2-weighted spin-echo images. The mean 
ROI signal intensity was calculated using ImageJ (33). 
For each imaging section, contrast-to-noise ratios (CNRs) 
were calculated as a difference between signal-to-noise ra-
tios in the tumor and in normal muscle by using the fol-
lowing equation: CNR = SNRt − SNRm = (SIt − SIm)/SDn, 
where SNR is signal-to-noise ratio, SNRt is the signal-to-
noise ratio in the tumor, SNRm is the signal-to-noise ratio 
in normal muscle, SIt is the in-section mean ROI signal 
intensity of tumor, SIm is the in-section mean ROI signal 
intensity of the muscle (contralateral extremity), and SDn 
is the standard deviation of noise (determined by placing 
ROI outside the body imaging section).

PET and MRI Registration and Quantitative Analysis
MRI sections were chosen for analysis by the operator to pro-
vide the best matching to the corresponding PET/CT-fused 
image. Look-up-table-inverted spin-echo T1-weighted MRI 
scans and PET/CT images were registered using bone struc-
ture as anatomic landmarks using the TrakEM2 tool (Fiji) 
(34). PET/CT images were segmented using the Trainable 
Weka Segmentation machine learning tool (35) (ImageJ) us-
ing random forest classifier with binary manual annotations 
for classifier training (ie, “category 1” ROI with standardized 
uptake value . 0.2 vs “category 2” [all background]). The ob-
tained PET/CT classified (segmented) image maps were pro-
cessed as follows: threshold was adjusted to isolate ROIs, ROI 
smoothing was applied, and particle analysis was performed 
in ImageJ using PET/CT ROIs redirected to MRI grayscale 
images. Mean MRI signal intensity values measured per ROI 
were used for final analysis.

Transcript Analysis and Immunohistochemistry Analysis
Expression of EGFR, fLUC, EpCAM, CDH1 (E-cadherin), 
CTNNB1 (b-catenin), and VIM (vimentin) were assessed from 
MDA-MB-231 tumors. Further details on messenger RNA, or 
mRNA, extraction and quantitative reverse transcriptase (qRT) 
polymerase chain reaction (PCR) are described in Appendix E9 
(supplement). Tissues were additionally assessed for the expres-
sion of EGFR and EpCAM using immunohistochemistry anal-
ysis. Protocols are described in Appendix E10 (supplement).

Figure 1: (A) A schema shows the main structural elements of F(ab’)2 conjugates with 
deglycosylated horseradish peroxidase (HRP) and glucose oxidase (GOx) synthesized by 
using metal-free click chemistry. (B) A schema of enzymatic activity complementation in-
volving reaction between GOx conjugated to F(ab’)2 and glucose that provides hydrogen 
peroxide used by HRP in the presence of 5-hydroxytryptamide of 2,2′,2′′-(10-(2,6-diox-
otetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid-
chelated gadolinium (III) or gallium 68 (68Ga) (III).
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In Vitro Characterization of TNBC Cells
To determine the sensitivity of fLuc1MDA-MB-231 detec-
tion based on cell-specific bioluminescence, we serially diluted 
cells and analyzed the lysates in the presence of d-luciferin and 
adenosine triphosphate. This assay showed that luminescence 
(log counts/sec) was linearly dependent on log of cell num-
ber in the range spanning at least three orders of magnitude 
(100–100 000 cells), and the count rates were acceptable for 
tracking the increase of cell numbers by a factor of five with 
sufficient precision (Fig E1C [supplement]). The comparison 
by qRT PCR of five key gene expression levels and fLuc marker 
(Table E2 [supplement]) showed that EGFR levels were similar 
in both cells and EpCAM was slightly elevated in fLuc1MDA-
MB-231, which was consistent with cell enzyme-linked immu-
nosorbent assay results (Fig E1B [supplement]). The expression 
of VIM and CTNNB1, the markers of epithelial-mesenchymal 
transition, were both upregulated compared with the nonfLuc-
expressing MDA-MB-231 cells (Table E2 [supplement]).

In Vivo Metastasis Model and Image-guided Differentiation 
between Tumor Phenotypes
The in vivo animal model of bone metastases used in this study 
was established by delivery of luciferase-expressing TNBC to 
the knee joint area in athymic rats. We tested both an inter-
ventional and a surgical (40) approach for TNBC cell deliv-
ery. Compared with the interventional procedure, the surgical 
approach was found to be superior regarding the tumor-take 
rate, resulting in reliable bone metastasis formation (Fig E2 
[supplement]). All animals described underwent the surgical 
procedure.

Rats that underwent surgical protocols and that were injected 
with fLuc-MDA-MB-231 developed tumors that exhibited two 

To establish the concentration range corresponding to 
the optimized enzyme-linked immunosorbent assay signal, 
we performed cross-titration of conjugates on the surface of 
fLuc1MDA-MB-231 cells (Fig 2A). The optimal comple-
mentation was achieved at the weight ratio of 0.7:1.0 (anti-
EGFR F(ab’)2-HRP: anti-EGFR F(ab’)2-GOx). We have pre-
viously observed the internalization of 70% to 75% of all 
bound anti-EGFR conjugates over the time course of 0.5 
hours to 3 hours in various cell lines overexpressing EGFR 
(ie, between 25% and 30% of the conjugates carrying en-
zymes were located on the surface of the cells [27,28]).

To compare T1-weighted contrast-assisted MRI and 
enzyme-linked immunosorbent assay with regard to their 
ability to generate EGFR-specific signal we chose another 
TNBC line, MDA-MB-468, as a positive control (Fig 2B). 
MDA-MB-468 cells express high levels of EGFR (approxi-
mately 1.3 3 106 EGFR per cell [36]) as a result of wild-type 
EGFR allele amplification (37,38). Both approaches showed 
higher signal associated with high levels of EGFR expression 
by MDA-MB-468 versus MDA-MB-231 cells, which express 
approximately two-times lower numbers of EGFR on the cell 
surface (39). The MRI approach appeared more sensitive with 
0.3 µg/mL anti-EGFR F(ab’)2-HRP versus 1.25 µg/mL (colo-
rimetric enzyme-linked immunosorbent assay), resulting in 
significant differences in MRI signal intensity between the 
two cell lines (P , .05). However, the conjugate concentra-
tion window was wider in the case of colorimetric enzyme-
linked immunosorbent assay and exceeded two orders of 
magnitude (Fig 2B). Both enzyme conjugates of anti-EGFR 
F(ab’)2 showed a high level of specific binding and uptake 
(Fig 2C), which exceeded 92% as was demonstrated by using 
an excess of unlabeled antibody fragment conjugates.

Figure 2: (A–C) Epidermal growth factor receptor (EGFR) expression by triple-negative breast cancer cells. Enzyme-linked immunosorbent assay and comparison with 
MRI signal change measured in MDA-MB-231 and MDA-MB-468 cells. (A) Results of cross titration of anti-EGFR-F(ab’)2–horseradish peroxidase (HRP) and anti-EGFR-
F(ab’)2–glucose oxidase (GOX) conjugates on live firefly luciferase (fLuc)+MDA-MB-231 cells. The amounts of conjugates added per well are shown along the y-axis and 
the x-axis. (B) Plot shows dependence of EGFR-specific contrast-to-noise ratio (CNR) determined by using T1-weighted MRI pulse sequence (red and blue solid lines, left 
y-axis) and enzyme activity complementation (specific-to-nonspecific absorbance ratio A/Ao, red and blue dashed lines, right y-axis) as a function of log anti-EGFR-HRP 
conjugate concentration. The concentration of anti-EGFR-GOX conjugate was kept constant at 800 ng/mL; the concentration of paramagnetic substrate gadolinium(III)-
mono-5-hydroxytryptamide of 2,2′,2′′-(10-(2,6-dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid) was 0.1 mM in 1% fetal calf 
serum, Hanks balanced salts solution. Blue indicates MDA-MB-468 cells (marked as 468), red indicates fLuc+MDA-MB-231 cells (marked as 231). (C) Bar graph shows 
specificity of conjugates. The fLuc+MDA-MB-231 cell-binding assay was performed by using technetium 99m mertiatide–labeled anti-EGFR F(ab’)2 with control samples 
containing a 10-fold molar excess of unlabeled conjugates.
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distinct phenotypes. In half of the animals (n = 4), an exponen-
tial increase in both mean luminescence intensity (BLI counts, 
doubling time of 4.7 days) and tumor size (BLI area, doubling 
time of 16 days) occurred in the knee joint area over time (Fig 
3A, Fig E3 [supplement]). The remaining animals with im-
planted cells (n = 4) showed BLI signal of fLuc1MDA-MD-231 
cells stabilizing over time instead of increasing exponentially 
(Fig 3A). We further used CT of the lower extremities to assess 
whether the differences in the longitudinal changes of BLI signal 
corresponded to the expansion of the tumor beyond the bound-
aries of the bone as a result of osteolysis. Examination of CT 
reconstructions of radiographic images obtained on day 20–22 
after tumor cell implantation established that all animals with 
stable and low BLI signal in the knee exhibited no signs of bone 
loss (Fig 3B); however, during the same time period the area of 
BLI-positive tumor increased approximately sixfold. Tumors in 
animals with exponentially increasing BLI signal intensity dem-
onstrated at least 100-fold higher mean BLI intensity than in the 
BLI stable group (Fig 3A–3C). In these animals, high BLI signal 
in the area of the knee corresponded to the extensive osteolysis 

that involved the femoral and, sometimes, the tibial bones (Fig 
3C). Based on this CT finding, animals were assigned to either 
an osteolytic or nonosteolytic group.

Imaging of Tumor Marker Expression and Histologic 
Corroboration
Tumor progression and osteolysis in fLuc1MDA-MB-231 tu-
mors allowed for the assessment of whether the developed le-
sions were exhibiting EGFR expression in vivo. We performed 
SPECT/CT imaging of the animals (n = 3) with verified osteo-
lytic phenotype after injecting 99mTc mertiatide–labeled anti-
EGFR F(ab’)2, which was mapped to the area of the knee that 
exhibited femoral and tibial osteolysis (Fig 3D). These SPECT/
CT and BLI imaging results obtained in osteolytic tumors were 
corroborated with histologic analysis of normal knee bone and 
osteolytic tumor structure (Fig 4A). Osteolytic tumors showed 
expansion of the tumor mass beyond the boundaries of the knee 
bones as assessed by histologic examination. The cells compris-
ing the tumor front in the muscle tissue expressed EGFR dur-
ing the invasion of the tumor (Fig 4B). Immunohistochemistry 

Figure 3: (A–D) Multimodality imaging characterization of osteolytic and nonosteolytic fLuc-MDA-MB-231 tumors. (A) Graph 
shows that bioluminescence imaging (BLI) in tumors shows differences between osteolytic phenotype (high mean bioluminescence sig-
nal) and nonosteolytic phenotype (low bioluminescence signal) at 2 and 22 days after implantation. Mean data are ± standard devia-
tion (four rats per group). (B) BLI scan (top) and CT image (bottom) in lower extremities, nonosteolytic tumor phenotype. (C) BLI scan 
(top) and CT image (bottom) in lower extremities, osteolytic tumor phenotype; the bone subjected to osteolysis is shown (arrow). (D) 
A representative SPECT/CT image of epidermal growth factor receptor (EGFR)–positive tumor (arrow) in the knee area of the animal 
shown in C by using technetium 99–labeled anti-EGFR-F(ab’)2 fragment (fused SPECT/CT image, maximum intensity pixel [MIP]). A = 
axial image projection, C = coronal, fLuc = firefly luciferase, RLU = relative light unit, S = sagittal.
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analysis also showed that the majority of tumor cells invading 
the muscle were positive for fLuc expression, confirming that 
the invading cells were the MDA-MB-231 type (Fig 4C). In 

nonosteolytic bone tumors that were posi-
tive for luciferase at BLI, immunohisto-
chemistry analysis showed large areas of 
EGFR-positive tumor cell dissemination 
across the bone marrow, which contained 
multiple cystlike structures (Fig 4D). Us-
ing parallel section processing we also 
observed EpCAM-positive cells (Fig 4E), 
whereas no EpCAM-positive cells were 
detected in osteolytic tumors (Fig 4F).

MRI in Bone Tumor Metastasis Model
We performed MRI at 3 T with and with-
out contrast enhancement in selected 
animals 20–30 days after the tumor cells 
were surgically delivered to the bone. To 
achieve MRI of receptor-specific signal, 
we used Gd-5HT-DOTAGA (Fig E4 
[supplement]). The presence of glucose 
in the extracellular medium provided a 
source of hydrogen peroxide from cata-
lytic activity of GOx conjugated to the 
anti-EGFR F(ab’)2. Hydrogen peroxide is 
then consumed by HRP, and quick reduc-
tion of oxidized HRP is enabled by the 
Gd-5HT-DOTAGA-reducing substrate 
(Fig 1B).

Before performing in vivo imaging of 
rats harboring bone tumors, we performed 
in vitro testing of Gd-5HT-DOTAGA at 
various concentrations by adding both GOx 
and HRP conjugates and measuring the 
change of water proton relaxation times. In 
vitro testing showed a time-dependent 1.6- 

to 1.9-fold increase of molar relaxivity of gadolinium (r1) mea-
sured at 0.47 T in the absence of albumin and a 2.5-fold increase 
of r1 in the presence of both albumin and conjugates (Fig E4B 

Figure 4: (A–F) Histologic and immunohisto-
chemistry analysis of osteolytic (O) and nonosteolytic 
(NO) firefly luciferase (fLuc)+MDA-MB-231 bone 
metastasis models. (A) Hematoxylin-eosin (H&E) stain-
ing of decalcified knee area section of osteolytic tumor 
phenotype. Inset shows hematoxylin-eosin staining of a 
normal (NML) rat knee bone. (B) Anti–firefly luciferase 
immunohistochemistry staining of muscle (M) invading 
osteolytic tumor front (blue). (C) Anti-epidermal growth 
factor receptor (EGFR) immunohistochemistry staining of 
invading osteolytic tumor front (blue). (D) Nonosteolytic 
tumor dissemination in the bone marrow, anti-EGFR 
immunohistochemistry staining (blue). Inset, normal 
bone marrow section stained with anti-EGFR antibody 
(control animal). (E) Osteolytic tumor section immuno-
histochemistry staining with anti-epithelial cell adhesion 
molecule (EpCAM). (F) Nonosteolytic tumor section 
immunohistochemistry staining with anti-EpCAM anti-
body (blue). Inset, normal bone marrow section stained 
with anti-EpCAM antibody (control animal). * bone. 
Arrows indicate antibody-positive cells. Counterstaining 
(Fast Nuclear Red) bar in A, 400 µm; counterstaining 
bars in B–E, 200 µm.
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[supplement]). In the absence of conjugates, 
no appreciable increase of r1 was observed.

We then performed coinjection of HRP 
and GOx conjugates of anti-EGFR F(ab’)2 
in rats harboring both phenotypes of fluc-
1MDA-MB-231 bone tumors by using the optimized ratio of 
HRP and GOx activity in the conjugates, which was determined 
by testing in cell culture. Consecutive intravenous injections of 
anti-EGFR conjugates and Gd-5HT-DOTAGA were separated 
by a 4-hour interval (ie, a period exceeding the half-life of conju-
gates in the bloodstream by approximately a factor of two [28]). 
Consequently, an increase of mean MRI signal was measured in 
the ROIs outlined by using T2-weighted enhancement at pre-
contrast spin-echo MRI (Fig 5A). Unlike in normal bone mar-
row, in both osteolytic and nonosteolytic tumors the contrast 
enhancement was highly significant approximately 12 minutes 
after intravenous injection of 0.15 mmol of gadolinium per kilo-
gram of Gd-5HT-DOTAGA (ie, at the measured peak of signal 
increase) (Fig 5B). The initial enhancement was followed by a 
period of MRI signal decay over time (Fig 5B, Table 1).

We further analyzed the differential MRI signal decay in vivo 
by using dynamic T1-weighted signal acquisition. The compari-
son of signal decay kinetics performed by data fitting of MRI 
signal change over time suggested monoexponential signal de-
cay under conditions when either no anti-EGFR F(ab’)2 conju-
gates were injected or if one of the conjugates was replaced by 
a conjugate of anti-EpCAM F(ab’)2. In the case of the peak of 
EpCAM F(ab’)2 conjugate the enhancement measured as mean 
tumor CNR was still two times higher than the value of CNR 
at the peak when Gd-5HT-DOTAGA was injected alone (Table 
1). The largest CNR value change (ie, 4.7 times higher than non-
specific CNR at the peak) and biexponential decay of CNR was 
observed after intravenous injection of both anti-EGFR con-
jugates and Gd-5HT-DOTAGA. The mean values of CNR in 
nonosteolytic tumors were higher overall than in the osteolytic 
group (29 vs 17; P , .01) in CNR between the groups because 

Figure 5: (A–D) MRI scans and graphs 
show osteolytic and nonosteolytic bone tumors 
with gadolinium(III)-mono-5-hydroxytryptamide of 
2,2′,2′′-(10-(2,6-dioxotetrahydro-2H-pyran-3-yl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic 
acid) (Gd-5HT-DOTAGA). (A) Comparative mor-
phologic structure of representative osteolytic and 
nonosteolytic bone firefly luciferase+MDA-MB-231 
tumors shown as T2-weighted (T2w) spin-echo (SE) 
maximum intensity pixel (MIP) projection images and 
T1-weighted spin-echo pulse sequence 3.0-T MRI 
scans acquired in-section pre-Gd-5HT-DOTAGA (pre-
contrast) and after Gd-5HT-DOTAGA (post-contrast) 
(0.15 mmol/kg) administration. The animals were 
preinjected with a mixture of anti-epidermal growth 
factor receptor (EGFR)-F(ab’)2-horseradish peroxidase 
(HRP) and anti-EGFR-F(ab’)2-glucose oxidase (GOx) 
conjugates before Gd-5HT-DOTAGA injection. (B) 
Dynamic contrast enhancement in tumors (at 3.0-T MRI) 
expressed as contrast-to-noise (CNR) ratio. CNR of 
bone tumor images in animals preinjected with anti-
EGFR conjugates before (pre) and 12 and 60 minutes 
after injection of Gd-5HT-DOTAGA. CNR in animals 
with CT-confirmed osteolysis and nonosteolytic tumors 
are shown compared with normal bone marrow (BM) 
enhancement. Mean data are ± standard deviation 
(four tumors per group, two to three MRI sections 
per animal). (C) CNR of tumors in experimental and 
control groups (three tumors per group, two to three 
MRI sections per animal); MRI was performed at 7.0 T. 
Control group animals were preinjected with a block-
ing dose of cetuximab (5 mg/kg) before injection of 
a mixture of anti-EGFR-F(ab’)2-HRP and anti-EGFR-
F(ab’)2-GOx conjugates. Significant differences were 
observed at 12 minutes (first T1-weighted spin-echo 
pulse sequence acquisition) and at 60 minutes after 
injection of Gd-5HT-DOTAGA (0.2 mmol/kg). (D) 
Representative 7.0-T MRI scans of invasive tumor: (1) 
T2-weighted spin-echo maximum intensity pixel projec-
tion, (2) pre-Gd-5HT-DOTAGA injection T1-weighted 
spin echo, (3) 12 minutes after Gd-5HT-DOTAGA 
injection T1-weighted spin echo, (4) 60 minutes after 
Gd-5HT-DOTAGA injection T1-weighted spin echo. 
Arrowheads point to the tumor in panels A and D. 
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early MRI signal-to-noise ratio in nonosteolytic tumors was ap-
proximately two times higher than in osteolytic tumors (Fig 5B). 
The blocking study performed by using a preinjection of free 
cetuximab showed that the CNR for EGFR was reduced when 
blocked (mean CNR, 24 vs 48; P , .01); the difference in en-
hancement levels decreased over 1 hour but remained significant 
(mean CNR, 12 vs 19; P , .05; Fig 5C, 5D).

Multimodality Imaging in the Same Group of Animals
A separate group of animals (n = 10; six experimental and four 
control rats) was selected for sequential PET and MRI acquisi-
tions. These rats were surgically implanted with MDA-MB-231 
cells. The injection of anti-EGFR conjugates was followed by 
the corresponding imaging substrates (ie, 68Ga-labeled 5HT-
DOTAGA for PET imaging and Gd-5HT-DOTAGA for MRI 
on two consecutive days [Fig 6).

Virtual imaging planes were selected by performing three-
dimensional CT reconstructions of the bone. Those planes cor-
responded to osteolytic and nonosteolytic areas of the tumor 
metastasis model, and they were further matched to individual 
MRI sections (Fig 6A, 6B). The analysis of tumor-to-muscle 
standardized uptake value ratios calculated across PET images 
showed that the ratios for whole tumors at PET/CT ranged be-
tween 1.2 and 5.8, and their muscle-invading margins EGFR-
overexpressing tumors showed higher ratios ranging between 
11.1 and 22.3; however, these differences were not statistically 
significant (Mann-Whitney test, P = .1) (Fig 6C). Furthermore, 
transaxial sections of the reconstructed image volumes were 
matched by applying PET/CT to MRI nonrigid image registra-
tion guided by anatomic landmarks, which were identifiable in 
both image data sets (ie, femur, fibula, and tibia; Fig 6B). Image 
registration enabled analysis of MRI by using ROI derived from 
PET/CT images. These ROIs were selected by applying classi-
fied image segmentation of PET/CT fused images with thresh-
olding at standardized uptake value of greater than 0.2, and the 

measurements of mean MRI signal intensities associated with 
each individual ROI (Fig E5 [supplement]) were compared with 
muscle (background) MRI signal intensities (Fig 6D). The anal-
ysis of multiple ROIs showed that the areas with standardized 
uptake value of greater than 0.2 on PET images corresponded 
to the areas of MRI sections that exhibited elevated T1-weighted 
MRI signal intensity (P , .001) (Fig 6D) if compared with 
tumor-free muscle ROIs, which did not show enhancement on 
both PET and MRI.

To determine if the observed PET signal and matched MRI 
enhancement corresponded to overexpression of EGFR, we 
further performed partial molecular characterization of tumor 
transcripts by using qRT PCR analysis. The cDNA samples were 
synthesized after sampling the total tumor and highly enhancing 
areas that were identified at PET imaging (Table 2). The qRT 
PCR data showed an increase in the levels of EGFR expres-
sion in the invading and PET-enhanced tumors compared with 
proximally mapped tumor mass and the parent MDA-MB-231 
cells (P , .001). These data also showed that in bone metastases 
there was a decrease in expression of both cancer-associated Ep-
CAM and the markers of epithelial-to-mesenchymal transition 
in breast cancer cells (ie, b-catenin and vimentin; 41).

Discussion
Tumor metastases frequently have a phenotype different from 
that of the primary tumor; molecular imaging may be a tech-
nique that can be used to differentially image these two tumor 
populations (42). Because assumptions made on the basis of 
primary tumor phenotype are potentially flawed, the direct 
characterization of metastases may result in more precise can-
cer treatment options. Our main research goal was to explore 
whether EGFR expression in TNBC cells could be tracked after 
tumor cells are delivered to the bone using high-spatial-resolu-
tion and/or high sensitivity imaging modalities. The second-
ary goal was to determine whether imaging signatures during 

Table 1: Kinetic Parameters of 3-T MRI Signal Decay Curves in MDA-MB-231 Bone Metastasis Model Tumors Measured 
with or without Preinjection of F(ab’)2 Conjugates with Horseradish Peroxidase and Glucose Oxidase

Experimental Group Maximum CNR*

One-Phase Decay Model† Two-Phase Decay Model

t0 (min) k (min-1) t1 (min) k1 (min-1) t2 (min) k2 (min-1)

No preinjection of 
conjugates

6.1 6 1.6 40.1 0.025 6 0.008 … … … …

Preinjection of anti-
EpCAM-HRP/
anti-EGFR-GOx

13.6 6 2.4 52.0 0.019 6 0.003 … … … …

Preinjection of anti-
EGFR-HRP/anti-
EGFR-GOx

29.2 6 4.5 … … 21.7 0.046 6 0.035 929.5 0.010 6 0.004

Note.—Mean data are 6 standard deviation. CNR = contrast-to-noise ratio, EGFR = epidermal growth factor receptor, EpCAM = epithelial cell 
adhesion molecule, GOx = glucose oxidase, HRP = horseradish peroxidase.
* Measured after gadolinium(III)-mono-5-hydroxytryptamide of 2,2′,2′′-(10-(2,6-dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclodo-
decane-1,4,7-triyl)triacetic acid) injection. The injected dose was 0.15 mmol Gd/kg, n = 3 (osteolytic tumor group); n = 4 (nonosteolytic tumor 
group). Contrast-to-noise ratio = (SIt − SIm)/SDn, where SIt is the in-section mean region-of-interest signal intensity of tumor, SIm is in-section 
mean region-of-interest signal intensity of the muscle (contralateral extremity), and SDn is standard deviation of noise.
† The best fit was determined by using statistical extra sum-of-squares F test and the simpler model was selected unless P value was less than .05.
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tumor development could be used to predict whether tumor 
cells would undergo phenotype change from nonosteolytic to 
osteolytic. The major advantage of the orthotopic model used 
in our study (40) was the feasibility of longitudinal assessment 
of metastatic disease (43) because reduced observation time 
from disseminated disease is typical for other commonly used 
models of cancer metastases. Compared with models requir-
ing local orthotopic tumor cell injections, which are usually 

performed in the tibia (44), the effects secondary to local bone 
destruction and resulting from drilling a hole in the tibia were 
not encountered because we used an intra-arterial approach for 
tumor cell inoculation in our study.

Toward the research goals of our study, we tested a multi-
modality imaging approach combining sensitivity of in vivo 
bioluminescent detection of highly aggressive MDA-MB-231 
breast cancer variant (45) with high-resolution tomographic 

Figure 6: (A–D) Multimodality micro-PET/CT and 7.0-T MRI of osteolytic bone metastasis using anti–epidermal growth factor receptor 
(EGFR) conjugates injection followed by imaging substrate gallium 68-mono-5-hydroxytryptamide of 2,2′,2′′-(10-(2,6-dioxotetrahydro-2H-
pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid)-(5HT-DOTAGA) and gadolinium(III)-5HT-DOTAGA, respectively, 
and associated graphs. (A) Three-dimensional CT reconstruction map displaying osteolysis as a consequence of MDA-MB-231 tumor 
growth, with imaging planes numbered. (B) PET/CT images (left) after registering to corresponding MRI sections (right) acquired at plane 
positions shown in A. MRI scans were used as reference to target PET/CT images for image registration purposes by using a set of land-
marks (Fig E5 [supplement]). Numbers correspond to numbered imaging planes in A. * Femur. (C) PET tumor-to-muscle mean standardized 
uptake value (SUV) ratios (open circles) and maximum SUV ratios (filled circles) measured in total tumor volume in control group that under-
went blocking anti-EGFR antibody preinjection (black circles), experimental group (blue circles), and tissue-infiltrating bone tumor fraction in 
experimental groups (red circles) (three tumors per group). * Statistically significant difference (Mann-Whitney nonparametric test, P < .05). 
(D) MRI signal intensity measured by using TW-segmentation of PET/CT images for region of interest analysis (SUV > 0.2) identified as tu-
mor (n = 15) versus background signal intensity measured in the muscle (n = 10). Data shown as mean ± standard deviation were analyzed 
by using Mann-Whitney nonparametric test (P < .001). AU = arbitrary units, TW = trainable Weka.
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characterization of the whole tumor volume by enzyme-medi-
ated imaging signal amplification strategy (26,29). The approach 
used in this work was previously designed and tested for imaging 
signal amplification (29). The approach is based on two anti-
body fragments linked to peroxidase (HRP in this study) and 
GOx, in which both enzymes have complementing activities. 
When the conjugates colocalize on the surface of the same cell, 
hydrogen peroxide generated by GOx is rapidly scavenged by 
peroxidase, which undergoes oxidation. Peroxidases are reduced 
to catalytically active state by synthetic substrates containing 
tyramide (29) or 5HT (46,47) moieties as well as macrocyclic 
chelates of paramagnetic or positron-emitting metal cations such 
as Gd-DOTAGA (Figs 1, E4 [supplement]). If these substrates 
are introduced by intravenous injection, the short-lived radicals 
generated by peroxidase-mediated catalysis in vivo may either 
undergo oligomerization or may bind directly to nearby proteins 
(Fig 1). In both cases, the paramagnetic products of peroxidase 
reaction are retained locally and have higher molar relaxivity 
than the initial substrates, which translates into high MRI sig-
nal. Radioactive reducing substrates are converted into products 
that are retained because of stable binding within the site of con-
jugate colocalization. In the case of radioisotope-based reducing 
substrates, the signal amplification effect is the consequence of 
multiple enzymatic catalytic cycles involving these substrates.

We previously demonstrated the feasibility of EGFR imag-
ing in orthotopic rat models of glioblastoma by using enzyme-
linked F(ab’)2 of matuzumab (EMD72000 mAb derived from 
mAb 425 [48] that has high affinity to a truncated EGFR variant 
[EGFRvIII] [27,28]). In the current work we took advantage of 
the high affinity and specificity of cetuximab (mAb C225) to 
the wild-type EGFR epitopes since the dissociation constant of 
cetuximab and its fragments is lower than that of EMD72000 
mAb by at least two orders of magnitude (49,50), thus improving 
the affinity of the conjugates and their receptor association rates, 
which are both important for in vivo imaging. We also used the 
novel highly soluble chelate 5HT-DOTAGA, which functions 
as a reducing imaging substrate of peroxidases (47). In its native 
state Gd-5HT-DOTAGA was eliminated faster from both ex-
perimental tumor metastases (target) and muscle (nontarget) tis-
sues in the absence of anti-EGFR F(ab’)2 conjugates in monoex-
ponential fashion, unlike previously reported imaging substrates 
(28). This simplified the interpretation of experimental results 
because the retention of Gd-5HT-DOTAGA products with the 

average time constant t2 greater than 10 t1 was observed only in 
the case of injection of a combination of EGFR-specific MRI 
signal–amplifying anti-EGFR F(ab’)2 HRP and GOx conjugate. 
The prolonged retention of enzymatic reaction products in the 
tumors suggested specificity of enzyme activity complementa-
tion in the case of osteolytic and nonosteolytic MDA-MB-231 
tumors. Anti-EpCAM conjugate imaging data were consistent 
with downregulation of this tumor marker, which was identified 
by qRT PCR analysis in osteolytic MDA-MB-231 tumors. The 
observed decrease in E-cadherin mRNA levels, in addition to 
downregulation of vimentin and upregulation of EGFR (Table 
2) were consistent with markers of well-differentiated basal-like 
invasive phenotype of both fLuc1MDA-MB-231 and tissue-
invading MDA-MB-231 wild-type tumor metastases (51,52).

The cations of gadolinium and gallium are trivalent and form 
very stable chelates with tetraazacyclododecanetetraacetic acid 
(53). Consequently, MRI signal amplifying strategy with en-
zymatic activity complementation may be repurposed for 68Ga 
PET imaging, which has certain advantages over MRI for imag-
ing peroxidase activity in vivo because of greater sensitivity of 
detection (54). In the case of multimodality MRI and PET/CT 
imaging studies performed by using Gd-5HT-DOTAGA and 
68Ga-labeled 5HT-DOTAGA tracer in the same groups of ani-
mals (Fig 6C, 6D) the consistency of imaging findings between 
PET and MRI studies was of prime importance.

This study had several limitations. The first was inherent in 
high-field-strength imaging of experimental animals; whereas 
7-T MRI provided higher CNR primarily because of low 
noise (Fig 5) and ensured high image resolution, MRI signal 
gains because of peroxidase-generated products binding are 
lower at 7 T compared with 3 T. The benefits of gadolinium 
chelate binding to proteins resulting from longitudinal re-
laxivity increase are lower at higher magnetic fields (55). The 
second limitation was because of the overall low tumor-asso-
ciated radioactivity by using PET/CT relative to MRI signal 
intensity increase. The likely explanation is in the nature of 
enzymatic reaction, which is at the core of signal amplifica-
tion effect. The level of reaction products formation depends 
on local concentration of the substrate (ie, 68Ga-labeled 5HT-
DOTAGA in the case of PET). Because PET tracers have 
high specific radioactivity and the injected physical amounts 
of the substrate were low, the local concentration of the re-
ducing substrate in tumors was insufficient for achieving high 

Table 2: Relative Gene Transcription Levels in Experimental MDA-MB-231 Tumor Bone Metastases

cDNA Source EGFR EPCAM CDH1 CTNNB1 VIM

fLuc1MDA-MB-231 1.61 0.25 0.06 0.51 0.01
MDA-MB-231, low SUV† 0.05–0.49 0.81 0.86 1.09 0.01
MDA-MB-231, high SUV† 2.85–5.39* 0.28–0.57* 0.20 0.99 0.09–0.29*

Note.—Ratio of signals normalized to GAPDH expression Ct (2GAPDH Ct), relative to fold change (2^(2Ct2Ct)) of transcript 
levels expressed by the wild-type MDA-MB-231 cell line, averages of three replicates. cDNA = complementary DNA, fLuc = firefly lucifer-
ase, SUV = standardized uptake value.
* Range of ratios determined in two to three independent RNA isolation experiments.
† Tumor samples were isolated from fixed tissue corresponding to low PET and high PET signals (standardized uptake value ratios, Fig 6C).
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signal-to-background ratios. Whereas qRT PCR corrobora-
tion confirmed the specificity of EGFR imaging by PET (ie, 
the correspondence between standardized uptake value and 
EGFR expression levels; Table 2) and high standardized up-
take value regions generally overlapped with high MRI sig-
nal ROIs, there were no apparent benefits in comparison to 
alternative pretargeting PET imaging techniques (56). The 
third limitation was in the potential nonspecific toxicity of 
antibody-conjugated GOx. Although the enzyme has an ac-
ceptable systemic toxicity profile (57), receptor-mediated in-
ternalization of GOx in tumor and normal cells can lead to 
toxic effects (58,59).

In conclusion, receptor-specific imaging signal detection 
achieved by enzyme-mediated amplification of paramagnetic 
and PET probes indicated persistent EGFR expression in experi-
mental metastases, particularly at the invasive edge of the lesions, 
which showed striking differences in time-dependent evolution 
of bioluminescence signal, suggesting potential for noninvasive 
imaging of the transition from nonosteolytic to osteolytic phe-
notype. The analysis of MRI signal alone and of PET/CT image 
registration with MRI showed that tumor-associated high stan-
dardized uptake value areas corresponded to the elevated MRI 
signal mapped to the same ROIs and was in line with EGFR 
mRNA expression levels. Our imaging-based observations were 
independently corroborated by tissue histopathologic examina-
tion and qRT PCR of major transcripts, which suggests that 
analysis of noninvasive multimodality imaging signatures of key 
surface molecules may have a substantial role in developing treat-
ment combination options for patients with metastatic cancer.
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