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Abstract

Purpose: Molecular imaging of tumor HER2 expression may allow patient selection for HER2-
targeted therapies. Our aim was to introduce hexahistidine (Hisg) peptides into pertuzumab Fab
to enable labeling with the [°°™Tc(CO)3(H.0)3]* complex and study these
radioimmunoconjugates for microSPECT/CT imaging of HER2-positive tumor xenografts in
mice.

Procedures: Fab were produced by papain digestion of pertuzumab and reacted with sulfo-
SMCC for conjugation to Hisg-containing peptides (CGYGGHHHHHH). Hisg-peptide conjugation
was measured by a radiometric assay. Hisg-pertuzumab Fab were labeled at 0.4—1.0 MBg/ug
with [®*™Tc(CO)s(H.0)s]" for 1 h at 37 °C. HER2 immunoreactivity was assessed in a direct
(saturation) binding assay using HER2-overexpressing SK-BR-3 human breast cancer (BC)
cells. MicroSPECT/CT and biodistribution studies were performed in NOD/SCID mice with
HER2-positive s.c. SK-OV-3 human ovarian cancer, or MDA-MB-361 or MDA-MB-231 human
BC xenografts at 4 or 24 h post i.v. injection of [**™Tc]Hise-pertuzumab Fab (29-49 MBgq, 70 ug).
The specificity of tumor uptake was assessed by comparison to irrelevant [®®™Tc]Fab 3913 in
SK-OV-3 tumor-bearing mice.

Results: SDS-PAGE analysis demonstrated cleavage of pertuzumab to produce Fab, which
eluted as a single peak with a retention time of 13.8 min on SE-HPLC. Fab were conjugated to
2.1+ 0.5 Hisg peptides and labeled with [**™Tc(CO)s(H.0)s]" to a radiochemical purity of 92—
97 % at 0.4-0.8 MBq/ug. [*°™Tc]Hise-pertuzumab Fab exhibited saturable and specific binding to
SK-BR-3 cells with a Kp=51.3+5.2x 107° M and Bmax = 3.5+ 0.1 x 10° receptors/cell. SK-OV-3
tumors were imaged at 4 and 24 h p.i [**™Tc]Hise-pertuzumab Fab. Tumor uptake at 24 h p.i.
was 4.1+0.6%ID/g, which was 13-fold significantly greater than [**™Tc]Fab 3913 (0.3
0.0 %ID/g; P<0.01). MicroSPECT/CT imaged HER2-overexpressing MDA-MB-361 tumors but
not MDA-MB-231 tumors with low HER2 expression. Tumor uptake was 5.2-fold significantly
greater at 24 h p.i. in MDA-MB-361 than MDA-MB-231 tumors (3.2 + 0.1 %ID/g vs. 0.8 + 0.1 %ID/g;
P<0.05).
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Conclusions: MicroSPECT/CT with [*®™Tc]Hisg-pertuzumab Fab imaged tumors in NOD/SCID
mice that exhibited intermediate or high HER2 expression, but not tumors with low HER2.
[®*MTc]Hisg-pertuzumab Fab is promising for SPECT imaging of tumor HER2 expression.
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Introduction

The human epidermal growth factor receptor 2 (HER2) is
overexpressed in breast, stomach, and ovarian cancer, as
well as other cancers [1, 2]. Overexpression of HER2 in
breast cancer (BC) confers a more aggressive phenotype and
a poor prognosis [3], but the introduction of HER2-targeted
therapies, trastuzumab (Herceptin®, Roche), pertuzumab
(Perjeta®, Roche), and trastuzumab emtansine (T-DMI;
Kadcyla®, Roche) has remarkably improved the outcome
of patients with HER2-positive BC [2, 4, 5]. More recently,
trastuzumab deruxtecan (DS-8201), an antibody-drug conju-
gate (ADC) which links trastuzumab to a potent cytotoxic
topoisomerase I inhibitor was shown to be effective in
patients with metastatic disease previously treated with T-
DMI [6]. HER2 positivity is assessed ex vivo by immuno-
histochemical staining (IHC) of a tumor biopsy to detect
HER?2 protein overexpression or by in situ hybridization to
identify amplification of the ERBB2 gene which encodes
HER2 [7]. Molecular imaging (MI) which includes single
photon emission computed tomography (SPECT) and
positron emission tomography (PET) offers a promising
complementary tool to non-invasively probe HER2 expres-
sion in tumors throughout the body, which may aid in
selecting patients for HER2-targeted therapies. Importantly,
MI overcomes the challenges of biopsy techniques by
providing the capability to detect receptor heterogeneity
between primary tumors and metastatic lesions, which has
been found in up to 20 % of patients with HER2-positive BC
[8]. Further, HER2 expression may change throughout the
course of the disease, causing resistance to treatment [9].
Thus, MI may be useful to monitor temporal changes in
HER2 expression to provide surveillance for resistance to
HER2-targeted therapies [10]. Ulaner et al. showed that PET
with [**Zr]DFO-pertuzumab was able to assess the HER2
positivity of metastatic lesions in patients with BC [11]. PET
with [*Zr]DFO-trastuzumab detected heterogeneity in
HER?2 expression in metastatic lesions in patients with BC
in whom the primary tumor was HER2-positive and
predicted response to T-DM1 [12]. PET with [*Zr]DFO-
trastuzumab has further been shown to predict response to T-
DMI in patients with lung cancer expressing a mutant or
amplified HER2 [13].

HER2 expression in tumors has been previously imaged
with monoclonal antibodies (mAbs), antibody fragments
[e.g., F(ab’), and Fab], affibodies, and nanobodies labeled
with ""'In, ""Lu, ®™T¢ for SPECT or ®Zr, **Cu, °*Ga, '*F
for PET [14]. Despite the higher sensitivity and spatial

resolution of PET, in Canada, SPECT remains the most
readily available, lowest cost, and most commonly used
imaging modality in nuclear medicine [15]. Moreover, *™Tc
is an attractive radioisotope for SPECT due to abundant -
photons (140 keV, 99 %), a short physical half-life (¢,,,=
6 h) which minimizes the radiation dose to the patient, low
cost production via the **Mo/**™Tc generator, and efficient
metal chelation radiochemistry. The short half-life of **™Tc
is feasible for labeling F(ab’), and Fab fragments which
accumulate in tumors and are rapidly eliminated from the
blood and most normal tissues (except the kidneys) resulting
in high tumor/blood (T/B) ratios at early time points [<24 h
post-injection (p.i.)].

We previously reported a method to introduce Hisg
peptides into Fab to enable labeling using the [**™Tc]-(I)-
tricarbonyl complex [**™Tc(H,0);(CO)s]", which is pre-
pared from a kit (IsoLink® kit, Paul Scherrer Institute) [16].
This technique permits *™Tc¢ labeling of Fab as reported by
Waibel et al. [17] which relies on reaction of the
[**™Tc(H,0)5(CO)5]" complex with a Hisg tag often present
in recombinant proteins. Pharmaceutical quality mAbs do
not incorporate a Hiss tag, but this can be introduced by
conjugation of Fab to Hiss peptides (CGYGGHHHHHH)
that present a terminal cysteine for reaction with maleimide
functional groups inserted into the Fab by reaction with
sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-
carboxylate (sulfo-SMCC). In our previous report, Fab of
the anti-EGFR mAb, panitumumab (Vectibix®; Amgen),
were conjugated to Hisg peptides for labeling with
[**™Te(H,0)5(CO)5]" [16]. MicroSPECT/CT imaging at 4
and 24 h p.i. of [*™Tc]His¢-panitumumab Fab visualized
tumors in non-obese diabetic severe combined immunode-
ficiency (NOD/SCID) mice with subcutaneous (s.c.) EGFR-
positive human BC, pancreatic cancer, or head and neck
cancer xenografts. We now report here the first application
of this approach to labeling pertuzumab Fab with
[*°™T¢(H,0)5(CO)s]" for microSPECT/CT imaging of
HER2-positive human BC and ovarian cancer xenografts in
NOD/SCID mice.

Materials and Methods
Cell Culture and Tumor Xenografis

The human BC cell lines MDA-MB-231, SK-BR-3, and
MDA-MB-361 and human ovarian cancer cell line SK-OV-3
were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and were cultured at 37 °C
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with 5% CO,. MDA-MB-231 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Dublin, Ireland) supplemented with 10 % fetal bovine serum
(FBS, Gibco) and 1 % penicillin streptomycin (Gibco). SK-
BR-3 and SK-OV-3 cells were cultured in RPMI-1640
medium (Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 10% FBS and 1% penicillin streptomycin.
MDA-MB-361 cells were cultured in Leibovitz L15 media
(Sigma-Aldrich) supplemented with 20% FBS and 1%
penicillin streptomycin. MDA-MB-231, MDA-MB-361 and
SK-BR-3 cells express 5.4 x10% 5.1 x10°, and 1.3 x 10°
HER2/cell, respectively [18], while SK-OV-3 cells display
1.2x10° HER2/cell [19]. Tumor xenografts were
established in the hind flank of female NOD/SCID mice by
s.c. inoculation of 1-2 x 10° SK-OV-3, 1 x 10° MDA-MB-
361, or 1 x 10° MDA-MB-231 cells suspended in 200 pL of
a 1:1 ratio of Matrigel (BD Biosciences, San Jose, CA,
USA) and phosphate-buffered saline (PBS, pH 7.4). At 24 h
prior to MDA-MB-361 cells inoculation, mice were im-
planted with a 0.72 mg, 60-day sustained release 17[-
estradiol pellet (Innovative Research of America, Sarasota,
FL, USA). Tumors were allowed to grow to 5-10 mm in
diameter for imaging and biodistribution studies. All
applicable institutional and/or national guidelines for the
care and use of animals were followed. All animal studies
were conducted in accordance with the Canadian Council on
Animal Care (CCAC) guidelines and under an animal use
protocol (AUP 4336.2) approved by the Animal Care
Committee of the University Health Network.

Pertuzumab Fab

Fab were generated by digestion of pertuzumab IgG
(Perjeta®, Roche, Mississauga, ON, Canada) with papain.
Approximately 1.25 mg of immobilized papain (Agarose
Resin, ThermoFisher Scientific, Mississauga, ON, Canada)
was activated with cysteine digestion buffer (2 mM
NaH,PO,4, 11 mM EDTA, 88 mM L-cysteine, pH 7.0). To
the activated papain slurry, 2.0 mL of pertuzumab (5.0 mg/
mL in cysteine digestion buffer) was added and incubated
for 20 h at 37 °C, with shaking at 200 rpm on an Excella
E24 mixer (New Brunswick Scientific, Edison, NJ, USA).
The slurry was repeatedly washed with PBS, and the
immobilized papain was sedimented by centrifugation at
200xg for 10 min using an Eppendorf centrifuge (Model
5804R). The supernatant containing the digestion product
was isolated by filtration through a 0.22 um Millex-GV
PVDF filter (MilliporeSigma, Darmstadt, Germany). The
product was concentrated and purified by ultrafiltration
using an Amicon ultra centrifugal filter unit (30 kDa
molecular weight cut-off, MWCO; Millipore-Sigma). Fab
were concentrated and buffer-exchanged into 0.1 M
NaHCOj; (pH 9.0) and stored at 2-8 °C. The Fab concen-
tration was 4—7 mg/mL, measured spectrophotometrically at
280 nm, assuming an absorbance of 1.40 (mg/mL) 'cm™'

based on the amino acid composition of pertuzumab Fab
[20].

Pertuzumab Fab-His s

Pertuzumab Fab were modified with peptides incorporating
a hexahistidine (Hisg) motif (CGYGGHHHHHH; BioBasic,
Markham, ON, Canada), and a terminal thiol for reaction
with maleimide groups is introduced into the Fab by reaction
with sulfo-SMCC (ThermoFisher Scientific). A 20-fold
molar excess of sulfo-SMCC (0.1 M sulfo-SMCC in 0.1 M
NaH,PO, buffer) was reacted for 75 min at room temper-
ature (RT) with 1-3 mg of Fab (1-4 mg/mL in PBS). The
product was purified by ultrafiltration using a 10 kDa
MWCO Amicon ultra centrifugal filter unit (Millipore-
Sigma). Then, 1-3 mg of SMCC-modified Fab in PBS were
reacted with a 100-fold molar excess of Hisg peptides
(20 mg/mL in deionized H,0O) overnight at 4 °C. Pertuzumab
Fab-Hiss were further purified by ultrafiltration using a
10 kDa MWCO Amicon ultra device to a final concentration
of 2-8 mg/mL, determined spectrophotometrically by the
absorbance at 280 nm, assuming an absorbance of 1.38 (mg/
mL) 'cm™! based on the amino acid sequence of
pertuzumab Fab conjugated to two Hisg peptides. The
number of His peptides conjugated to Fab were quantified
using a previously reported radiometric method [21]. In this
method, '*I-labeled Hiss peptides were incorporated into
the reaction with SMCC-modified Fab under identical
conditions. Fab-['*’I]His, were purified by ultrafiltration,
and '**I incorporated into the Fab measured in a y-counter
(PerkinElmer Wizard 3). The number of ['**I]Hiss peptides
conjugated to Fab was calculated based on the specific
activity (SA) of the ['*’I|His peptides.

Radioimmunoconjugates

Pertuzumab Fab-Hiss were labeled with [**™Tc¢(CO)5(H,0)5]
complex as previously reported [16]. [*"™Tc(CO)5(H,0)5]"
was prepared by adding 740 MBq (1 mL) of [**™Tc] sodium
pertechnetate (Radiopharmacy, University Health Network,
Toronto, ON, Canada) to an IsoLink® kit (Paul Scherrer
Institute, Villigen, Switzerland) and incubating in a water bath
for 20 min under a gentle boil. After cooling to RT, the pH of
the kit solution was adjusted to 7.0 by adding 0.14 mL of 0.1 M
HCI. [*™Tc(CO);(H,0)5]" (40-560 MBg; 0.07-0.9 mL) was
then reacted with 0.1-0.6 mg of Fab-Hisg (0.01-4 mL) for 1 h
at 37 °C with shaking at 200 rpm on an Excella E24 mixer. Fab
3913, an irrelevant control Fab which binds Ebola virus, was
provided by Dr. Sachdev Sidhu [Toronto Recombinant
Antibody Center (TRAC), Toronto, ON, Canada]. Fab 3913
incorporates an endogenous Hisg and was labeled by reacting
0.7 mg of the Fab with 407 MBq of [**™Tc¢(CO);(H,0)5]" for
1 hat 37 °C. The radiochemical purity (RCP) of **™Tc-labeled
Fab was determined by silica gel-instant thin layer chromatog-
raphy (ITLC-SG) developed in 0.1 M sodium citrate buffer, pH
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5.5. The R, values for 99mMTe labeled Fab and free
[?*™Tc(CO)5(H,0);]" are 0.0 and 1.0, respectively [16].

SDS-PAGE and SE-HPLC

Pertuzumab Fab and Fab-Hiss were analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) on a 4-20 % Tris-HCI gel (Bio-Rad, Mississauga,
ON, Canada) under reducing [dithiothreitol (DTT)] and non-
reducing conditions. The gels were stained with Coomassie
Blue G-250 (Bio-Rad), and the bands were visualized with a
BioRad ChemiDoc™ gel imaging system. The approximate
protein molecular weights were estimated by comparison to
a 10-250kDa molecular weight (MW) ladder (Precision
Plus Protein™ Prestained Standards, Bio-Rad), and approx-
imate purity estimated by densitometry with Image Lab
software (Ver. 6.0; BioRad). The band purity was deter-
mined as the density relative to that of all bands detected in
the lane. The purity of pertuzumab Fab and Fab-Hisg was
assessed by size exclusion high-performance liquid chroma-
tography (SE-HPLC; PerkinElmer HPLC, Waltham, MA,
USA) on a BioSep™ SEC-s2000 column (Phenomenex,
Torrance, CA, USA) eluted with 0.1 M NaH,PO,, pH 7.0 at
a flow rate of 0.8 mL/min. A 20 uL aliquot of the sample
(0.25 mg/mL) was analyzed. A diode array detector
(PerkinElmer) monitored the UV,go signal. The MW of
pertuzumab Fab is estimated by SE-HPLC by reference to a
calibration curve of log;oMW (Da) vs. V,/V,, where V, are
the elution volumes of a series of analyzed MW standards
(29-200 kDa) and V,, is the void volume of the SEC-s2000
column determined with blue dextran (2000kDa; see
Supplementary Material).

HER?2 Immunoreactivity of [*"Tc]Hiss-
Pertuzumab Fab

A direct (saturation) radioligand binding assay was used to
estimate the dissociation constant (Kp) for binding of
[*°™Tc]Hise-pertuzumab Fab to HER2-overexpressing SK-
BR-3 cells. Briefly, 1 x 10° SK-BR-3 cells were incubated
with increasing concentrations of [99mTc]His6—pertuzumab
Fab (0.07-300x10"°M) for 3h at 4°C in 1.5-mL
Eppendorf tubes. The tubes were centrifuged at 1200xg
for 5 min with a microcentrifuge (Model 5424, Eppendorf)
to separate the cell pellet and supernatant. The cell pellet
was resuspended in 0.5 mL PBS twice and then
recentrifuged and the supernatant was removed. Finally,
the radioactivity of the pellet was measured in a y-counter
to determine the total binding (TB). The assay was
repeated in the presence of a 50-fold molar excess of
pertuzumab IgG to determine non-specific binding (NSB).
Specific binding (SB) was obtained by subtraction of NSB
from TB. The cell-bound radioactivity was plotted vs. the
concentration of [**™Tc]Hise-pertuzumab Fab (nM), and
the resulting curves were fitted to a one-site receptor-

binding model using Prism Ver. 4.0 software. The K, and
number of binding sites (Bnax) were calculated from the
SB curve. B« was converted from counts per minute
(CPM) to the number of receptors per cell.

MicroSPECT/CT Imaging and Biodistribution
Studies

MicroSPECT/CT imaging and biodistribution studies were
performed in NOD/SCID mice with s.c. SK-OV-3 tumor
xenografts that overexpress HER2 (1.2 x 10° HER2/cell)
[18]. Groups of 5 tumor-bearing mice were injected i.v. (tail-
vein) with 36-37 MBq (70 pg) of [*°™Tc]Hisg-pertuzumab
Fab or 25-30 MBq (70 pg) of irrelevant [**™Tc]Fab 3913 in
0.16 mL of PBS, pH 7.4. Representative mice from each
group (n=2) were imaged under anesthesia (1.0-1.5%
isoflurane in O,) at 4h and 24 h post-injection (p.i.) on
NanoSPECT (Bioscan, Washington, DC) and CT (eXplore
Locus Ultra Preclinical CT scanner, GE Healthcare) systems
at the Spatio-Temporal Targeting and Amplification and
Radiation Response (STTARR) facility (University Health
Network). Tumor-bearing mice (n=4) were sacrificed at
24 h p.i., and blood, tumor, and selected normal tissues were
obtained, rinsed with PBS, and weighed. The radioactivity
was measured by y-counting and converted to percent-
injected dose per gram of tissue (%ID/g) and expressed as
mean + SEM %ID/g.

In separate studies, biodistribution analyses were performed
in NOD/SCID mice with s.c. MDA-MB-231 or MDA-MB-361
human BC tumors that have low or intermediate HER2
expression (5.4 x 10* and 5.1 x 10°, respectively) [18] at 4 or
24 h p.. of 29-49 MBq (70 pg, 0.16 mL in PBS, pH 7.4) of
[**™Tc]Hiss-pertuzumab Fab. Representative mice from each
group (n=2) were imaged at 24 h p.i. on a NanoScan SPECT/
CT/PET trimodality system (Mediso, Budapest, Hungary). At
4 h or 24 h p.i., all mice were sacrificed, and the tumor and
samples of blood and other normal tissues were obtained.
These tissues were weighed, and the radioactivity in each
was measured in a y-counter and expressed as %ID/g. The
mean + SEM %ID/g was compared for [*™Tc]Hise-
pertuzumab Fab in mice with s.c. MDA-MB-361 and MDA-
MB-231 tumors. The details for all SPECT and CT imaging
parameters are provided in the Supplementary Material.

Statistical Analysis

Significant differences were calculated by an unpaired
Student’s ¢ test (P <0.05).

Results
Pertuzumab Fab and Pertuzumab Fab-Hisg

SDS-PAGE shows that pertuzumab IgG migrated as a single
band under non-reducing conditions corresponding to a
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protein at 150 kDa (Fig. la; lane 2), while Fab (lane 3)
migrated as one major band at 42 kDa corresponding to ~
80 % of total protein by gel densitometry. In addition, there
were minor bands observed at 52, 30, and 16 kDa. The band
at 52kDa may represent Fc impurity. Under reducing
conditions, pertuzumab IgG (lane 5) migrated as two bands
at 49kDa and 25 kDa representing dissociated heavy and
light immunoglobulin chains. One major band at 25kDa
corresponding to the Vy-Cy; and Vi -Cp chains was
observed for pertuzumab Fab under reducing conditions
(lane 6), and a faint minor band was present at 30 kDa.
Modification of Fab with SMCC and conjugation to Hisg
peptides resulted in an upward shift in the major band to 46
kDa (lane 4). This increase in MW agreed with 2.1+£0.5
Hisg peptides incorporated per Fab measured in a radiomet-
ric assay, since each peptide has a MW = 1.32 kDa. Under
reducing conditions, SMCC-modified Fab exhibited one
major band at 26 kDa and two minor bands at 30 and 44 kDa
(lane 7). There was a slight upward band shift after
conjugation of Fab to Hisg peptides (lane 8). SE-HPLC with
UV detection at 280 nm revealed a single peak for
pertuzumab Fab (Fig. 1b) and pertuzumab Fab-Hiss (Fig.
1c) with retention times (#z)=13.8 min and 13.9 min,
respectively. Calibration of the SE-HPLC column using a
series of MW standards indicates that the MW of pertuzumb
Fab was 38 kDa (Supplementary Material Fig. S1).

Radioimmunoconjugates

Pertuzumab Fab-Hise were labeled with [*”™Tc(CO)(H,0)5]"
over arange of SA (Table 1). Labeling efficiency (LE) was 92—
97 % for a SA of 0.4-0.8 MBqg/ug, while at a SA of 1.0 MBg/
ng, LE decreased slightly to 85 %. Fab 3913 were labeled with
[**™Tc(CO)5(H,0);]" at a SA=0.58 MBg/pg and LE =95 %.
No post-labeling purification was performed.

HER?2 Immunoreactivity

Saturable binding of [**™Tc]His¢-pertuzumab Fab to HER2-
overexpressing SK-BR-3 cells (1.3 x 10° HER2/cell) [22]
was observed, and the binding was competed with a 50-fold
molar excess of unlabeled pertuzumab IgG (Fig. 2). Fitting
the SB curve from duplicate binding assay experiments to a
1-site receptor-binding model revealed that the K, for
binding to HER2 on SK-BR-3 cells was 51+5x10° M
and the By =3.5+0.1 x 10° receptors/cell.

MicroSPECT/CT Imaging and Biodistribution
Studies

Representative microSPECT/CT images at 4 h and 24 h p.i. of
[*™Tc]Hise-pertuzumab Fab or irrelevant [**™Tc]Fab 3913 in
NOD/SCID mice with s.c. SK-OV-3 human ovarian cancer
xenografts with high HER2 expression are shown in Fig. 3.

Tumors were visualized at both time points with [*™Tc]Hise-
pertuzumab Fab but were more clearly imaged at 24 h p.i.
Tumors were not visualized with [**™Tc]Fab 3913. The normal
organs which exhibited the highest uptake of [**™Tc]Hise-
pertuzumab Fab or [**™Tc]Fab 3913 were the liver, spleen, and
particularly the kidneys, with some bladder radioactivity
observed at 4h p.i. Biodistribution studies at 24h p.i.
(Table 2) revealed that the tumor uptake of [**™Tc]Hiss-
pertuzumab Fab (4.1 +0.6 %ID/g) was 13.7-fold significantly
greater than [*”™Tc]Fab 3913 (0.3+0.0 %ID/g; P<0.01).
Radioactivity in the blood was 8.9-fold significantly lower for
[**™Tc]Fab 3913 (0.1+0.0%ID/g) than [**™Tc]Hise-
pertuzumab Fab (1.3 0.2 %ID/g), but the T/B ratio was 1.4-
fold significantly higher for [**™Tc]Hise-pertuzumab Fab (3.2
+0.2 vs. 2240.2; P<0.01). Muscle uptake was 0.6+
0.1 %ID/g for [*°™Tc]Hise-pertuzumab Fab and 0.2+
0.0 %ID/g for [*™Tc]Fab 3913 (P<0.001), with a 4.3-fold
higher T/M ratio for [**™Tc]Hise-pertuzumab Fab (6.9 + 1.2 vs.
1.6+£0.3; P<0.01). There was significantly lower uptake of
[*™Tc]Fab 3913 in all other tissues, with the exception of the
spleen (P=0.20). Liver uptake of [**™Tc]Hise-pertuzumab Fab
was 2.1-fold higher than [**™Tc]Fab 3913 (11.3+0.8 %ID/g
vs. 5.5+0.7%ID/g, respectively; P<0.001). The kidneys
exhibited the highest normal organ uptake for both
radioimmunoconjugates with slightly but significantly greater
uptake observed for [**™Tc]His¢-pertuzumab Fab than
[**™Tc]Fab 3913 (53.1+1.1 %ID/g vs. 48.2+ 1.4 %ID/g,
respectively; P <0.05).

MicroSPECT/CT and biodistribution studies were also
performed in NOD/SCID mice with s.c. MDA-MB-231 or
MDA-MB-361 tumors with low or intermediate HER2
expression, respectively (5.4 x 10* and 5.1 x 10° HER2/cell),
injected with [**™Tc]Hise-pertuzumab Fab. MDA-MB-231
tumors were not visualized at 24h p.i. of [?™Tc]Hise-
pertuzumab Fab (Fig. 4a), while MDA-MB-361 tumors are
clearly visualized (Fig. 4b). Biodistribution studies in mice
with MDA-MB-361 tumors (Table 2) revealed that tumor
uptake increased by 1.8-fold from 3.2+ 0.1 %ID/g at4 h p.i. to
5.6+ 1.4 %ID/g at 24 h p.i. This was accompanied by a 4.6-
fold decrease in blood radioactivity from 3.3 +0.4 %ID/g at
4 h.p.i.t00.7£0.0 %ID/g at 24 h, resulting in an increase in the
T/B ratio from 1.0+0.1 at 4 h p.i. to 7.8+1.9 at 24 h
(P <0.05). There was a similar reduction in other normal tissue
uptake, except for a 2.6-fold increase in uptake in the kidneys
from 4 to 24 h p.i. The T/M ratio increased from 3.7+ 0.8 at4 h
pi. to 15.8+4.1 at 24 h. The tumor uptake of [**™Tc]Hise-
pertuzumab Fab at 24 h p. in mice with MDA-MB-231
xenografts was 7.1-fold significantly lower than in mice with
MDA-MB-361 xenografts (0.8 £0.1 %ID/g vs. 5.6 £ 1.4 %ID/
g; P<0.05; Table 2). There was also high kidney uptake (20.0
+ 1.9 %ID/g) and moderate liver uptake (9.5 + 1.4 %ID/g) of
[**™Tc]Hisg-pertuzumab Fab in mice with MDA-MB-231
tumors. Radioactivity in the blood in these mice was low
(0.7£0.0 %ID/g). The T/B ratio was 1.1 +0.1, and the T/M
ratio was 3.8 £0.4. The T/M ratio was 4.2-fold lower than in
mice with MDA-MB-361 tumors (P = 0.062). The tumor uptake
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Fig. 1 a SDS-PAGE analysis on a 4-20 % Tris-HCI gel stained with Coomassie blue G-250 under non-reducing conditions
(lanes 2—4) or reducing conditions (lanes 5-8). Lanes: MW, molecular weight markers; 2 and 5, pertuzumab IgG; 3 and 6,
pertuzumab Fab; 7, pertuzumab Fab reacted with sulfo-SMCGC; 4 and 8, pertuzumab Fab-Hisg. The slight upward band shift for
pertuzumab Fab-Hisg in lanes 4 and 8 compared to pertuzumab Fab in lanes 3 and 6 is due to conjugation of Hisg-peptides to
the Fab. b SE-HPLC analysis of pertuzumab Fab and ¢ pertuzumab Fab-Hisg on a BioSep-SEC-s2000 column with 0.1 M
NaH,PO,4, pH 7.0 at a flow rate of 0.8 mL/min with UV detection at 280 nm.

in mice with s.c. SK-OV-3 xenografts was 5.2-fold significantly
higher than in mice with MDA-MB-231 tumors (P < 0.001), and
the T/B ratio was 2.8-fold significantly higher (P<0.0001).
There were no significant differences in the tumor uptake
(P=0.37), T/B (P=0.095), and T/M (P=0.12) ratios
between mice with s.c. MDA-MB-361 or SK-OV-3 tumors.

Discussion

We describe here labeling of pertuzumab Fab modified with
Hisg peptides by reaction with the [**™T¢(CO);(H,0)5]"
complex and their evaluation for microSPECT/CT imaging of
HER2-positive tumors in NOD/SCID mice. Fab were prepared

Table 1. Labeling efficiency (LE) of pertuzumab Fab-Hisg incubated with
[**™Tc(CO)3(H,0)5]" complex at increasing specific activities

Specific activity (MBq/ug) * LE (mean + SD) ®

0.4 97.0+19 %
0.8 92.1+33 %
1.0 85.0+82 %

*Pertuzumab Fab-Hisgs (0.1-0.6 mg) was reacted with 40-560 MBq
[**™T¢(CO)3(H,0)5]" for 1 h at 37 °C, and the labeling efficiency (LE)
was determined by ITLC-SG developed in 0.1 M sodium citrate buffer, pH 5.5
n=3-10

by digestion of pertuzumab IgG (Perjeta®, Roche) using
immobilized papain and purified by ultrafiltration. SDS-PAGE
demonstrated one major band for pertuzumab Fab accounting
for ~80 % of all protein bands by gel densitometry (Fig. 1a),
but a single peak was found by SE-HPLC analysis (Fig. 1b).
Pertuzumab Fab were reacted with sulfo-SMCC to introduce
maleimide groups for conjugation to the terminal cysteine of
His¢-containing peptides [CGYGGHHHHHH]. Fab-Hisg
were then labeled with the [*™Tc(CO);(H,0)s]" complex at
a SA up to 0.8 MBq/ug and achieving > 92 % RCP (Table 1).
A higher SA (1.0 MBq/ug) resulted in a slightly lower RCP
(85%). The [*™Tc¢(CO);(H,0);]" complex was prepared
using the IsoLink® Kit (Paul Scherrer Institute). This method
of labeling pertuzumab Fab was adapted from our previous
report in which Fab of the anti-EGFR mAb, panitumumab
(Vectibix®, Amgen) were modified with Hisg peptides to enable
labeling with [*™Tc(CO)5(H,0)5]" [16]. Thus, the method is
versatile and was extended here to another pharmaceutical
quality mAb, pertuzumab, that did not harbor an endogenous
Hisg tag. An irrelevant Fab 3913 that incorporated an endoge-
nous Hiss tag was labeled with [*™Tc(CO);(H,0)5]" and
without conjugation to exogenous Hisg peptides.
[**™Tc]Hise-pertuzumab Fab demonstrated saturable
binding to SK-BR-3 human BC cells that was displaced by
an excess of pertuzumab IgG, indicating HER2-specific
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Fig. 2 Binding of [*®"Tc]Hise-pertuzumab Fab to HER2-
overexpressing SK-BR-3 human breast cancer cells. TB,
total binding; NSB, non-specific binding; SB, specific bind-
ing. Data shown are the mean + SEM (n = 2). Fitting of the SB
to a 1-site receptor-binding model using GraphPad Prism
Ver. 4.0 software revealed that the Ky for binding HER2 on
SK-BR-3 cells was 51.3+5.2 nM and the Bnax was 3.5+
0.1 x 10° receptors/cell.

binding (Fig. 2). The K, was 51+5 x 10° M and the By
was 3.5+0.1 x 10° receptors/cell. In previous studies, we
found that ['''In]DTPA-pertuzumab and [**Cu]NOTA-

a b

4 hp.i.
[#"Tc]His,-Pertuzumab Fab
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[#9"Tc]His,-Pertuzumab Fab

Fig. 3 Representative microSPECT/CT maximum intensity projections
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pertuzumab F(ab’), exhibited -20-25-fold higher affinity
than [**™Tc]Hise-pertuzumab Fab for binding to HER2-
expressing SK-BR-3 cells: Kp=2.0+1x10"7 M [22] and
26+03x10° M [23], respectively. The lower HER2-
binding affinity for [**™Tc]Hise-pertuzumab Fab may be due
to monovalent binding of Fab to HER2 compared to the
bivalent binding of pertuzumab IgG or F(ab’),. [**™Tc]Hise-
panitumumab Fab similarly exhibited a lower binding
affinity for EGFR (Kp,=55+4x10"" M [16]) than
["""Lu]DOTA-panitumumab (Kp=1.0+0.4x10"° M [24])
or [**Cu]DOTA-panitumumab F(ab"), (Kp=0.14+0.05 x
1077 M [25]).

MicroSPECT/CT and biodistribution studies were per-
formed in NOD/SCID mice with s.c. SK-OV-3 human
ovarian cancer xenografts overexpressing HER2 (1.2 x 10°
HER2/cell [19]) after i.v. (tail vein) injection of 36-37 MBq
(70 ug) of [**™Tc]Hise-pertuzumab Fab. The specificity of
tumor uptake was assessed by comparison to irrelevant
[?*™Tc]Fab 3913. Tumor uptake at 24 h p.i. of [*”™Tc]Hise-
pertuzumab Fab is 13.7-fold greater than [**™Tc]Fab 3913
(4.1£0.6 %ID/g vs. 0.32+0.02 %ID/g; P<0.01; Table 2).
Further, the T/B and T/M ratios for [99mTc]Hi56-peHuzumab
Fab (3.2+£0.2 and 6.9+ 1.2, respectively) were higher than
[**™Tc]Fab 3913 (2.2+0.2, and 1.6+ 0.3, respectively). SK-
OV-3 tumors were imaged at 4 h p.i. and with improved
tumor visualization at 24 h p.i. of [?*™Tc]Hise-pertuzumab
Fab (Fig. 3a,b), while tumors were not visualized at either
time point with [**™Tc]Fab 3913 (Fig. 3c,d). These results
demonstrated that the tumor uptake of [**™Tc]Hise-
pertuzumab Fab was specific and microSPECT/CT allowed

d

4 hp.i.
[** Tc)Fab 3913

24 hp.i.
[**~Tc]Fab 3913

[

(MIPs) of female NOD/SCID mice bearing s.c. HER2-

expressing SK-OV-3 tumor xenografts at (a) 4 h and (b) 24 h p.i. of 70 ug (36—37 MBaq) of [*®™Tc]Hisg-pertuzumab Fab or (c) 4 h
and (d) 24 h p.i. of irrelevant [*°™Tc]Fab 3913. The tumor is indicated by the white arrowhead while the liver, kidneys and
bladder are indicated by blue, green, and red arrowheads, respectively. Images were normalized to the same intensity for each
timepoint. The intensity scale is shown on the right of each image panel.
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Table 2. Biodistribution of radioimmunoconjugates in tumor bearing NOD/SCID mice

Percent injected dose per gram (%ID/g; mean += SEM) *

[*°™Tc]Hisg-pertuzumab Fab

[*™Tc]Fab 3913

Tumor xenograft: MDA-MB-231 MDA-MB-361 SK-OV-3 SK-OV-3
Time p.i.: 24 h 4h 24 h 24 h 24 h
Blood 0.7+0.1 3.3+0.4 0.7+0.0 1.3+0.2 0.1+0.0
Heart™>*¢ 0.6+0.0 1.5+0.1 0.8+0.0 1.7+0.0 0.7+0.1
Lungs®¢ 0.9+0.0 23+04 0.9+0.0 1.6+0.1 0.6+0.1
Stomach®¢ 0.6+0.1 0.8+0.0 0.7+0.2 1.0+0.0 0.2+0.0
Pancreas™®¢ 0.4+0.0 0.8+0.1 0.7+0.0 1.1+0.1 0.2+0.0
Intestine® 0.6+0.0 0.8+0.1 0.7+0.0 1.740.1 0.6+0.1
Spleen® 3.2+0.2 2.0+0.2 3.7+0.1 8.840.6 7.4+0.9
Liver™? 9.5+0.4 6.0+0.5 5.9+0.1 11.3+0.8 5.5+0.7
Kidneys®><¢ 20.0+1.9 22.140.9 57.3+3.3 53.0+1.0 48.0+1.0
Bone®d 0.4+0.0 0.7+0.2 0.5+0.2 1.5+0.1 0.7+0.1
Skin>4 0.8+0.1 1.3+0.1 1.2+0.0 1.5+0.1 0.3+0.0
Muscle®®4 0.2+0.1 1.0£0.2 0.4+0.1 0.6+0.1 0.2+0.0
Tumor®<4 0.8+0.1 3.2+0.1 5.6+14 4.1+0.6 0.3+0.0
T/B ratio®¢ 1.1+0.1 1.0+0.1 7.8+1.9 32402 22402
T/M ratio? 3.840.4 3.7+0.8 15.8+4.1 6.9+1.2 1.6+0.3
n=3-5

®Percent injected dose of [**™Tc¢]Hise-pertuzumab Fab per gram was significantly (P < 0.05) different between mice bearing MDA-MB-231 tumor xenografts

in mice and MDA-MB-361 tumor xenografts for the indicated tissue

“Percent injected dose [**™Tc]Hise-pertuzumab Fab per gram was significantly (P <0.05) different between mice bearing MDA-MB-231 tumor xenografts in

mice and SK-OV-3 tumor xenografts for the indicated tissue

dpercent injected dose per gram was significantly (P < 0.05) different between mice bearing SK-OV-3 tumor xenografts that received [**™Tc]Hisq-pertuzumab

Fab and [*"™Tc]Fab 3913 for the indicated tissue

visualization of HER2-positive SK-OV-3 tumors in NOD/
SCID mice, especially at 24h p.i. The uptake of
[**™Tc]Hise-pertuzumab Fab at 24 h p.i. in s.c. SK-OV-3
tumors in NOD/SCID mice (4.1+0.6 %ID/g) was lower
than we reported at 24 h p.i. of [**Cu]NOTA-pertuzumab
F(ab'), (1-3MBq; 50 png) in NOD/SCID mice (9.8+
5.1 %ID/g) in an earlier study [23], which is most likely
explained by the more rapid elimination of Fab and its
monovalent HER2 binding. In the earlier study, SK-OV-3
tumors were imaged at 24 h p.i. of [**Cu]NOTA-pertuzumab
F(ab"), by microPET/CT [23]. The impact of bivalent HER2
binding and a longer circulation time for intact IgG forms of
mAbs are revealed by the much greater uptake in HER2-
overexpressing MDA-MB-361 human BC xenografts (5.4 x
10* HER2/cell) in athymic mice found at 72h p.. of
[""'In]DTPA-pertuzumab (34.6 £9.9 %ID/g) [22]. MDA-
MB-361 tumors in this study were imaged by
microSPECT/CT at 72 h p.i. of ['"'In]DTPA-pertuzumab.
To further understand the relationship between the
tumor uptake of [**™Tc]His¢-pertuzumab Fab and HER2
expression level, microSPECT/CT and biodistribution
studies were performed in NOD/SCID mice with s.c.
MDA-MB-361 or MDA-MB-231 human BC xenografts
with intermediate or low HER2 expression (5.1 x 10> and
5.4 x10* HER2/cell, respectively [18]). MDA-MB-231
tumors were not imaged at 24 h p.i. of [*™Tc]Hiss-
pertuzumab Fab (Fig. 4a), while MDA-MB-361 tumors
were visualized (Fig. 4b). There was lower uptake of

a b

MDA-MB-231

.....

000 £0000 1000

Fig. 4 Representative microSPECT/CT maximum intensity
projections (MIPs) of female NOD/SCID mice bearing (a)
MDA-MB-231 tumor xenografts with low HER2 expression
(5.4 x 10* receptors/cell) or (b) MDA-MB-361 with intermedi-
ate HER2 expression (5.1 x 10° HER2/cell) at 24 h p.i of
[®*MTc]Hisg-pertuzumab Fab (70 pg, 29-49 MBq). The tumor
is indicated by the white arrowhead while the liver, kidneys
and bladder are indicated by blue, green, and red arrow-
heads, respectively. Images were normalized to the same
intensity for each timepoint. The intensity scale is shown on
the right of each image panel.
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[gngc]His6—pertuzumab Fab in MDA-MB-231 than
MDA-MB-361 tumors at 24 h p.i. (0.8+0.1 %ID/g vs.
5.6+1.4%ID/g, P<0.05; Table 2). Tumor uptake of
["™Tc]Hise-pertuzumab Fab at 24 h p.i. in mice with
MDA-MB-361 tumors was slightly higher than in mice
with SK-OV-3 tumors (5.6+1.4 %ID/g vs. 4.1+
0.6 %ID/g, P= 0.37), despite the lower HER2 expres-
sion of MDA-MB-361 cells (5.1 x 10> HER2/cell [18])
than SK-OV-3 cells (1.2 x 10° HER2/cell [19]). These
results suggest that microSPECT/CT with [**™Tc]Hise-
pertuzumab Fab was not able to discriminate a 2-fold
difference in HER2 expression in these tumors but was
able to detect the 10-20-fold difference in HER2
expression between MDA-MB-361 or SK-OV-3 tumors
and MDA-MB-231 tumors (5.4 x 10° HER2/cell). The
inability to discriminate the 2-fold difference in HER2
expression between MDA-MB-361 and SK-OV-3 tumors
may be due to other factors such as tumor vasculariza-
tion, interstitial pressure, and the stromal matrix which
presents penetration barriers to radioimmunoconjugates
[26]. Nonetheless, our results indicated that tumors with
moderate to high HER2 expression, which are repre-
sented by MDA-MB-361 or SK-OV-3 xenografts in
NOD/SCID mice, could be imaged at 24 h p.i. of
[?“™Tc]Hisg-pertuzumab Fab, but tumors with low HER2
expression such as MDA-MB-231 could not be imaged.
Importantly, in patients with breast cancer (BC), only
those who have tumors that express moderate or high
levels of HER2 comparable to MDA-MB-361 or SK-OV-
3 tumors [18, 19] are eligible for treatment with HER2-
targeted therapies [7], and thus imaging with
[**™Tc]Hisg-pertuzumab Fab may be useful to identify
tumors in patients with these levels of HER2.

PET has been studied to assess tumor HER2 status in
patients with BC. In one study, PET visualized lesions at 5—
8 days p.i. of [*Zr]DFO-pertuzumab (2050 mg, 74 MBq)
in 6 patients with HER2-positive metastatic BC [11]. In
another study, PET with [*Zr]DFO-trastuzumab (10-50 mg,
37 MBq) detected tumors in the liver, lung, bone, and brain
in 14 patients with HER2-positive BC, and the optimal time
point for tumor uptake was 4-5 d p.i. [27]. Since HER2-
positive tumors in mice were imaged by microSPECT/CT at
4 h p.i. of [*™Tc]His¢-pertuzumab Fab with clear visuali-
zation at 24 h p.i. (Figs. 3 and 4), this may allow earlier
tumor imaging in patients than by PET using *Zr-labeled
pertuzumab or trastuzumab. Moreover, the high radiochem-
ical purity (92-97 %) of [**™Tc]Hise-pertuzumab Fab
achieved by incubation with [**™Tc¢(CO);(H,0);]" may
allow development of a kit formulation to prepare the
radiopharmaceutical for patients.

Conclusions

Modification of pertuzumab Fab with Hisg peptides enabled
labeling with the [*°™Tc¢(CO);(H,0)5]" complex.
[*™Tc]Hisg-pertuzumab Fab retained high affinity specific

binding to HER2 on SK-BR-3 cells in vitro and localized
specifically in vivo in s.c. SK-OV-3 human ovarian cancer
xenografts in NOD/SCID mice. Tumors were visualized by
microSPECT/CT at 4 h or 24 h p.i. of [*™Tc]Hiss-
pertuzumab Fab. Tumor uptake of [**™Tc]Hisg-pertuzumab
Fab and tumor visualization by microSPECT/CT in mice
was dependent on HER2 expression level. Only MDA-MB-
361 or SK-OV-3 tumors with high or intermediate HER2
expression but not MDA-MB-231 tumors with low HER2
were imaged with [**™Tc]Hise-pertuzumab Fab. Our results
suggest that [*”™Tc]Hise-pertuzumab Fab is a promising
agent for imaging tumor HER2 expression which may be
helpful for selecting patients for HER2-targeted therapies.
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material available at https://doi.org/10.1007/s11307-020-01571-z.
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