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89Zr-trastuzumab PET visualises HER2 downregulation by the
HSP90 inhibitor NVP-AUY922 in a human tumour xenograft
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Biomarker

NVP-AUY922, a potent heat shock protein (HSP) 90 inhibitor, downregulates the expression
of many oncogenic proteins, including the human epidermal growth factor receptor-2
(HER2). Because HER2 downregulation is a potential biomarker for early response to
HSP90-targeted therapies, we used the 8°Zr-labelled HER2 antibody trastuzumab to quan-
tify the alterations in HER2 expression after NVP-AUY922 treatment with HER2 positron
emission tomography (PET) imaging.

The HER2 overexpressing human SKOV-3 ovarian tumour cell line was used for in vitro
experiments and as xenograft model in nude athymic mice. In vitro HER2 membrane expres-
sion was assessed by flow cytometry and a radio-immuno assay with 8°Zr-trastuzumab. For
in vivo evaluation, mice received 50 mg/kg NVP-AUY922 intraperitoneally every other day.
89Zr-trastuzumab was injected intravenously 6 d before NVP-AUY922 treatment and after
3 NVP-AUY922 doses. MicroPET imaging was performed at 24, 72 and 144 h post tracer injec-
tion followed by ex-vivo biodistribution and immunohistochemical staining.

After 24 h NVP-AUY922 treatment HER2 membrane expression showed profound reduc-
tion with flow cytometry (80%) and radio-immuno assay (75%). PET tumour quantification,
showed a mean reduction of 41% (p = 0.0001) in #°Zr-trastuzumab uptake at 144 h post tracer
injection after NVP-AUY922 treatment. PET results were confirmed by ex-vivo #9Zr-trast-
uzumab biodistribution and HER2 immunohistochemical staining.
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NVP-AUY922 effectively downregulates HER2, which can be monitored and quantified
in vivo non-invasively with 8°Zr-trastuzumab PET. This technique is currently under clinical
evaluation and might serve as an early biomarker for HSP90 inhibition in HER2 positive

metastatic breast cancer patients.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Heat shock protein 90 (HSP90) is a 90 kDa molecular chaper-
one protein which is involved in the conformation, activa-
tion, functionality and stability of over 100 client proteins.
Client proteins of HSP90 are involved in all hallmarks of
oncogenesis: tumour cell growth, invasion, metastasis, angi-
ogenesis, evading apoptosis and insensitivity to anti-growth
signals.’ Tumour cells overexpress HSP90 2- to 10-fold com-
pared to normal cells of the related tissue and are more
dependent on HSP90 than normal counterparts.” In tumour
cells HSP90 is predominantly present in an active com-
plexed state with a higher ATPase activity and ATP affinity.?
These characteristics make HSP90 a target with high poten-
tial for cancer therapy, as the inhibition of HSP90 results in
targeting multiple signalling pathways crucial for tumour
maintenance.

Several HSP90 inhibitors are currently in clinical develop-
ment. Most pre-clinical and clinical experience has been ob-
tained with the geldanamycin class of HSP90 inhibitors of
which 17-(allylamino)-17-demethoxygeldanamycin (17-AAG;
tanespimycin) is the best-studied family member. Therapeu-
tic effects (disease stabilization, tumour responses) of 17-AAG
were seen in several phase I and II trials, including a phase II
trial in patients refractory to trastuzumab therapy.*® How-
ever, clinical application of 17-AAG is hampered due to hepa-
totoxicity and formulation difficulties.

A new interesting class of HSP90 inhibitors consists of the
pyrazole resorcinols, of which NVP-AUY922 is in vitro the
most potent family member.® Pre-clinical activity of NVP-
AUY922 has been reported recently’® and NVP-AUY922 is cur-
rently being investigated in two phase I-II clinical trials.

Monitoring the pharmacodynamic effects of HSP90 inhibi-
tors would facilitate the clinical development of these drugs.
Currently there is no proven early biomarker for evaluating
HSP90 inhibition. In a clinical phase I study with 17-AAG, tu-
mour biopsies were taken in which Western blot analysis re-
vealed c-RAF1 inhibition, CDK4 depletion and HSP70
induction.* The limited feasibility of repeated tumour biop-
sies, however, has driven the search for non-invasive phar-
macodynamic monitoring of HSP90 inhibitors.’

One of the most potent oncogenic client proteins of HSP90
is the human epidermal growth factor receptor-2 (HER2).
HER? is a key player in oncogenic transformation in a variety
of cancer types and is overexpressed in 20-25% of breast can-
cers.” The rapid but transient HER2 degradation induced by
HSP90 inhibition has been shown in vitro and in vivo in several
pre-clinical reports.”812

Molecular imaging techniques are well suited for non-
invasive monitoring of the rapid molecular changes induced
by tumour-targeting therapies. Serial HER2 positron emission

tomography (PET) imaging is potentially attractive as bio-
marker as it allows the visualisation and quantification of
the molecular tumour response to the drug early during
treatment.

HER?2 PET imaging with a ®Ga-labelled trastuzumab F(ab’),
fragment (*®Ga-DCHF) has preclinically shown to be able to
monitor the HER2 downregulation after 17-AAG treatment.*?
In the search for a clinical usable PET tracer, we labelled
the HER2 full length antibody trastuzumab with the long-
lived PET isotope zirconium-89 (®°Zr) for HER2 PET imaging.
The pre-clinical kinetics and biodistribution of #Zr-trast-
uzumab have recently been described.’ Our clinical experi-
ence with this tracer for HER2 imaging in metastatic breast
cancer patients showed excellent feasibility.’ In the present
study, we aim to use 3°Zr-trastuzumab PET imaging for non-
invasive quantification of the HER2 downregulation by the
HSP90 inhibitor NVP-AUY922 in a HER2 positive xenograft
model.

2. Materials and methods

2.1. Cell line and reagents

The HER2 overexpressing human ovarian cancer cell-line
SKOV-3 was obtained from American Type Culture Collection.
Cells were cultured in a humidified incubator at 5% CO, and
37°C in D-MEM high glucose, supplemented with 10% FCS.
NVP-AUY922 was provided by Novartis. 17-AAG was pur-
chased from LC Laboratories and was used as a reference
for the in vitro effects of NVP-AUY922. For the in vitro experi-
ments NVP-AUY922 and 17-AAG were dissolved in DMSO
and stored at —80 °C or -20 °C, respectively. For intraperitoneal
(i.p.) administration, NVP-AUY922 was dissolved in 5% glu-
cose and was delivered in a volume of 200 pL. In vivo experi-
ments were performed with NVP-AUY922 only.

2.2.  Flow cytometry

Attached cells were incubated with 30 or 100 nM NVP-AUY922
for 24 h. In these concentrations, NVP-AUY922 was shown to
downregulate HER2 expression in vitro.”® For reference, cells
were also incubated with 30, 100 or 500 nM 17-AAG. Cells were
harvested with trypsin, washed and diluted in cold phosphate
buffered saline (PBS). Subsequently, cells were incubated on
ice for 45min with 20pg/mL trastuzumab followed by
45 min with 20 pg/mL monoclonal anti-human IgG, FITC con-
jugated (Clone HP 6017, Sigma). Membrane receptor expres-
sion was analysed using flow cytometry (FACSCalibur, BD
Biosciences) with Winlist software (Verity Software House).
For every treatment condition, three independent experi-
ments were performed.
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2.3.  Conjugation and ®*Zr-labelling of trastuzumab

Trastuzumab (Herceptin, Roche) conjugation and labelling
was performed as described previously.'* Briefly, trastuzumab
was first conjugated with the chelater N-succinyldesferriox-
amine B-tetrafluorphenol (N-sucDf-TFP) (VUMC). After conju-
gation, the product was purified by ultracentrifugation and
stored at -20°C. In the second step, N-sucDf-trastuzumab
was radiolabelled with clinical-grade ®°Zr oxalate (IBA
Molecular).

2.4.  Conjugation and *'In-labelling of control human IgG

Human IgG (Sanquin) conjugation and labelling was
performed according to Ruegg.***® Briefly, IgG was first conju-
gated to the bifunctional conjugating agent 2-(4-isothiocy-
anatobenzyl)-diethylenetriaminepentaacetic acid (p-SCN-Bn-
DTPA, Macrocyclics). After conjugation, the product was used
for radiolabelling immediately or stored at —20 °C. Conjugated
human IgG was radiolabelled with **'InCl; (Covidien). Glass-
ware, materials and solutions used for the conjugation and
labelling procedures were sterilized, pyrogen-free and me-
tal-free.

2.5.  Radio-immuno assay

Attached cells were incubated with 30 or 100 nM NVP-AUY922
or 500 nM 17-AAG for 24 h. Cells were harvested following
trypsinisation and were washed and diluted in cold PBS. To
correct for aspecific binding, a sample of the untreated cells
was blocked with a 500-fold excess of unlabelled trast-
uzumab. For each condition, 5x 10° cells were incubated in
triplicate for 60 min with 1 pg 8°Zr-trastuzumab at 4 °C. Bind-
ing of #Zr-trastuzumab was measured in a calibrated well-
type LKB-1282-Compu-gamma system (LKB Wallac). For every
treatment condition, three independent experiments were
performed.

2.6. Animal studies

In vivo imaging and biodistribution experiments were con-
ducted using male athymic mice (Hsd:Athymic Nude/nu) ob-
tained from Harlan. Mice were injected subcutaneously with
10° SKOV-3 cells mixed equally with Matrigel™ (BD Biosci-
ence). When tumours measured between 5 and 8 mm in
diameter (~0.2 cm®), approximately 2-3 weeks after inocula-
tion, mice were injected with a ®Zr-trastuzumab
(100 pg,+5 MBq) and IgG (100 nug) co-injection via the penile
vein. Animals were imaged using a MicroPET Focus 220 rodent
scanner (CTI Siemens). Static images of 15-45 min acquisition
time were obtained at 24, 72 and 144 h post injection. NVP-
AUY922 was administered i.p. every other day in a dose of
50 mg/kg starting directly after the 144 h scan of the baseline
87r-trastuzumab injection. With this treatment regimen,
NVP-AUY922 has shown to decrease HER2 tumour expression
and to effectively inhibit tumour growth in vivo, with accept-
able tolerability.® After three doses of NVP-AUY922, mice were
again injected with #Zr-trastuzumab (100 ug,+5MBq) and
Mn-IgG (100 ug,+5 MBq) co-injection. Post treatment Micro-
PET scans were acquired according to the same schedule as

described for the baseline scans. NVP-AUY922 treatment
was continued till the last scan. After image reconstruction,
in vivo quantification was performed with AMIDE Medical Im-
age Data Examiner software (version 0.9.1, Stanford Univer-
sity)/ and tumour accumulation was calculated as
standardised uptake value (SUV). Animals were sacrificed
after the last scan and organs were excised, rinsed for resid-
ual blood, weighed and counted for radioactivity in a cali-
brated well-type LKB-1282-Compu-gamma system. Tissue
activity is expressed as percentage of the injected dose per
gram tissue (%ID/g). A separate group of mice receiving only
the vehicle was used as control for #Zr-trastuzumab and
MIn-IgG biodistribution. Experiments were performed with
isofluran inhalation anaesthesia (induction 3%, maintenance
1.5%) and were approved by the animal experiments commit-
tee of the University of Groningen.

2.7.  Immunohistochemistry

Tumours were kept on ice during biodistribution analysis and
subsequently processed for immunohistochemical analysis.
Formalin-fixed, paraffin-embedded tumours were stained
with antibodies against HER2 (HercepTest™, DAKO). Immuno-
histochemistry results were scored semi quantitatively
according to the system used in clinical testing (0, 1, 2 and
3+, which corresponds with no, weak, moderate or strong cir-
cumferential, membranous staining).

2.8.  Statistical analysis

Data are presented as means + standard deviation. Statistical
analysis was performed using the Mann-Whitney test for
non-parametric data, an unpaired T-test for parametric data
and a paired sampled T-test for paired data (SPSS, version
16). A p-value < 0.05 was considered significant.

3. Results

3.1. NVP-AUY922 downregulates HER2 expression in
SKOV-3 cells in vitro

NVP-AUY922 induced HER2 downregulation is shown in
Fig. 1A. Treatment with 30 and 100 nM NVP-AUY922 for 24 h
resulted in HER2 downregulation of 72.5+24% and
80.1 + 1.4%, respectively, compared with untreated control
cells. Treatment with 30, 100 and 500 nM 17-AAG resulted in
HER2 downregulation of 11.4+3.6%, 41.6x37% and
82.0 + 1.2%, respectively, compared with untreated control
cells. NVP-AUY922 and 17-AAG isomolar concentrations of
30 and 100 nM resulted in a more pronounced HER2 downreg-
ulation after NVP-AUY922 treatment than after 17-AAG treat-
ment with p-values < 0.0001. Treatment with 500 nM 17-AAG
resulted in similar HER2 downregulation as 100 nM NVP-
AUY922 (p = 0.15).

3.2.  NVP-AUY922 reduces %Zr-trastuzumab binding to
SKOV-3 cells in vitro

897r-trastuzumab binding to SKOV-3 cells after 24 h treatment
with NVP-AUY922, 17-AAG and control is shown in Fig 1B.
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Fig. 1 - HER2 downregulation, as determined by flow cytometry (A) and 39Zr-trastuzumab binding, as determined by radio-
immuno assay (B), to SKOV-3 after 24 h treatment with NVP-AUY922 and 17-AAG.

Binding of ®9Zr-trastuzumab to untreated SKOV-3 cells was
21.7 £ 8.4% of the total ®Zr-trastuzumab applied. Blocking
the cells with an excess of unlabelled trastuzumab reduced
897r-trastuzumab binding to 0.31 + 0.03%, being the non-spe-
cific binding of #Zr-trastuzumab. Treatment of the cells with
30 and 100 nM NVP-AUY922 reduced the specific binding of
897r-trastuzumab compared to control by 43.7 + 16.9% and
74.9 + 9.3%, respectively. Treatment with 500 nM 17-AAG re-
sulted in a reduction of #Zr-trastuzumab specific binding with
68.2 + 2.2%, which was similar to 100 nM NVP-AUY922 (p =
0.29).

3.3.  ®Zr-trastuzumab PET imaging shows reduced
tumour uptake after NVP-AUY922 treatment

Visual analysis of PET imaging showed a time dependent
accumulation of #Zr-trastuzumab within the tumours. At
144h post injection, tumour uptake of ¥Zr-trastuzumab
was higher than at 72 h post injection. Fig. 2A and B show
the transversal and coronal images of a representative mouse
scanned at 72 and 144 h post injection of #Zr-trastuzumab
before and after treatment with NVP-AUY922. Treatment with
NVP-AUY922 results in a clearly visible decrease in #Zr-trast-
uzumab tumour uptake. The mean SUV at baseline was

72hp.i.

144 h p.i. 72 hp.i.

29+0.6 and 3.4+ 1.1 at 72 and 144 h post injection, respec-
tively. The decrease in 3°Zr-trastuzumab tumour uptake after
NVP-AUY922 treatment was 34 + 23% (p = 0.0009) and 41 + 17%
(p =0.0001) at 72 and 144 h post injection, respectively, result-
ing in a post treatment SUV of 1.9+ 0.8 and 2.0 + 0.9 at 72 and
144 h post injection, respectively. Fig. 2C shows the individual
tumour SUVs at 144 h post injection of #Zr-trastuzumab pre
and post treatment with NVP-AUY922.

Biodistribution results in the NVP-AUY922 treatment group
(n = 10) were compared with the #Zr-trastuzumab and 'In-
IgG biodistribution results in a control group (n = 7), which re-
ceived only the vehicle. This comparison was made to deter-
mine if the reduced #Zr-trastuzumab tumour uptake after
NVP-AUY922 treatment was indeed caused by a downregula-
tion of HER2. This proved to be the case as there was a 41%
(p = 0.0012) lower tumour uptake of ®Zr-trastuzumab in the
NVP-AUY922-treated mice, compared to the control mice
(Fig. 3A) whilst there was no difference in *'In-IgG tumour up-
take between treated and control mice. The #Zr-trastuzumab
tumour uptake was corrected for non-specific uptake by sub-
tracting the 'In-IgG tumour uptake for each mouse (Fig. 3B).
This correction reveals the HER2-driven #Zr-trastuzumab tu-
mour uptake which was reduced to 52% (p=0.0002) after
NVP-AUY922 treatment, compared to control.

Average decrease: - 41%
(p=0.0001)

144 h p.i. Pre Post

Fig. 2 - Transversal and coronal PET images of a representative mouse scanned with #°Zr-trastuzumab before (A) and after (B)
treatment with NVP-AUY922. Arrows indicate tumour. PET quantification of 3°Zr-trastuzumab tumour uptake at 144 h post

injection is shown in C.
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Fig. 3 - 89Zr-trastuzumab and **'In-IgG tumour uptake (A and B) and biodistribution (C and D). Mice were treated with NVP-
AUY922 (50 mg/kg, 3qw) or control for 10 d. Both tracers were co-injected at 4 d after initiation of treatment.

The #Zr-trastuzumab biodistribution profile at 6d post
tracer injection in treated and control mice shows that NVP-
AUY922 affected ®°Zr-trastuzumab uptake in liver, bladder,
pancreas and tumour (Fig. 3C). 3Zr-trastuzumab uptake was
higher in bladder and pancreas and lower in liver and tumour
in the NVP-AUY922 treated group. These alterations in #Zr-
trastuzumab uptake in liver, bladder and pancreas were also
seen with "In-IgG (Fig. 3D), indicating a non HER2-driven
mechanism.

3.4.  Immunohistochemistry

HER2 immunohistochemistry performed on tumours ob-
tained from the biodistribution experiment confirmed the
HER2 downregulation in the NVP-AUY922-treated group. All
the tumours from the treated mice were still HER2 positive
(1 + or 2+), however the HER? staining in this group was over-
all less intense compared to the control group (Fig. 4).

5. Discussion

In the present study, we successfully demonstrate the feasi-
bility of #Zr-trastuzumab HER2 PET as a biomarker for
HSP90 inhibition in a HER2 positive xenograft model. Cur-
rently there is no clinically proven early biomarker for evalu-
ating the pharmacodynamic effects of HSP90 inhibition.
Serial molecular imaging can provide information about the
molecular alterations as an early response to HSP90 inhibi-

tion. Because many oncoproteins are clients of HSP90,'8'?

there are several molecular imaging target opportunities for
non-invasive monitoring of HSP90 inhibition. EGFR imaging
with ®‘Cu-cetixumab has been used for pharmacodynamic
monitoring of 17-AAG in PC-3 human prostate cancer xeno-
grafts.?® However, HER2 imaging is probably a better readout
than EGFR imaging since HER2 is likely the client protein most
sensitive to HSP90 inhibition and in addition, both nascent
and mature HER2 are downregulated by HSP90 inhibition,
whereas only nascent EGFR is downregulated.?* Therefore,
for HER2 positive cancers, molecular imaging of HER2 expres-
sion during HSP90 inhibiting therapies has the best potential
for pharmacodynamic monitoring. This approach has also
been evaluated previously in other pre-clinical models.
HER2 downregulation induced by 17-AAG in a BT-474 human
breast cancer xenograft model was monitored by PET imaging
with ®8Ga-DCHF. ®Ga-DCHF tumour uptake was reduced by
50% after treatment with 17-AAG (3 x 50 mg/kg in 24 h), com-
pared to baseline ®®Ga-DCHF tumour uptake.’ In the same
xenograft model, the tumour uptake of the metabolic PET tra-
cer [*®F]fluorodeoxyglucose (FDG) was unaffected by 17-AAG
during the follow-up period of 21d after treatment.?® This
indicates that HER2 imaging is more useful as an early bio-
marker for HSP90 inhibition than metabolic FDG imaging.
Radiolabelled full length trastuzumab has been used previ-
ously by others to assess HER2 downregulation after HSP90
inhibition. PET imaging with ®*Cu-trastuzumab showed a
64% reduction in tumour uptake 24 h after treatment of
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Fig. 4 - HER2 immunohistochemistry in representative tumours from a control and a NVP-AUY922-treated mouse. Mice were
treated with NVP-AUY922 (50 mg/kg, 3qw) or control for 10 d. Tumour samples were collected 2 d after the last dose of NVP-

AUY922.

SKOV-3 xenograft bearing mice with 17-(dimethylaminoeth-
ylamino)-17-demethoxygeldanamycin (17-DMAG; alvespimy-
cin) (3 x50 mg/kg in 24 h).”® Similar results were seen with
HER?2 PET imaging using the "®F-FBEM-Zygg.342 affibody mol-
ecule after treatment of BT-474 xenografts with 17-DMAG
(40 mg/kg/d, 4 doses).**

NVP-AUY922 induced downregulation of HER2 was first
shown in HCT116 colon carcinoma cells by Western blot anal-
ysis.® In a BT-474 human breast cancer xenograft model, a
single dose of 50 mg/kg NVP-AUY922 resulted in a HER2
downregulation, as determined with immunohistochemistry
and Western blot.® Our in vitro results confirm the HER2 down-
regulation by NVP-AUY922, which was more potent than that
of 17-AAG in isomolar concentrations. It should be noted that
NVP-AUY922 is a very promising HSP90 inhibitor, which
shows considerably less toxic effects than the geldanamycin
derivatives in the current clinical phase I evaluation.

Our in vivo results show an average decrease of 41% in 3%Zr-
trastuzumab tumour uptake, which is comparable with the
decrease which was reported with °®Ga-DCHF, '®F-FBEM-
Zuer2:342 and ®*Cu-trastuzumab after HSP90 inhibiting treat-
ment. Main difference between ©%Ga-DCHF, !®F-FBEM-
ZiEro:342, O*CU-trastuzumab and 8Zr-trastuzumab HER2 PET
imaging is the interval between tracer injection and scan
acquisition, which is limited by the physical half-life of the
radioisotopes. Half-lives of 1.13 and 1.83 h limit imaging with
%8Ga-DCHF and *8F-FBEM-Zygro.342 to several hours post tracer
injection, where the half-life of *Cu of 12.7 h allows trast-
uzumab imaging up to 48 h. We performed HER2 PET imaging
in metastatic breast cancer patients up to 7 d post injection of
897r-trastuzumab (with a half-life of 78.4 h) and found that
the best images were obtained on days 4 and 5.* This is in
accordance with the fact that antibodies like trastuzumab
accumulate slowly into the tumours, which makes trast-
uzumab imaging days after injection more rational. Our imag-
ing data with ®Zr-trastuzumab in the present study were
acquired 72 and 144 h post tracer injection during treatment
with NVP-AUY922 every 48 h. These data showed still an in-
crease over time of 8Zr-trastuzumab tumour uptake from
72 to 144 h. The effect of NVP-AUY922 on #Zr-trastuzumab

tumour uptake was most pronounced at 144 h post tracer
injection. The tumour uptake of ®°Zr-trastuzumab at 144 h
p.i. reflects the level of HER2 membrane expression during
that 144 h, which will be the integrated result of NVP-
AUY922 induced HER2 downregulation over this interval.

Even though HER2 may serve as an excellent read out for
HSP90 inhibition, it is not universally expressed in tumour tis-
sue. Therefore, also other client proteins are of interest in this
setting. In our institution, we have also studied the effect of
HSP90 inhibition on VEGF expression by means of #Zr-bev-
acizumab PET in a pre-clinical model. An advantage of this
marker is that it is universally expressed in tumours,
although VEGF may not be as sensitive as readout compared
to HER2. HER?2 imaging is readily available for use in patients
in our institution, and at present we are translating these pre-
clinical results to the clinical setting in collaboration with the
Royal Marsden institute in London.

In summary, this paper describes the successful pre-clini-
cal validation of #Zr-trastuzumab HER2 PET for non-invasive
pharmacodynamic monitoring of the HER2 downregulation
by the HSP90 inhibitor NVP-AUY922. This technique might
serve as an early biomarker for HSP90 inhibition in HER2 po-
sitive metastatic breast cancer patients and could potentially
support patient tailored therapy.
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