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ABSTRACT

Aim. To determine informative prognostic criteria for assessing the HER2 / neu status in primary breast cancer
using *“"Tc-DARPinG3.

Materials and methods. The study included 10 patients with breast cancer (T, N, ,M,) before systemic therapy,
who underwent a radionuclide study using *"Tc-DARPinG3 at a dose of 3,000 pg. Five patients were characterized
by HER2 / neu overexpression in primary breast cancer, whereas 5 patients were HER2-negative. For all patients,
morphological and immunohistochemical studies and fluorescence in situ hybridization (FISH) of the primary tu-
mor nodule were carried out. Single-photon emission computed tomography (SPECT) of the chest was performed
for all patients 4 hours after the injection of *"Tc-DARPinG3.

Results. The total activity of *"Tc-DARPinG3 was 522.4 + 341.8 MBq. The comparative analysis showed that
higher uptake of the labeled protein in HER2-positive breast cancer was significant (p = 0.0159, Mann — Whitney
U test). The analysis of the ratios showed significant differences in the tumor-to-background ratios in patients with
HER2-positive breast cancer (p < 0.0159, Mann — Whitney U test). Based on the logistic regression analysis, a
mathematical model was developed to predict the status of HER2 / neu in primary breast cancer patients (specificity
and sensitivity 100%; p = 0.0004) using *"Tc-DARPinG3 at a dose of 3,000 mcg 4 hours after the injection of the
radiopharmaceutical.

Conclusion. The results of the study allow to consider the tumor-to-background ratio 4 hours after the injection of
PmTc-DARPInG3 as an additional prognostic parameter for determining the HER2 / neu status in primary breast
cancer.
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PE3IOME

Hens. Onpenennts HHPOPMATHBHBIE IIPOTHOCTHYECKNE KpPUTEpUH JuIst olfeHkH ctaryca HER2/neu B nepBuuHOM
OIyXOJIH Y OOJIBHBIX pakoM Moso4HOit xkene3bl (PMIK) ¢ npumenennem paguodapmipenapara «*"Tc-DARP-
inG3».

Matepuanel u Meroabl. B pa6oty Bkmouenst 10 6ompaprx PMIXK (T, N M), KOTOpBIM 110 Ha4aua CHCTEM-
HOTO JICUSHHUS BBIMONHIOCh PAIHOHYKIHIHOE HCCIeq0BaHue ¢ npuMeHenneM mpemapata «”"Tc-DARPIinG3»
B JIO3UPOBKE OCHOBHOTO BemiecTBa 3 000 MKT: y MATH MalMeHTOB ObLTa BBIsSBIEHa rumnepakcnpeccuss HER2/neu
B TIEPBUYHOIl OITyXOJI MOJIOYHOM >KelNe3bl, y MATH — HeT. Bo Bcex cirydasx mpoBOAMINCE MOP(OIOTHIECKOe U
MMMYHOTHCTOXUMHIYECKoe rccienoBanns U FISH-anann3 TkaHM OCHOBHOTO OIyXo0JeBoro y3ina. Yepes 4 4 mocine
BBEJICHNS IIpeTiapaTa BceM OOJIFHBIM BBINOTHSIACH OAHO(GOTOHHASI KOMITBIOTEpHAst TOMOTrpadust OpraHoB rpyJHON
KIIETKH.

Pesyabrarel. Cymmaprast akTuBHOCTH mpemnapata «”"Tc-DARPinG3» cocrasuina 5224 + 341,8 Mbk. Ilpu
CPaBHHUTEILHOM aHAJIN3€ CTATUCTHYECKU 3HAYMMBbIM SBIISUIOCH 00JIee BBICOKOE HAKOIIGHHE MEYEHHOTO IPOTEHHA
B HER2-mo3utuBHBIX omyxonsx MojouHoi xene3sl (p = 0,0159, U-xkpurepuit Manna — YuTHuH). AHamu3
COOTHOILICHHH MPOJEMOHCTPUPOBAJ 3HAYMMBbIE Pa3iIMYUsl MOKa3aTeNs OIyXoib/(hoH y OONBHBIX B MOATPYIIE C
HER2-1o3uTHBHBIMH OIyXO0JIIMH MOJIOUHOM kenessl (p < 0,0159, U-kpurepuit Manua — Yutuu). Ha ocHoBanuu
HPOBEJEHHOTO UCCIIEIOBAHUS C IPHMEHEHHEM METO/A JIOTUCTHYECKOH perpeccuu pazpaboTaHa MaTeMaTH4ecKast
MoJieNb Ui Iporuo3upoBanus cratyca HER2/neu B nepBuunoii onmyxonu y 6onbHeIx PMIK (cneunpuyuHoCTs U
qyBcTBUTeNbHOCTE 100%; p = 0,0004) npu ncnons3oBanuu npenapara «”"Tc-DARPinG3» B gozuposke 3 000 Mkr
yepes 4 4 rnocje BBEACHUS.

3akia0yenne. Pe3ynbTaThl JAHHOTO HCCIIEIOBAHMUS MO3BOJISIIOT PacCMaTPHUBATh ITOKa3aTeNlb OIyXOJb/(oH dyepes3
4 v nocne BBenenus npemnapara «°"Tc-DARPinG3» B kadecTBe JOMOJHHUTEIBHOIO MEPCIIEKTUBHOTO MapamMeTpa
qutst onpezenenus craryca HER2/neu B mepBuuHoit onmyxonu y 6oabpHbIX PMK.

KitroueBble cj10Ba: pak MOJIOYHOM KeJe3bl, PAJHOHYKIIH/IHAS IMATHOCTHKA, AbTEPHATUBHBIC KApKAaCHbIC OCJIKH,
DARPinG3, HER2/neu
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CBSI3aHHBIX C MyOIUKaKeil HaCTOSIIEeH CTaThU.

Hcrounuk ¢unancupoBanusi. PaGora BhmonHeHa B paMkax IpaHTa MUHHCTEPCTBA HAayKH M BBICIIETO
obpa3oBanus 1o TeMe «Pa3paboTka TapreTHHIX MOJEKYJ Ha OCHOBE KapKacHBIX OENKOB JUISl THArHOCTHKU H
Teparnuy 3JI0Ka4yeCTBEHHBIX HOBOOOPA30BaHMUI: TepaHOCTHUECKUH oaxo» (cornanrenue Ne 075-15-2022-1103).

CooTBeTcTBHE NPUHIMIIAM dTHKH. Bce manueHTs! moanucam HHOOPMHPOBAHHOE COTJIACHE HA yYacTHE B HC-
cinenoBanuu. VccnenoBanue onoopeHo onostndeckum komurerom HUU onkonorun Tomckoro HUMII.

Jna uutupoBanus: bparuna O.[]., Tamupesa JI.A., YUepnos B.U., [lees C.M., Tonmaue B.M. Bozmoxuoctu
NIPOrHO3MpOBaHKs cTatyca perentopa HER2/neu B mepBu4HOit omyxonn y GOJIBHBIX paKOM MOJIOYHOI JKeJe3bl ¢
MPUMEHEHHEM TapreTHOTO PaJHOHYKIHIHOTO npenapata «*"Tc-DARPInG3». Broiemens cubupcrkoi meouyunbl.
2022;21(4):6—12. https://doi.org/10.20538/1682-0363-2022-4-6-12.

INTRODUCTION

HER2-positive breast cancer (BC) is diagnosed in
more than 20% of BC cases. This cancer subtype is
characterized by an unfavourable prognosis and a high
risk of distant metastasis. High expression of HER2
/ neu is a predictor of tumor sensitivity to specific
(targeted) therapy, which requires strict selection of
BC patients [1, 2].

Immunohistochemistry (IHC) and fluorescence in
situ hybridization (FISH), currently used in clinical
practice, do not have optimal characteristics for
determining the HER2 / neu status. In particular, they
do not allow for a simultaneous study of the state of a
primary tumor and regional and distant metastasis, as
well as for determination of molecular characteristics
of detected tumor growth areas. This fact is of
particular importance in terms of heterogeneity
of HER2 / neu expression in primary tumors and
metastatic sites, which can occur in 6-48% of cases.
Harvesting material for a morphological examination
in this case is not always technically possible or may
result in serious complications [3, 4].

One of the modern directions in determining the
HER?2 / neu status is targeted radionuclide diagnosis
using alternative scaffolds [5-7]. DARPinG3
molecules, which are ankyrin repeat proteins, belong
to scaffolds [8, 9]. Results of phase I clinical trials of
9mTc-DARPinG3 in BC patients revealed the absence
of complaints and toxic effects on the patient’s body
throughout the entire follow-up and higher uptake
of the compound in HER2-positive BC. Besides, the
optimal dose of the protein (3,000 pg) and the optimal
time interval for the study after administration of the
radiopharmaceutical (4 hours) were determined [10].

To continue the study in the subgroup of patients
who received DARPinG3 at a dose of 3,000 pg,

we conducted an additional analysis to identify
prognostic criteria and the cut-off value for the tumor-
to-background ratio for *™Tc-DARPInG3 to assess
the HER2 / neu status in primary BC.

The aim of the study was to determine informative
prognostic criteria for assessing the HER2 / neu status
in primary BC patients using 99mTc-DARPinG3.

MATERIALS AND METHODS

The clinical trial was registered on ClinicalTrials.
gov (Identifier: NCT04277338) and approved by the
Bioethics Committee at Cancer Research Institute of
Tomsk NRMC (Protocol No. of ). The study included
10 BC patients (T1-3N0-1MO) who underwent
a radionuclide study using *™Tc-DARPinG3 at
a dose of 3,000 pg 4 hours after the injection of
the radiopharmaceutical: 5 patients had HER2
overexpression, while 5 patients were HER2-negative.

All patients underwent a standard morphological
examination and IHC of breast tumors; verification
of axillary lymph node metastasis was carried out by
cytology. IHC was performed according to a standard
procedure; Dako oncoprotein c-erbB-2 antibodies
were used. The expression of HER2 / neu was
assessed according to the American Society of Clinical
Oncology (ASCO) guidelines adopted in 2018 [1].

9mTc-DARPInG3 was prepared in sterile conditions
atthe Department of Radionuclide Diagnosis of Cancer
Research Institute, Tomsk NRMC using the “CRS
Isolink™ kit (Center for Radiopharmaceutical Science,
Paul Scherrer Institute, Villigen, Switzerland).
Purification of the radiopharmaceutical was performed
using NAP-5 columns (GE Healthcare, Sweden).
After the purification, **Tc-DARPInG3 was diluted
to 10 ml with a sterile 0.9% sodium chloride solution,
filtered, and slowly injected to the patient [9].
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Single-photon emission computed tomography
(SPECT) of the chest was conducted in the supine
position 4 hours after the injection. SPECT acquisition
included 32 projections. The data were evaluated using
the E. Soft software package (Siemens, Germany) with
determination of the radiopharmaceutical uptake in
the primary breast tumor, the same area in the opposite
breast, and the area projected at the latissimus dorsi
and liver by outlining the region of interest (ROI)
on axial slices with the best visualization (v = 3.53
cm?®). Tumor-to-background ratio (TBR), tumor-to-
latissimus dorsi ratio, and tumor-to-liver ratio were
calculated.

Statistical processing of the results was carried
out using the STATISTICA 10.0 software package
and Prism 9 (GraphPad, USA). The normality of
distribution of variables was checked using the
Shapiro — Wilk test. Taking into account non-normal
distribution of the studied quantitative variables, the
nonparametric Mann — Whitney test was used to
assess the significance of differences for independent
samples. The results were presented as the median and
the interquartile range Me [Q ~Q,]. The prognostic
value of the studied parameters was assessed using
the ROC analysis. The logistic regression analysis
was used to assess the risk. The differences were
considered statistically significant at p < 0.05.

RESULTS

The activity of *™Tc-DARPinG3  before
administration to the patient was 522.4 + 341.8 MBq.
The comparative analysis of *"Tc-DARPinG3 uptake
revealed that higher uptake of the radiopharmaceutical
in primary breast tumors with HER2 / neu
overexpression (p = 0.0159, Mann — Whitney U test)
was significant (Table 1, Fig. 1).

Table 1

Comparative analysis of “"Tc-DARPinG3 uptake in breast
cancer patients 4 hours after the injection, Me [0 —0,]

% HER2-negative breast | HER2- positive breast
"Tc-DARP-
. tumors (total number of | tumors (total number of
inG3 uptake . .
impulses) impulses)
835.0 8,184.0
Tumor (654.5-2,534.0) (5,174.0-13,453.0)
p=0.0159
450.0 (81.0-1,206.0 413.5 (391.5-566.0
Background ( > p): (1.9048 ( )
Latissimus 183.0 (58.0-790.5) | 390.5 (298.8-588.0)
dorsi muscle p=0.7302
1,060.0 4,481.0
Liver (690.5-6,421.0) (2,300.0-5,126.0)
p=0.2857

Analysis of the *"Tc-DARPinG3 uptake ratio
demonstrated significant differences in the tumor-to-
background ratio in patients with HER2-positive BC
(» <0.0159, Mann — Whitney U test) (Table 2, Fig. 2).

Table 2

Tumor-to-background ratio, tumor-to-latissimus dorsi ratio, and
tumor-to-liver ratio in breast cancer patients 4 hours after the
*"Te-DARPInG3 injection, Me [Q, O]

Parameter HER2-negative HER2- positive
breast tumors breast tumors
Tumor-to-background 2.4 (1.8-8.0) 15.3 (12.6-32.0)
ratio »=0.0159
Tumor-to latissimus 4.5(3.2-12.8) | 22.5(9.4-45.1)
dorsi ratio p =0.0635
. . 08(0.4-1.1) | 23(1.0-5.6)
Tumor-to-liver ratio
p=0.0635

Additionally, to determine the prognostic value of
the tumor-to-background ratio in assessing the HER2
/ neu status in the primary tumor, we constructed ROC
curves following the ROC analysis. The area under
the curve (AUC) was 1.000 (95% confidence interval
(CT) 1.000-1.000), p < 0.0143. The cut-off value was
10.39, sensitivity was 100.0%, and specificity was
100.0% (Fig. 3).

The logistic regression analysis revealed that
the tumor-to-background ratio of more than 10.39 4
hours after the injection of *"Tc-DARPiInG3 at a dose
of 3,000 ug was a prognostic factor for the positive
HER?2 / neu status in primary BC patients (Chi-square
=12.36, p =0.0004). The sensitivity and specificity of
the model were 100%.

CONCLUSION

Determining the HER2 / neu status is an essential
component for the prescription of optimal systemic
therapy for BC patients. Unfortunately, despite a
big number of currently used diagnostic techniques,
they cannot simultaneously analyze the spread of the
tumor in the patient’s body and assess the molecular
characteristics of the detected metastatic sites. Rapid
development of targeted radionuclide imaging
methods and addressing the potential of this research
method at international scientific and clinical sites
have significantly expanded the understanding of the
role of this technique in the diagnosis of patients with
BC and confirmed its potential.

In particular, the first clinically tested scaffold
(a novel group of synthetic proteins with optimal
properties for delivering a radionuclide to a tumor
cell) was the affibody molecule. Radiolabeled '''In-
ABY-025 and ®Ga-ABY-025 demonstrated its
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effectiveness in SPECT / CT and PET for diagnosing
metastatic BC with HER2/neu overexpression [11,
12]. A phase I clinical radionuclide study on alternative
scaffolds in the diagnosis of HER2-positive BC was
performed at Tomsk Polytechnic University and
Tomsk NRMC using the synthetic ADAPT6 molecule
labeled with technetium-99m (*"Tc-ADAPT6) [13,
14]. The results demonstrated good tolerability of
9mTc-ADAPT6 and its high diagnostic efficiency in
determining the HER2 / neu status in BC [15].

The present work is a continuation of the study
using another alternative scaffold — the DARPinG3
molecule labeled with technetium-99m (*™Tc-
DARPinG3) with tropism to HER2 / neu. The results
obtained during the recently completed phase I
clinical trials also demonstrated good tolerability of
mTc-DARPInG and its potential use for visualization
of tumor sites in the breast, axillary lymph nodes, and
visceral organs. This fragment of the study allowed
to identify the most informative parameters for
determining the HER2 / neu status in BC.

In particular, the tumor-to-background ratio in
the mathematical model allows to predict the status
of HER2 / neu in primary BC patients with high
sensitivity and specificity (100 and 100%, respectively,
p = 0.0004). Besides, it allows to consider the tumor-
to-background ratio 4 hours after the injection of
the radiopharmaceutical as an additional prognostic
criterion for determining the HER2 / neu status in this
group of patients.
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