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ABSTRACT
We previously reported that microSPECT/CT imaging with 111In-labeled pertuzumab detected decreased
HER2 expression in human breast cancer (BC) xenografts in athymic mice associated with response to
treatment with trastuzumab (Herceptin). Our aim was to extend these results to PET/CT by constructing
F(ab0)2 of pertuzumab modified with NOTA chelators for complexing 64Cu. The effect of the administered
mass (5–200 mg) of 64Cu-NOTA-pertuzumab F(ab0)2 was studied in NOD/SCID mice engrafted with HER2-
positive SK-OV-3 human ovarian cancer xenografts. Biodistribution studies were performed in non-tumor
bearing Balb/c mice to predict radiation doses to normal organs in humans. Serial PET/CT imaging was
conducted on mice engrafted with HER2-positive and trastuzumab-sensitive BT-474 or trastuzumab-
insensitive SK-OV-3 xenografted mice treated with weekly doses of trastuzumab. There were no significant
effects of the administered mass of 64Cu-NOTA-pertuzumab F(ab0)2 on tumor or normal tissue uptake. The
predicted total body dose in humans was 0.015 mSv/MBq, a 3.3-fold reduction compared to 111In-labeled
pertuzumab. MicroPET/CT images revealed specific tumor uptake of 64Cu-NOTA-pertuzumab F(ab0)2 at 24
or 48 h post-injection in mice with SK-OV-3 tumors. Image analysis of mice treated with trastuzumab
showed 2-fold reduced uptake of 64Cu-NOTA-pertuzumab F(ab0)2 in BT-474 tumors after 1 week of
trastuzumab normalized to baseline, and 1.9-fold increased uptake in SK-OV-3 tumors after 3 weeks of
trastuzumab, consistent with tumor response and resistance, respectively. We conclude that PET/CT
imaging with 64Cu-NOTA-pertuzumab F(ab0)2 detected changes in HER2 expression in response to
trastuzumab while delivering a lower total body radiation dose compared to 111In-labeled pertuzumab.
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Introduction

The human epidermal growth factor receptor-2 (HER2) is over-
expressed in 15–20% of breast cancers (BC) and confers a poor
prognosis.1-3 Treatment with trastuzumab (Herceptin, Roche), a
humanized IgG1 anti-HER2 monoclonal antibody (mAb) com-
bined with chemotherapy improves patient outcome in the adju-
vant and metastatic settings in patients who have BC that is
defined as HER2-positive either by immunohistochemistry
(IHC) or in situ hybridization (ISH) analyses.4-6 Guidelines have
been established to define tumor HER2 positivity using these
techniques.7 Despite the establishment of trastuzumab as the
standard-of-care for treatment of HER2-positive BC, clinical tri-
als revealed that only 1 in 2 patients with HER2-positive tumors
responded to trastuzumab combined with chemotherapy4 and
most responding patients acquire resistance within a year.8 It
has also been proposed that some patients with BC classified as
HER2-negative may also receive benefit from trastuzumab.9

Molecular imaging which includes single photon emission
computed tomography (SPECT) and positron emission tomogra-
phy (PET) provides a sensitive tool to non-invasively assess tumor
phenotype at any location in the body and monitor response to
targeted cancer therapies.10 One proposed mechanism of action of

trastuzumab involves the induction of HER2 internalization,
which reduces the density of HER2 on tumor cells available for
receptor dimerization and oncogenic signaling.11 Probing changes
in HER2 expression in tumors could be a promising strategy to
discriminate responders from non-responders to trastuzumab
treatment. Pertuzumab is a humanized IgG1 mAb that binds
domain II on HER2 and hinders receptor dimerization.12 Because
the HER2 binding domain of pertuzumab is distinct from that of
trastuzumab (domain IV) and pertuzumab has a different mecha-
nism of action than trastuzumab,13 these mAbs have been admin-
istered in combination to improve patient outcome.14,15 We
previously reported that microSPECT/CT imaging with 111In-
labeled pertuzumab sensitively detected changes in HER2 expres-
sion in MDA-MB-361 human BC xenografts in athymic mice fol-
lowing treatment with trastuzumab, based on our finding that the
binding of the imaging probe to HER2 is not affected by trastuzu-
mab binding.16 Decreased HER2 expression was detected by imag-
ing as early as 3 days after commencing trastuzumab treatment,
and images at 21 days demonstrated significantly lower tumor
uptake of 111In-labeled pertuzumab was associated with almost
complete tumor eradication. Our group has launched a Phase 1/2
clinical trial (PETRA trial; ClinicalTrials.gov identifier

CONTACT Raymond M. Reilly raymond.reilly@utoronto.ca Pharmaceutical Sciences, University of Toronto, Leslie Dan Faculty of Pharmacy, 144 College St.,
Toronto, ON, Canada, M5S 3M2.
© 2017 Taylor & Francis Group, LLC

MABS
2017, VOL. 9, NO. 1, 154–164
http://dx.doi.org/10.1080/19420862.2016.1255389

http://dx.doi.org/10.1080/19420862.2016.1255389


NCT01805908) investigating SPECT/CT imaging with 111In-
labeled pertuzumab to detect changes in tumor HER2 expression
in patients with metastatic BC treated with trastuzumab and che-
motherapy. The clinical formulation and translational preclinical
studies that were required to advance this imaging agent to clinical
trial are reported elsewhere.17,18

In the study reported here, our aim was to develop an analo-
gous positron-emitting imaging probe based on pertuzumab to
detect trastuzumab-mediated HER2 internalization that would
extend these promising findings to PET, and potentially reduce
the radiation dose associated with the 3 administrations of 111In-
labeled pertuzumab required in the PETRA clinical trial protocol.
The predicted combined total body radiation dose for these 3
imaging studies performed at baseline, 1 week and 4 weeks after
commencing treatment with trastuzumab and chemotherapy was
17 mSv, based on an administered amount of 111 MBq of 111In-
labeled pertuzumab for each study (0.05 mSv/MBq).18 PET is
100-fold more sensitive than SPECT and yields high resolution
images that are more accurately quantitated.19 64Cu is an attrac-
tive positron-emitter for labeling pertuzumab because it is pro-
duced in a biomedical cyclotron,20 emits a moderate energy
positron [0.7 MeV (19%)] that provides good intrinsic spatial
resolution (0.7 mm), and is strongly complexed by macrocyclic
chelators such as 1,4,7-triazacyclononane-1,4,7-triacetate
(NOTA) that are easily conjugated to antibodies.21 Due to the
short half-life of 64Cu (t1/2 D 12.7 h), it is necessary to employ
mAb fragments [e.g., Fab or F(ab0)2], which are taken up by
tumors but rapidly eliminated from the blood and most normal
tissues, to provide high tumor:blood ratios within the useful life-
time of the radionuclide [up to 48 h post-injection (p.i)]. The
short half-life of 64Cu combined with the rapid elimination of
mAb fragments is expected to minimize the radiation dose for
the imaging procedure. We report here the synthesis and

characterization of 64Cu-NOTA-pertuzumab F(ab0)2 and its first
evaluation for detecting changes in HER2 expression and
response to treatment in athymic mice with trastuzumab-sensi-
tive BT-474 human BC xenografts and trastuzumab-resistant SK-
OV-3 human ovarian cancer xenografts. We further studied the
effect of increasing the administered mass of 64Cu-NOTA-pertu-
zumab F(ab0)2 on tumor and normal tissue uptake, and projected
the radiation absorbed doses in humans based on its pharmaco-
kinetics of uptake and elimination from normal organs in mice.

Results
64Cu-NOTA-pertuzumab F(ab0)2

F(ab0)2 were obtained in high purity (>90%) by pepsin diges-
tion of pertuzumab IgG as shown by SE-HPLC analysis, which
demonstrated a single peak (not shown), and by SDS-PAGE
analysis (Fig. 1A), which revealed one major band associated
with a protein with Mr � 110 kDa. The chelate substitution
level achieved for F(ab0)2 concentrations of 2.5, 5, or 10 mg/mL
reacted with a 5- or 10-fold molar excess of p-SCN-Bn-NOTA
are shown in Table 1. NOTA-pertuzumab F(ab0)2 exhibited a
single major band on SDS-PAGE analysis (Fig. 1B). The substi-
tution levels of NOTA per pertuzumab F(ab0)2 measured from
the ITLC-SG assay were in good agreement with those mea-
sured by the UV spectrophotometric assay (Table 1). The reac-
tion using 2.5 mg/mL of F(ab0)2 protein and a 10-fold molar
excess of NOTA yielded a substitution level of 4.1 § 1.9
NOTA/F(ab0)2, and these reaction conditions were used for all
subsequent experiments. Following purification by ultrafiltra-
tion, the final radiochemical purity of 64Cu-NOTA-pertuzumab
F(ab0)2 was 85–95% by both ITLC-SG and SE-HPLC (Fig. 1C).
64Cu-NOTA-F(ab0)2 demonstrated saturable binding to SK-

Figure 1. SDS-PAGE analysis of unconjugated F(ab’)2 (A) and NOTA-F(ab’)2 immunoconjugate (B). A protein ladder for standard molecular weights (MW) is also shown.
(C) SE-HPLC analysis with ultraviolet (UV) detection at 280 nm of 64Cu-NOTA-pertuzumab F(ab’)2 [retention time (tR) D 8.5 mins; red line] and the corresponding chro-
matogram obtained by radioactivity detection using a flow scintillation analyzer (FSA) detector (tR D 9.8 mins; blue line). The small peak on the UV trace with tR D 10.4
mins represents low molecular weight impurities including unconjugated NOTA (<5%). The offset for the radiochromatogram relative to UV detection corresponds to
the time interval required for eluate to flow from the UV to FSA detector which are in sequence. The larger flow cell of the FSA detector causes peak broadening com-
pared to the UV detector. The chemical and radiochemical purity of 64Cu-NOTA-pertuzumab F(ab’)2 by SE-HPLC analysis was >95%.
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BR-3 cells with Kd and Bmax values of 2.6 § 0.3 nM and 0.9 §
0.3 £ 106 receptors/cell, respectively. These values were similar
to those reported by our group for 111In-BzDTPA-pertuzumab
(Kd D 2.0–5.3 nM, Bmax D 1.2–1.3 £106 receptors/cell).16,17

Trastuzumab-mediated HER2 internalization

The binding of 64Cu-NOTA-pertuzumab F(ab0)2 by BT-474
cells was significantly reduced to 67.0 § 8.1% (P < 0.05) fol-
lowing exposure to trastuzumab (14 mg/mL) at 37�C for 24 h
compared to untreated cells, which was set at 100%. Trastuzu-
mab exposure significantly reduced the binding of 64Cu-
NOTA-pertuzumab F(ab0)2 to SK-OV-3 cells to 85.5 § 3.8%
compared to untreated cells (P < 0.05). Thus, comparing tras-
tuzumab-sensitive BT-474 cells with trastuzumab-resistant SK-
OV-3 cells, trastuzumab was 2.2-fold more effective at decreas-
ing the binding of 64Cu-NOTA-pertuzumab F(ab0)2 to BT-474
than SK-OV-3 cells (P < 0.05).

Biodistribution, pharmacokinetic and radiation
dosimetry studies

The tumor and normal tissue uptake of increasing mass
amounts of 64Cu-NOTA-pertuzumab F(ab0)2 (5, 50, 100 or
200 mg) at 24 h post-injection (p.i.) in NOD/SCID mice bear-
ing HER2-overexpressing SK-OV-3 tumor xenografts are
shown in Table 2. The greatest uptake for all amounts was
observed in the kidneys (52.4–65.6 %ID/g), followed by the
spleen (7.4–11.9 %ID/g) and liver (7.8–10.9 %ID/g), but no

statistically significant differences were observed between
groups receiving different masses of 64Cu-NOTA-pertuzumab
F(ab0)2 (P D 0.357, 0.173 and 0.191, respectively). There
appeared to be slightly lower tumor uptake for the 200 mg
administered amount (5.8 § 1.3 %ID/g) compared to 5 mg
(8.2 § 2.6 %ID/g), 50 mg (9.8 § 5.1 %ID/g or 100 mg (8.2 §
2.1 %ID/g), but these differences were not significant (P D
0.210). Tumor/blood (T/B) ratios for 5, 50, 100 or 200 mg
amounts of 64Cu-NOTA-pertuzumab F(ab0)2 were 14.4 §
5.14, 18.6 § 7.4, 15.7 § 0.8, and 11.2 § 1.9, respectively.
Tumor/muscle (T/M) ratios for 5, 50, 100 or 200 mg amounts
of 64Cu-NOTA-pertuzumab F(ab0)2 were 22.4 § 6.6, 25.1 §
12.7, 23.7 § 5.6, and 15.6 § 5.7, respectively. There were
no significant differences in T/B (P D 0.205) or T/M ratios
(P D 0.405) for different masses of 64Cu-NOTA-pertuzumab
F(ab0)2. An administered amount of 50 mg was selected for
subsequent imaging and biodistribution studies.

The elimination of radioactivity from the blood of non-
tumor bearing Balb/c mice following intravenous (i.v.; tail vein)
injection of 64Cu-NOTA-pertuzumab F(ab0)2 was fitted to a
2-compartment model (Fig. 2). The distribution half-life (t1/2a)
was 1.3 h and the elimination half-life (t1/2b) was 10.4 h. The
volume of distribution of the central compartment (V1) was
4.0 mL, the volume of distribution at steady-state (Vss) was
9.6 mL, and the systemic clearance was 1.6 mL/h. Biodistribu-
tion studies (Table 3) showed some differences in normal tissue
uptake between non-tumor-bearing Balb/c mice and tumor-
bearing NOD/SCID mice (Table 2) at 24 h p.i. of 64Cu-NOTA-
pertuzumab F(ab0)2 (50 mg), particularly for the liver and

Table 1. Chelate:protein substitution levels under different reaction conditions for NOTA conjugation of pertuzumab F(ab’)2.

F(ab’)2 protein concentration (mg/mL)

2.5 5.0 10.0

Molar ratio of NOTA:F(ab’)2 ITLC-SG� UV assayy ITLC-SG UV assay ITLC-SG UV assay

5:1 2.1 § 0.0 2.8 § 1.1 3.8 § 0.4 3.7 § 1.7 4.3 § 2.5 5.8 § 2.9
10:1 4.1 § 1.9 4.2 § 1.4 6.9 § 1.8 5.0 § 1.1 6.5 § 1.8 9.9 § 8.8

Values shown are mean § SD (n D 3–8).
�Instant thin layer-silica gel chromatography developed in 0.1 M sodium citrate, pH 5.0.
yMeasurement of absorbance at 280 nm with subtraction of the contribution from pertuzumab F(ab’)2.

Table 2. Tumor and normal tissue distribution at 24 h post-injection of increasing mass amounts of 64Cu-NOTA-pertuzumab F(ab’)2
�in mice with subcutaneous SK-OV-3

human ovarian cancer xenografts.

Percent injected dose/g (%ID/g)

Tissue 5 mg 50 mg 100 mg 200 mg

Blood 0.6 § 0.0 0.5§ 0.2 0.5 § 0.2 0.5§ 0.1
Heart 2.3 § 0.3 2.2§ 0.4 2.0 § 0.2 1.9§ 0.3
Lungs 2.1 § 0.2 2.1§ 0.4 1.9 § 0.2 2.0§ 0.3
Liver 10.7§ 1.3 10.9§ 3.3 9.3 § 2.1 7.8§ 1.3
Kidneys 60.0§ 4.7 65.6§ 16. 2 54.8§ 3.9 52.4§ 12.8
Spleen 11.9§ 0.9 11.5§ 5.8 9.0 § 1.4 7.4§ 0.4
Stomach 2.8 § 2.9 1.2§ 0.2 1.1 § 0.1 1.1§ 0.1
Intestines 2.1 § 0.1 2.0§ 0.4 1.7 § 0.2 1.8§ 0.4
Muscle 0.4 § 0.0 0.4§ 0.2 0.4 § 0.1 0.4§ 0.1
Bone 1.9 § 0.2 1.6§ 0.5 1.6 § 0.2 1.4§ 0.2
Skin 1.0 §0.4 1.0§ 0.6 1.5 § 1.0 1.5§ 0.8
Tumor 8.2 § 2.6 9.8§ 5.1 8.2 § 2.1 5.8§ 1.3

Values shown are mean § SD (n D 4).
�Mice were intravenously administered 1-3 MBq of 64Cu-NOTA-pertuzumab F(ab’)2.
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spleen, which were approximately 2-fold and 3-fold lower,
respectively, in Balb/c mice. The greatest accumulation of
radioactivity was found in the kidneys with lower uptake in the
liver and spleen, with the maximum uptake at 3 h p.i. (81.0 §
21.3, 8.4 § 2.3 and 7.4 § 2.4 %ID/g, respectively), decreasing
by 2-fold at 48 h p.i. (45.0 § 4.0, 4.7 § 0.5, 3.2 § 0.5 %ID/g;
Table 3). The uptake and elimination of radioactivity from nor-
mal tissues in mice after i.v. injection of 64Cu-NOTA-pertuzu-
mab F(ab0)2 was used to project the radiation absorbed doses in
human female adults. These estimates revealed that the kidneys
would receive the highest radiation dose (1 mSv/MBq), fol-
lowed by the lower large intestine, and liver (Table 4). The esti-
mated whole body equivalent dose was 0.015 mSv/MBq.

MicroPET/CT imaging studies

Representative microPET/CT images of 64Cu-NOTA-pertuzu-
mab F(ab0)2 in mice bearing SK-OV-3 tumors at 24 h p.i.

(Fig. 3A) and 48 h p.i. (Fig. 3B) showed accumulation in the
tumor but low normal organ uptake with the exception of the
kidneys. Images were comparable between the 2 time points.
Tumor uptake was visibly diminished in mice that received
excess unlabeled pertuzumab 24 h prior to 64Cu-NOTA-pertu-
zumab F(ab0)2 (Fig. 3C) or that were injected with non-specific
64Cu-NOTA-hIgG F(ab0)2 (Fig. 3D). Biodistribution studies at
48 h (Fig. 3E) revealed a significant 2.2- or 3.1-fold lower tumor
uptake for mice receiving excess pertuzumab or injected with
64Cu-NOTA-hIgG F(ab0)2 compared to mice injected with
64Cu-NOTA-pertuzumab F(ab0)2 (3.9 § 1.0 and 2.7 § 0.5
%ID/g vs. 8.4 § 3.4, respectively P < 0.05). These results dem-
onstrated that 64Cu-NOTA-pertuzumab F(ab0)2 accumulated
specifically in HER2-positive SK-OV-3 tumor xenografts.

MicroPET/CT images of mice bearing BT-474 human BC
xenografts revealed diminished uptake of 64Cu-NOTA-F(ab0)2 at
5 days after administration of a loading dose of trastuzumab
(4 mg/kg) compared to baseline images (Fig. 4A). VOI analyses
revealed highly variable tumor uptake between mice but the
mean tumor uptake at baseline and at 1 week after trastuzumab
treatment were 6.8 § 4.4 and 5.1 § 4.9 %ID/g, respectively. To
control for the variability between mice, the %ID/g values at 1
week were divided by the baseline value for each mouse, in order
to calculate a normalized ratio of %ID/g. There was a significant
decrease in the normalized %ID/g ratio for BT-474 tumors com-
pared to baseline (0.4 § 0.3, P < 0.05, Fig. 4B). Tumor size,
measured with calipers, decreased following trastuzumab treat-
ment and mirrored the VOI analysis results (TGI D 0.6 § 0.2,
P < 0.05, Fig. 4C). It was not possible to determine changes in
tumor volume at week 3 in mice with BT-474 tumors, because
only 4 mice were available for measurement of tumor dimen-
sions and these mice exhibited complete response to trastuzumab
which precluded tumor measurement. Images of mice bearing
SK-OV-3 tumors and treated with trastuzumab (4 mg/kg loading
dose then 2 mg/mg weekly for 2 weeks) showed an apparent
increase in radiotracer uptake at week 1 and 3 (Fig. 4D). Tumor
uptake values for mice with SK-OV-3 xenografts injected with
64Cu-NOTA-F(ab0)2 determined by VOI analysis at baseline, 1
week and 3 weeks after trastuzumab treatment were 3.5 § 2.6,
6.6 § 3.7, and 7.4 § 1.4 %ID/g, respectively. VOI analysis
showed an increase in the normalized ratio of %ID/g in the
tumor compared to baseline following trastuzumab treatment,

Figure 2. Radioactivity vs. time curve for the elimination of 64Cu-NOTA-F(ab’)2
from the blood of non-tumor-bearing Balb/c mice after intravenous (tail vein)
injection. The curve was fitted to a 2-compartment model with i.v. bolus input
using Scientist Ver. 2.01 software (MicroMath).

Table 3. Normal tissue distribution of radioactivity at selected times up to 48 h post-injection of 64Cu-NOTA-F(ab’)2
� in non-tumor bearing Balb/c mice.

Percent injected dose/g (%ID/g)

Tissue 1 h 3 h 6 h 24 h 48 h

Blood 13.6 § 0.4 5.5 § 1.6 1.6 § 0.1 0.2 § 0.0 0.2 § 0.0
Heart 4.0 § 0.2 3.6 § 0.9 2.3 § 0.2 1.0 § 0.1 0.9 § 0.1
Lungs 4.9 § 0.4 4.1 § 2.2 1.9 § 0.1 1.3 § 0.7 1.7 § 1.2
Liver 6.9 § 0.6 8.4 § 2.3 6.3 § 0.4 4.5 § 0.6 4.7 § 0.5
Kidneys 53.8 § 1.2 81.0§ 2.3 67.7 § 5.9 53.6 § 5.5 45.0§ 4.0
Spleen 4.9 § 0.6 7.4 § 2.4 6.4 § 0.5 3.6 § 0.5 3.2 § 0.5
Stomach 1.4 § 0.1 1.6 § 0.5 1.3 § 0.1 0.7 § 0.1 0.7 § 0.1
Intestines 2.8 § 0.6 2.1 § 0.8 1.7 § 0.2 1.0 § 0.0 1.0 § 0.1
Muscle 0.5 § 0.1 0.5 § 0.1 0.4 § 0.2 0.2 § 0.0 0.2 § 0.0
Bone 2.2 § 0.5 2.4 § 1.3 2.2 § 0.3 1.4 § 0.2 1.0 § 0.3
Skin 1.2 § 0.1 1.8 § 0.6 1.1 § 0.3 0.4 § 0.1 0.3 § 0.0
Brain 0.4 § 0.0 0.2 § 0.1 0.1 § 0.0 0.1 § 0.0 0.1 § 0.0
Ovaries 1.6 § 0.3 2.3 § 0.7 1.2 § 0.2 0.5 § 0.1 0.5 § 0.1

Values shown are mean § SD (n D 4).
�Mice were intravenously administered 2–4 MBq (50 mg) of 64Cu-NOTA-pertuzumab F(ab’)2.
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but these values did not reach significance due to variability in
this small group size (1.7 § 0.7, P D 0.137 and 1.9 § 1.4, P D
0.754, Fig. 4E). Similarly, SK-OV-3 xenografts clearly exhibited a
strong trend toward increased tumor volume over time, despite
trastuzumab treatment, but these values did not reach signifi-
cance due to variability (TGI D 2.2 § 1.1, P D 0.109 at 1 week,
16.5 § 11.3, P D 0.124 at 3 weeks, Fig. 4F).

Discussion

We describe here the construction and characterization of
64Cu-NOTA-pertuzumab F(ab0)2 for PET/CT imaging of the
response of HER2-positive tumors to treatment with trastuzu-
mab. MicroPET/CT with 64Cu-NOTA-pertuzumab F(ab0)2
detected decreased HER2 expression in athymic mice
engrafted with subcutaneous (s.c.) BT-474 human BC tumors
at 1 week after commencing trastuzumab therapy and this

was associated with a good response to treatment with trastu-
zumab (Fig. 4A-C). BT-474 tumor xenografts are sensitive to
trastuzumab.22 In contrast, SK-OV-3 human ovarian cancer
xenografts, which overexpress HER2 but are trastuzumab-
resistant,23 demonstrated a 1.9-fold increased uptake of 64Cu-
NOTA-pertuzumab F(ab0)2 at 1 and 3 weeks after commenc-
ing trastuzumab treatment, and this was associated with con-
tinued and rapid tumor growth (Fig. 4D-F). The poor
response of SK-OV-3 cells to trastuzumab has been attributed
to the absence of the tumor suppressor protein Ras homolog
member-1, leading to constitutively phosphorylated MAPK.24

These results agree with those previously reported by our
group for trastuzumab-sensitive MDA-MB-361 human BC
xenografts in athymic mice in which microSPECT/CT imag-
ing using 111In-labeled pertuzumab revealed decreased uptake
of the imaging probe within 3 days after starting trastuzumab
treatment, with almost complete disappearance of tumor accu-
mulation visualized by imaging at 3 weeks post-treatment,
which was associated with tumor eradication.16

To optimize tumor imaging with 64Cu-NOTA-pertuzumab
F(ab0)2, we studied the effect of increasing the administered
mass over the range of 5 mg to 200 mg, corresponding to a
human mass dose of 5 mg to 400 mg, scaled by body weight
(25 g for a mouse vs. 50 kg for a human female). Dijkers et al.
reported that a 50 mg mass amount of 89Zr-labeled trastuzu-
mab was optimal for tumor imaging in patients with HER2-
positive BC who had not received trastuzumab.25 Similarly,
Mortimer et al. found that pre-administration of 45 mg of tras-
tuzumab prior to 64Cu-labeled trastuzumab (5 mg) for PET
decreased liver uptake in patients with HER2-positive BC, but
did not diminish tumor uptake.26 We did not find a significant
effect of increasing the mass dose of 64Cu-NOTA-pertuzumab
F(ab0)2 on tumor or normal tissue biodistribution at 24 h p.i. in
athymic mice with s.c. SK-OV-3 tumor xenografts (Table 2).
Wong et al. similarly reported that there was no difference in
tumor or liver uptake at 48 h p.i. of 3 mg or 15 mg of 86Y-CHX-
A00-panitumumab F(ab0)2 in athymic mice with s.c. epidermal

Table 4. Radiation absorbed dose projections for 64Cu-NOTA-pertuzumab F(ab’)2 in
humans�.

Organ Equivalent dose (mSv/MBq)

Brain 0.001
Breasts 0.002
Gallbladder wall 0.015
Small intestine 0.011
Lower large intestine 0.282
Heart wall 0.019
Kidneys 1.070
Liver 0.092
Lungs 0.010
Muscle 0.009
Ovaries 0.025
Pancreas 0.016
Spleen 0.068
Total body 0.015

�Radiation absorbed dose projections in humans were based on the cumulative
number of disintegrations (N) in source organs in mice obtained from biodistribu-
tion studies and were estimated using OLINDA Ver. 1.0 software. This assumes
that the relative organ biodistribution of 64Cu-NOTA-pertuzumab F(ab’)2 in
humans will be the same as that in mice.

Figure 3. Whole-body microPET/CT images of mice with subcutaneous SK-OV-3 HER2-overexpressing human ovarian cancer xenografts at 24 h post-injection (p.i.) (A) or
48 h p.i. (B) of 64Cu-NOTA-pertuzumab F(ab’)2. (C) Images obtained at 24 h p.i. of 64Cu-NOTA-pertuzumab F(ab’)2 with pre-administration of 1 mg of pertuzumab 24 h prior
to radiopharmaceutical injection. (D) Images obtained at 24 h p.i. with 64Cu-labeled nonspecific hIgG F(ab’)2. Tumor xenografts are indicated by the green circle. Also visu-
alized are the kidneys (blue arrowhead) and bladder/urine (white arrowhead). The HER2 specificity of tumor uptake of 64Cu-NOTA-pertuzumab F(ab’)2 was confirmed by
biodistribution studies at 48 h p.i. (E) showing a significant decrease in tumor uptake of the radiopharmaceutical in mice pre-administered excess unlabeled pertuzumab
to block HER2 or injected with 64Cu-labeled non-specific hIgG F(ab’)2 (

�P < 0.05).
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growth factor receptor-positive LS174T human colon cancer
xenografts.27 In contrast, van Dijk et al. found that mass
amounts of 50 mg or more of 111In-cetuximab F(ab0)2 adminis-
tered to mice with s.c. FaDu squamous cell carcinoma xeno-
grafts decreased tumor uptake compared to 10 mg or less, but
no differences in liver uptake were noted.28 The inability to
identify a mass effect on liver uptake of 64Cu-NOTA-pertuzu-
mab F(ab0)2 may be related to poor recognition of F(ab0)2 by
FcRn receptors.29 Tumor uptake was moderately high, up to
100 mg of 64Cu-NOTA-pertuzumab F(ab0)2 (Table 2), and there
was a trend toward lower tumor uptake at 200 mg. Thus, lower
protein amounts may be beneficial, and a 50 mg dose was sub-
sequently used for imaging studies.

Tumor uptake of 64Cu-NOTA-pertuzumab F(ab0)2 (6-10
%ID/g; Table 2) in SK-OV-3 ovarian cancer xenografts at 24 h
p.i. was specific, since blocking with an excess of pertuzumab
significantly reduced accumulation by 3.7-fold (Fig. 3C) and
non-specific 64Cu-NOTA-hIgG F(ab0)2 exhibited 2.2-fold sig-
nificantly lower uptake (Fig. 3D). The non-specific tumor
uptake of 64Cu-NOTA-hIgG F(ab0)2 (Fig. 3D, E) was likely
mediated by the enhanced permeability and retention (EPR)
effect, which enables accumulation and retention of macromo-
lecules in tumors due to increased vascular permeability and
poor lymphatic drainage.32 Lower tumor uptake of 64Cu-
NOTA-pertuzumab F(ab0)2 than previously reported for 111In-
labeled pertuzumab IgG was likely due to faster elimination of

64Cu-NOTA-pertuzumab F(ab0)2 from the blood (t1/2b D
10.4 h; Fig. 2) compared to 111In-labeled pertuzumab IgG
(t1/2b D 228.2 h)18 Tumor uptake of 64Cu-NOTA-pertuzumab
F(ab0)2 in SK-OV-3 xenografts was comparable to other radio-
labeled F(ab0)2 (7-20 %ID/g).27,30,31 SK-OV-3 tumors were
imaged by microPET/CT at 24 or 48 h p.i. of 64Cu-NOTA-per-
tuzumab F(ab0)2 (Fig. 3A, B).

The uptake and elimination of 64Cu-NOTA-pertuzumab
F(ab0)2 (50 mg) by normal organs in non-tumor bearing Balb/c
mice was studied to predict the radiation absorbed doses in
humans. There were some differences in normal organ uptake
in non-tumor-bearing Balb/c mice (Table 3) at 24 h p.i. of
64Cu-NOTA-pertuzumab F(ab0)2 compared to tumor-bearing
Balb/c mice (Table 2). In particular, liver uptake was approxi-
mately 2-fold lower and spleen uptake was 3-fold lower in
Balb/c than in NOD/SCID mice. The reasons for these differen-
ces are not known, but SCID mice have low levels of circulating
immunoglobulins which have been shown to influence the
pharmacokinetics and spleen uptake of radiolabeled antibod-
ies.33 The kidneys exhibited the highest normal organ uptake
(>80 %ID/g at 3 h p.i. decreasing by 2-fold at 48 h p.i.; Table 3).
The kidney uptake at 24 h p.i. (53.6 § 5.5 %ID/g) in non-
tumor-bearing Balb/c mice was not significantly different than
in NOD/SCID mice with SK-OV-3 tumors at this time point
(65.6 § 16.2 %ID/g; Table 2). Kidney uptake was much higher
than previously observed for 64Cu-NOTA-panitumumab

Figure 4. (A) MicroPET/CT images at 24 h post-injection (p.i.) of 64Cu-NOTA-pertuzumab F(ab0)2 in NOD/SCID mice with subcutaneous BT-474 human breast cancer xeno-
grafts at baseline and at 1 week after commencing treatment with trastuzumab. (B) The corresponding changes in the ratio of uptake in BT-474 tumors [percent injected
dose/g (%ID/g) normalized to the baseline value for each mouse] following injection of 64Cu-NOTA-pertuzumab F(ab0)2 and (C) tumor growth index (TGI). (D) MicroPET/
CT images at 24 h p.i. of 64Cu-NOTA-pertuzumab F(ab0)2 in NOD/SCID mice with subcutaneous SK-OV-3 human ovarian cancer xenografts at baseline and at 1 week and 3
weeks after commencing trastuzumab treatment. (E) The corresponding changes in the ratio of SK-OV-3 tumor uptake relative to baseline of 64Cu-NOTA-pertuzumab F
(ab0)2 and (F) TGI. Significant differences compared to baseline values are indicated (�P < 0.05).
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F(ab0)2 (<6 %ID/g).34 However, kidney uptake of radiolabeled
F(ab0)2 may depend on the antibody used, since van Dijk et al
reported kidney uptake of 17 %ID/g for 111In-labeled cetuxi-
mab F(ab0)235 while Sham J et al. reported 90 %ID/g at 24 h p.i.
of 89Zr-labeled aGPC3 F(ab0)2.36 Interestingly, kidney uptake at
24 h p.i. of 64Cu-NOTA-pertuzumab F(ab0)2 (65.6 § 16.2 %ID/
g; Table 2) in NOD/SCID mice with SK-OV-3 tumors was
identical to that reported by Smith-Jones et al. for 111In-trastu-
zumab F(ab0)2 in athymic mice with BT-474 human BC xeno-
grafts (65 %ID/g at 24 h p.i.).30 Trastuzumab and pertuzumab
share human IgG1 constant domains,12,37 which may explain
the similar kidney uptake of these radiolabeled F(ab0)2.

Kidney uptake of antibody fragments is thought to be due to
charge interactions of the filtered proteins with renal tubules.38

Radiation doses projected for administration of 64Cu-NOTA-
pertuzumab F(ab0)2 to humans revealed that the kidneys would
receive the highest dose (1 mSv/MBq) while the total body dose
would be 0.015 mSv/MBq (Table 4). The total body dose for
64Cu-NOTA-pertuzumab F(ab0)2 is reduced by 3.3-fold com-
pared to 111In-labeled pertuzumab IgG (0.05 mSv/MBq),18 but
the dose to the kidneys is increased by 3-fold (1 mSv/MBq vs.
0.33 mSv/MBq). Since Phase 1 clinical trials of 64Cu-labeled
trastuzumab for PET imaging of HER2-positive BC have used
administered amounts as low as 115 MBq,39 we project that the
total body dose for a single injection of 64Cu-NOTA-pertuzu-
mab F(ab0)2 would be 1.7 mSv at this amount, and for the 3
administrations used for the baseline, 1 week and 4 weeks
imaging studies in the PETRA trial, would be 5.1 mSv. This
compares to 17 mSv for 111In-labeled pertuzumab, thus the
radiation dose to patients would be reduced by more than 3-
fold. The dose to the kidneys assuming 3 administrations (115
MBq each) of 64Cu-NOTA-pertuzumab F(ab0)2 would be
115 mSv. There is no safety risk at these radiation doses to the
kidneys, since they represent <0.5% of the maximally-tolerated
dose for the kidneys (23-25 Sv).40 Moreover, 111In-pentetreo-
tide, which is a clinically used radiopeptide for imaging
somatostatin receptor-positive neuroendocrine malignancies in
humans, deposits a similar radiation dose of 108 mSv in the
kidneys from administration of a single dose of 222 MBq.41

In conclusion, we demonstrated that 64Cu-NOTA-pertuzu-
mab F(ab0)2 specifically target HER2 on BC tumor xenografts
in NOD/SCID mice and that microPET/CT can detect changes
in HER2 expression associated with response to trastuzumab
treatment. Organ absorbed doses associated with 64Cu-NOTA-
pertuzumab F(ab0)2 in humans are projected to be lower than
those of 111In-BzDTPA-pertuzumab with the exception of the
kidneys and lower large intestine.

Materials and methods

Cells lines and tumor xenografts

SK-BR-3 human breast cancer (BC) cells and SK-OV-3 human
ovarian cancer cells, both expressing 1–2 £ 106 HER2/cell42,43

were cultured in RPMI 1640 (Sigma-Aldrich #R8758) supple-
mented with 10% fetal bovine serum (FBS, Life Technologies
#12484028). BT-474 human BC cells (1–2 £ 106 HER2/cell)44

were grown in Dulbecco Modified Eagle Medium (University
Health Network) supplemented with 10% FBS. All cells were

cultured at 37�C/5% CO2. Female NOD/SCID mice (Ontario
Cancer Institute) were inoculated s.c. with 1 £ 107 SK-OV-3 or
BT-474 cells in 200 mL of serum free medium or a 1:1 mixture
of Matrigel (Corning #CACB354234) and medium. Mice were
implanted with a 0.72 mg 60 days sustained release 17b-estra-
diol pellet (Innovative Research of America #SE-121) at 24 h
prior to inoculation of BT-474 cells, which is required for
growth of these tumors in NOD/SCID mice.

Pertuzumab F(ab0)2

Pertuzumab F(ab0)2 were generated by pre-equilibrating 625 mL
of immobilized pepsin slurry (Thermo Scientific #20343) with
20 mM sodium acetate trihydrate buffer, pH 4.5 (500 mL) and
then adding 10 mg of pertuzumab IgG (Mr � 148 kDa; Genen-
tech) prepared in 1 mL of the same buffer. The mixture was
incubated at 37�C on an end-over-end mixer for 5.5 h and then
centrifuged at 1000 £ g for 5 min. The supernatant was col-
lected and the resin was rinsed twice by resuspending in
750 mL phosphate buffered saline (PBS, pH 7.4), centrifuging
again, collecting and pooling the washes, and then passing the
pooled volume through a Millex-GV PVDF 0.22 mm filter
(EMD Millipore #SLGV033SL). Completion of digestion of IgG
to F(ab0)2 was assessed by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) on a 4–20% Tris HCl
gradient gel (Bio-Rad #456-1093) stained with Coomassie G-
250 stain (Bio-Rad #161-0786). If digestion was not complete,
the pooled supernatant was applied to a NAb Protein A agarose
spin column (Thermo Scientific #89956) equilibrated with PBS
(pH 7.4), and then incubated for 10 min at room temperature
(RT) on an end-over-end mixer to bind IgG. The column was
centrifuged at 1000 £ g for 1 min and the flow-through con-
taining the F(ab0)2 was collected. The column was washed twice
by adding 1 mL of PBS, centrifuging, and collecting the wash
fractions. Pertuzumab F(ab0)2 were evaluated for purity by
SDS-PAGE on a 4–20% gel stained with Coomassie G-250 blue
dye. Additionally, size-exclusion high performance liquid chro-
matography (SE-HPLC) was conducted on a BioSep SEC-
S2000 column (Phenomenex) eluted with 0.1 M NaH2PO4

buffer (pH 7.0) at a flow rate of 0.8 mL/min and monitored
with a diode array UV detector at 280 nm (PerkinElmer).
F(ab0)2 of non-specific human IgG (hIgG) from human serum
(Sigma-Aldrich #I4506) were similarly prepared and analyzed
for purity.

Preparation of 64Cu-NOTA-pertuzumab F(ab0)2

Pertuzumab F(ab0)2 were buffer-exchanged and concentrated to
2.5, 5 or 10 mg/mL in 0.1 M NaHCO3, pH 9.0, in an Amicon
Ultra device (Millipore #UFC503096; Mr cut-off D 30 kDa).
Protein concentration was determined spectrophotometrically
[E280nm D 1.5 (mg/mL)¡1cm¡1]. F(ab0)2 (2.5, 5 or 10 mg/mL)
were modified with NOTA for complexing 64Cu by reaction with
a 5-fold or 10-fold molar excess of 2-S-(4-isothiocyanatobenzyl)-
1,4,7-triazacyclononane-1,4,7-triaceticacid (p-SCN-Bn-NOTA;
Macrocyclics #B605) for 2 h at RT. The p-SCN-Bn-NOTA was
dissolved in 5 mL dimethyl sulfoxide, incubated for 10 min at
37�C to facilitate dissolution, and then diluted to a concentration
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of 1.5 mg/mL in 0.1 M NaHCO3, pH 9.0. NOTA-pertuzumab
F(ab0)2 were purified from unconjugated NOTA by ultracentrifu-
gation with 0.1 M CH3CO2Na buffer, pH 5.5, in an Amicon Ultra
device (Mr cut-off D 30 kDa). NOTA-pertuzumab F(ab0)2 con-
centration was determined with the Bradford Assay using Pierce
Coomassie Plus Assay Reagent (Thermo Scientific #23238). The
NOTA substitution level of the F(ab0)2 was measured by labeling
an aliquot of the unpurified conjugation mixture with 64Cu, then
determining the proportion of 64Cu-NOTA-pertuzumab F(ab0)2
vs. 64Cu-NOTA by instant thin-layer silica gel chromatography
(ITLC-SG; Agilent Technologies #SGI0001) and multiplying this
fraction by the molar ratio used in the reaction. To enable 64Cu
labeling, sufficient 0.1 M CH3CO2Na buffer, pH 5.5 was added to
the labeling mixture to assure that the final pH was pH 5.5 (con-
firmed using pH paper). An alternative novel spectrophotometric
assay to measure and verify substitution level was also developed.
For this assay, the UV absorbance of the NOTA-F(ab0)2 conjugate
was measured at 280 nm. The absorbance contribution from the
F(ab0)2 was determined by comparing the known protein concen-
tration of F(ab0)2 (Bradford Assay) to a standard curve of UV
absorbance at 280 nm vs. F(ab0)2 concentration. The difference in
absorbance between the NOTA-F(ab0)2 conjugate and that con-
tributed by F(ab0)2 was attributable to NOTA. NOTA concentra-
tion was derived by reference to a standard curve of UV
absorbance at 280 nm vs. NOTA concentration. The ratio of
NOTA concentration to F(ab0)2 concentration yielded the
substitution level. Purity and homogeneity of the optimized
NOTA-pertuzumab F(ab0)2 conjugates were assessed by
SDS-PAGE and SE-HPLC as described above. Radiolabeling
of NOTA-pertuzumab F(ab0)2 with 64Cu was achieved by
incubation for 1 h at 40�C with 64CuCl2 (Washington Uni-
versity, St. Louis, MO) in 0.1 M CH3CO2Na buffer, pH 5.5
to achieve a specific activity of 370 kBq/mg for general pro-
cedures or 2.6 MBq/mg for imaging studies. 64Cu-NOTA-
pertuzumab F(ab0)2 was purified in an Amicon Ultra device
(Mr cut-off D 30 kDa). The final radiochemical purity was
determined by ITLC-SG developed in 0.1 M sodium citrate,
pH 5.0 and by SE-HPLC using a Flow Scintillation Analyzer
(FSA) radioactivity detector (PerkinElmer). The Rf values
for 64Cu-NOTA-F(ab0)2 on ITLC were 0.0 and those for
64Cu-NOTA and free 64Cu were 0.8–0.9 and 1.0, respec-
tively. F(ab0)2 of non-specific hIgG were similarly modified
with NOTA and labeled with 64Cu. Trace metals were
removed from all buffers using Chelex-100 cation-exchange
resin (Bio-Rad #142-2832).

HER2 binding and trastuzumab-mediated HER2
internalization

The binding of 64Cu-NOTA-pertuzumab F(ab0)2 to HER2 on
SK-BR-3 cells (1–2 £ 106 HER2/cell) was determined by satu-
ration radioligand binding assays.42 Increasing concentrations
of 64Cu-NOTA-pertuzumab F(ab0)2 (0.07 to 300 nM) were
incubated with 1 £ 106 SK-BR-3 cells in 1.5 mL microcentri-
fuge tubes in PBS in the presence [non-specific binding (NSB)]
or absence [total binding (TB)] of 61 mM of unlabeled pertuzu-
mab. The tubes were incubated at 4�C for 3.5 h with occasional
shaking, then centrifuged at 420 £ g for 5 min and the superna-
tant and cell pellet separated and measured in a g-counter.

Specific binding (SB) was calculated by subtracting NSB from
TB and plotted vs. the unbound concentration of 64Cu-NOTA-
F(ab0)2. The resulting curve was fitted to a 1-site receptor-bind-
ing model by Prism Ver. 4.0 software (GraphPad) and the dis-
sociation constant (Kd) and maximum number of receptors/
cell (Bmax) estimated.

Single concentration radioligand binding assays with 64Cu-
NOTA-pertuzumab F(ab0)2 were performed to assess trastuzu-
mab-mediated HER2 internalization in SK-OV-3 or BT-474
cells. Briefly, 4 £ 105 SK-OV-3 or 3 £ 105 BT-474 cells were
seeded in 6-well plates and cultured overnight. The medium
was removed and the cells incubated at 37�C for 24 h with tras-
tuzumab (14 mg/mL) in 2 mL of fresh medium or medium
alone. The medium was again removed and rinsed with PBS,
pH 7.3. The cells were then incubated with 10 nM 64Cu-
NOTA-pertuzumab F(ab0)2 in the absence or presence of a 50-
fold excess of pertuzumab in PBS, pH 7.3 for 3 h at 4�C to mea-
sure TB and NSB. The medium was removed, and the cells were
rinsed twice with PBS, pH 7.3 and then solubilized in 100 mM
NaOH. The solubilized cells were transferred to g-counting
tubes and the cell-bound radioactivity measured in a g-counter.
SB was calculated by subtracting NSB from TB. The percent
change in HER2 expression was calculated by comparing the
SB of trastuzumab treated cells to the SB of untreated cells.

Biodistribution, pharmacokinetic and radiation
dosimetry studies

To evaluate the effect of the administered mass of 64Cu-NOTA-
F(ab0)2 on tumor and normal tissue uptake, SK-OV-3 tumor-
bearing mice were injected i.v. (tail vein) with 5, 50, 100, or
200 mg labeled with 1–3 MBq of 64Cu. Mice were sacrificed at
24 h post-injection (p.i.), and tumors and selected normal tis-
sues were collected, weighed and counted, along with a stan-
dard of the injected radioactivity, in a g-counter. Tumor and
normal tissue uptake were expressed as percentage injected
dose per gram (%ID/g). The 24 h time point was chosen based
on a previous study with 111In-DOTA-trastuzumab F(ab0)2 that
showed maximal tumor uptake was achieved at 24 h p.i.30

The radioactivity in the blood and normal tissues at 1, 3, 6,
24, and 48 h post-injection was determined in groups of 4
non-tumor bearing female Balb/c mice (Charles River) fol-
lowing i.v. injection of 64Cu-NOTA-pertuzumab F(ab0)2
(50 mg; 2–4 MBq). In addition, the pharmacokinetics of elimi-
nation of 64Cu-NOTA-pertuzumab F(ab0)2 from the blood of
Balb/c mice were determined by plotting the radioactivity
(%ID/mL) vs. time post-injection, and fitting the curve to a
2-compartment pharmacokinetic model using Scientist� Ver.
2.01 software (MicroMath Scientific Software). Standard
pharmacokinetic parameters were estimated.

Radiation absorbed doses to normal organs were estimated
as previously described.18 Briefly, the dose to target organs was
estimated as D D N £ DF, where N is the number of disinte-
grations (Bq £ h/Bq) in a source organ, and DF is the Dose
Factor using the RAdiation Dose Assessment Resource
(RADAR) formalism. The number of disintegrations (N0-48h)
from 0 h to 48 h p.i. of 64Cu-NOTA-pertuzumab F(ab0)2 was
estimated by first integrating the area-under-the-curve (AUC)
for the radioactivity (not corrected for decay) vs. time plot for
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each source organ. The AUC from 48 h to infinity (N48h-1) was
estimated by dividing the radioactivity in the source organ at
48 h by the decay constant for 64Cu (0.05457 h-1), thus assum-
ing further elimination only by radioactive decay. The total
AUC (N0-1) was the sum of N0-48 h and N48h-1 and was then
divided by the injected amount of radioactivity (Bq) to yield
the total number of disintegrations for input into OLINDA/
EXM 1.0 radiation dosimetry software for prediction of the
radiation absorbed doses to target organs in humans.45

All animal studies were conducted under a protocol (no.
4336.0) approved by the Animal Care Committee at theUniversity
Health Network in accordance with Canadian Council on
Animal Care guidelines.

MicroPET/CT imaging studies

For microPET/CT imaging, groups of 3-4 mice with s.c. SK-
OV-3 tumors were injected i.v. with 64Cu-NOTA-pertuzumab
F(ab0)2 (50 mg; 10–11 MBq) or 64Cu-labeled non-specific hIgG
F(ab0)2 [64Cu-NOTA-hIgG F(ab0)2; 50 mg; 6–10 MBq]. To fur-
ther assess the specificity of tumor uptake, some groups of mice
received an intraperitoneal (i.p.) injection of 1 mg of pertuzu-
mab 24 h prior to 64Cu-NOTA-pertuzumab F(ab0)2. Mice were
sedated with isoflurane and imaged with a microPET tomo-
graph (Siemens MicroPet Focus 220) and CT scanner (GE
Locus Ultra) at 24 and 48 h post-injection. MicroPET images
were acquired with a 350–650 keV window for 20–75 min with
a coincidence timing window of 6 ns. Image reconstruction was
achieved using ordered subset expectation maximization
(OSEM), followed by a maximum a posterior probability recon-
struction algorithm with no correction for attenuation or par-
tial-volume effects (PVE). The full width at half maximum
(FWHM) resolution of the microPET is 1.6 mm. Soret et al.
discuss that the PVE results in inaccuracy in quantitation of
radioactivity uptake mostly for tumors with diameter less than
2–3 times the FWHM of the PET tomograph.46 The tumors in
our study were >4–5 mm in diameter, which exceeds 2–3 times
the FWHM of the microPET system (1.6 mm). Following
microPET imaging, mice were immediately transferred to an
eXplore Locus Ultra Preclinical CT scanner (GE Healthcare)
for a whole body CT scan using routine acquisition parameters
(80 kVp, 50 mA, and voxel size of 154 £ 154 £ 154 mm).
MicroPET and CT images were processed using Inveon
Research Workplace software (Siemens). Immediately after CT
imaging, mice were sacrificed and the 48 h biodistribution
determined as described above.

To study the utility of microPET/CT imaging with 64Cu-
NOTA-pertuzumab F(ab0)2 to detect HER2 internalization in
tumors associated with response to treatment with trastuzu-
mab,16 groups of 3–6 athymic mice bearing SK-OV-3 or BT-
474 tumor xenografts were injected with 64Cu-NOTA-pertuzu-
mab F(ab0)2 (50 mg; 7–13 MBq). Images were obtained at 24 h
p.i. to obtain baseline tumor uptake of 64Cu-NOTA-pertuzu-
mab F(ab0)2. Mice were then treated with trastuzumab adminis-
tered i.p. 2 days later using a loading dose of 4 mg/kg followed
by weekly doses of 2 mg/kg for 2 weeks, diluted in normal
saline to a volume of 100 mL. We previously found that i.p.
administration of 111In-labeled trastuzumab provides 70% bio-
availability relative to i.v. (tail vein) injection in athymic

mice.47 Assessment of HER2 internalization was performed by
repeating the injection of 64Cu-NOTA-pertuzumab F(ab0)2 at 1
week and 3 weeks and re-acquiring microPET/CT images at
24 h p.i. Tumor response to trastuzumab was assessed by
weekly measurements of tumor length and width using calipers
and calculating tumor volume as V D length £ width2 £ 0.5.
A tumor growth index (TGI) was derived by dividing the mea-
sured tumor volume by the initial volume prior to trastuzumab
treatment. Quantification of tumor uptake on the pre- and
post-treatment images was performed by region-of-interest
(ROI) analysis using Inveon Research Workplace software (Sie-
mens) and tumor uptake was expressed as %ID/g. Changes in
tumor uptake were normalized for each mouse by dividing the
%ID/g values at 1-week or 3-weeks after commencing trastuzu-
mab treatment by the baseline value prior to treatment.

Statistical analysis

Results were expressed as mean § SD and tested for statistical
significance using a one way ANOVA (F-test) or 2-sided Stu-
dent’s t-test and SPSS version 17.0 software (IBM). The level of
significance was set at P < 0.05. Response to trastuzumab treat-
ment as measured by tumor uptake of 64Cu-NOTA-pertuzu-
mab F(ab0)2 over time was compared by a paired t test.
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