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PE3IOME

AKTyalIbHOCTB. [ J1aBHOH 11e71bI0 ompeseseHus cratyca Her2/neu B KJIMHHYECKON NMPAKTHKE MPEKIE BCEro SiB-
JsIeTCs M3MepeHHe MOKa3aHUH Ui Ha3HaYeHus TapreTHoi Tepanuu. OCHOBHBIMH METOJAMHU BBISIBIICHHUSI CTaTyca
Her2/neu siBisitOTCS MIMMYHOTUCTOXUMHYECKHN MeTox 1 (uiyopectenTHas rubpunusanus in situ (FISH). Hecmo-
Tps Ha PacNpOCTPAaHEHHOCTb, OHU UMEIOT DS/ CYLIECTBEHHBIX HEIOCTATKOB. B TeueHne mocieHuX HECKOIBKHUX
JeT 6OJIBIIOE PACTIPOCTPaHEHHE TPHOOPETAET PaJUOHYKINHAS ANATHOCTHKA C UCIIOIb30BaHHEM HOBOTO Kilacca
aJbTEPHATUBHBIX KAPKACHBIX OENIKOB, OTBEYAIOIIX BCEM TPEOOBAHHSAM JUIS ONITHMANILHOM J1OCTaBKU PaJUOHYKIIHIA
K OITyXOJIEBBIM KIJIETKAM.

Heas. M3yuenne BO3MOKHOCTH KIMHIHYECKOTO HCIIOJIB30BaHUS pagrodapManeBTHIECKOro npenapara Ha OCHOBE
MEUYEHHBIX TEXHEIUEM-99m aJpecHBIX MOJIEKYI /I JUArHOCTUKU paKa MOJIOYHOM JKENe3bl ¢ THIIEPIKCIPECCUei
Her2/neu y denoBeka.

Matepuanesl u mMeToabl. B nccnenosanue Bkmouens! 11 6onbHBIX pakom monownoi xenesst (T, N, M) no
MIPOBEICHMS CHCTEMHOM Tepaluy: IATh YeJI0BEK ¢ ruepakcnpeccueii Her2/neu; y mectepsIx SKCIpecchs MapKepa
BBIsIBJICHA He ObL1a. Bo Beex cirydasix BBITOIHSIOCE MOP(OIOrHiecKoe 1 HUMMYHOTHCTOXHMHUYECKOE HCCIIeJOBaHNUE.
IMpn vammuny 3nagenus Her2/neu 2+ npoBoamicst FISH-anamms. [Ipenapat roToBuicss HEOCPEACTBEHHO TIE€PE
MaHUITYJSIIUEH, [T0CNIe Yero MEUIEHHO BHYTPHBEHHO BBOAMIICS ManueHTy. CIUHTHTpadUuecKue NCCIeTOBAHMS
B pexxume WholeBody n ognodoroHHas sMuccHOHHAS KOMIBIOTEpHast ToMorpadus OpraHoB IPYAHON KIETKH
BBINIOJIHSUIUCH uepe3 2, 4, 6 u 24 4 nociie BBEACHUSI.

Pesyabtarsl. [Tokazarenu pajHoXHMMHYECKOTO BBIXOJA, PAJHOXUMHUYCCKON YMCTOTH M aKTUBHOCTH IIpenapara
HETIOCPEICTBEHHO mepen BBeaeHneM coctaBmwin (80 + 4)%, (98 + 1)% u (434 + 19,5) MBk coOTBETCTBEHHO.
HauGonpmmit 3aXBaT HOPMaJBHBIMM OpraHaMH OTMEYaJiCsi Ha BPEMCHHOM OTpe3Ke B 6 4 B MOYKaX; yMEpEHHas
AKTUBHOCTB — B [ICYEHH U JIETKHUX Ha TOM K€ BpEMEHHOM IpoMexyTke. 3yuenue 103 abcopOiuu npenapara moka-
3aJ10, 4TO OpraHoM ¢ HaubouibLIeit abcopOuueit H3y4aeMoro COeAMHEHHUS SBISUIUCH OYKH; 3HAYUTENIbHAS aKKyMY-
JISILHSL OTIPE/ISISIIACH TAKKE B HAJIIOYEUHHUKAX, )KSITYHOM ITy3bIpe, MICUCHH, TTOKETY0YHOM XKele3e U Cele3eHKe.
HammMensbiee HakoIUIeHHE M3y4aeMOro mpenapara oTMedanocsk B ronoBHoM mosre (0,001 + 0,000) mI'p u xoxe
(0,001 + 0,000) mI'p. DddexruBHas go3a mpu 3ToM coctaBuia (0,009 + 0,002) mI'p. Paznuune Mexay omyxoasmMu
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C MOJIOXKUTENILHON U OTPUIIATEIbHOM dKcnpeccueii Her2-neu ObLIO BBISIBICHO Ha BCEX BPEMEHHBIX TOoYKax. Hawm-
JYYIINHA IOKa3aTeb IPU 3TOM OIpeessuIcs Yepes 2 4 MHbEeKIUH npemnapata (p < 0,05).

3akaouenue. Ha ocHOBaHMU IMOJTyYEHHBIX PE3yJIbTATOB MOXKHO CBUAETEIBCTBOBATH O TOM, YTO HCCIIETYEMBIi
panuohapMaIieBTUUECKIIA TPenapaT BO3MOXKHO PACCMATPUBATh B KAYECTBE HOBOTO JOTIOJIHUTEIBHOTO METO/IA JIH-
arHocTHKU Her2-no3uTuBHLIX O1yXxoJieil MOJIOYHOH JKeJe3bl.

KiroueBble cioBa: anbTepHaTUBHBIE KapKacHbIE OCIKH, PaAHOHYKINAHAS AMarHocTuka, Her2/neu, pak MOIOYHOM
JKeJe3bl, TapreTHas Tepanusl.

KOHQ).]IHKT HHTEPECOB. ABTOpLI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U MOTCHIUAJIBHBIX KOH(I)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C l'[y6J'[HKaHPI€I71 HaCTOS{H.[efI CTaTbHU.

Hcrounuk c¢unaHcupoBanusi. Pabora BBIIONHEHA B paMKax TpaHTa MUHHCTEPCTBA HAYKH W BBICIIETO
obpa3zoBaHus 1Mo Teme «Pa3paboTka TapreTHBIX MOJEKYNI HAa OCHOBE KapKacHBIX O€NKOB ISl JHAaTHOCTUKU W
Tepanuy 3J0KaYeCTBEHHBIX HOBOOOPa30BaHMI: TepaHOCTHUECKHI Toaxoa» (cornmamenue Ne 075-15-2019-1925).

CooTBeTcTBHE NPUHUUNAM 3TUKH. Bce maunueHts! nmoamucany MHOOPMHPOBAHHOE COIJIACHE HA Yy4yacTue
B HccnenoBanuu. VccnenoBanue onodpeno Ouostuueckum komuteroM HUUM onkonoruum Tomckoro HUMIL
(nportokos Ne 9 ot 01.09.2020).

s uutupoBanus: bparuna O.[., Yepnos B.U., ['apOykos E.1O., lopomenko A.B., Bopo6seBa A.I'., Opio-
Ba A.M., TonmmaueB B.M. Bo3MoxHOCTH paguoHYyKIHIHON THarHOCTUKK Her2-mo3uTHBHOTO paka MOJIOYHOU Ke-
JIe3bI C HCTIOIh30BAaHUEM MEUCHHBIX TEXHEIUEM-99m TapreTHBIX MOJIEKYJI: IEPBBIil OBIT KIMHIHYECKOTO IPHMEHe-
Hus. bronnemens cubupckoi meouyunst. 2021; 20 (1): 23-30. https://doi.org: 10.20538/1682-0363-2021-1-23-30.

INTRODUCTION

Receptors of the epidermal growth factor fami-
ly or EGFR (ErbB1/HERI1, ErbB2/HER2, ErbB3/
HER3, ErbB4/HER4) play an important role in the
functioning of normal and tumor cells, responsible
for the processes of cell division, differentiation,
proliferation, migration, and apoptosis [1, 2]. The
main attention of researchers is paid to the study of
one member of the EGF family — the receptor for
epidermal growth factor 2 (Her2/neu), the overex-
pression of which is detected in 15-20% of invasive
breast cancer cases and is characterized by a poor
prognosis and aggressive course of the tumor pro-
cess [3, 4].

Establishing the Her2/neu status in clinical prac-
tice is primarily necessary to determine the indica-
tions for the appointment of targeted therapy using
drugs, such as trastuzumab, pertuzumab, and trastu-
zumab emtamzine in combination with chemother-
apy or in mono-mode, which significantly improves
survival rates in patients with overexpression of
this marker [5, 6]. The main methods for diagnos-
ing the Her2/neu status include immunohistochem-
ical method and fluorescence in sifu hybridization
(FISH). Significant disadvantages of these tech-
niques are the following: the impossibility of per-
forming an in vivo study to determine the spread of
a tumor process; the evaluation of cases associated

with heterogeneity of the Her2/neu receptor expres-
sion in tumor tissue; the need to perform invasive
procedures (biopsy and (or) surgery), as well as
possible differences in expression of the marker in
the primary tumor and metastatic foci [7, 8].

The ongoing search for new effective agents has
contributed to the development of molecular con-
structs that are alternative to the binding domains
of antibodies and possess such characteristics as
specific binding exclusively to the “target” antigen,
lack of immunogenicity, stability, and the possibi-
lity of rapid chemical modification during research
[9]. Over the past few years, a new class of alter-
native scaffold proteins (scaffolds) that meet all the
requirements for optimal delivery of a radionuclide
to tumor cells has become widespread [10]. The
undoubted advantages of these constructs include
significantly smaller sizes in comparison with the
standard antibody, stable structure, additional func-
tionalization and expression in the bacterial system,
high thermal stability, and the possibility of direct
chemical synthesis [11].

Currently, targeted radionuclide methods with
high specificity for various molecular targets lo-
cated on the surface of tumor cell membranes and
making it possible to visualize foci of various siz-
es (the primary tumor node and metastatic foci) are
becoming more widespread for the diagnosis of
malignant tumors [12]. Until recently, monoclonal
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antibodies (mAbs) were used as the main compo-
nent of a radioimmunoconjugate [13].

However, the results of studies using mAbs did
not meet the expectations assigned to them and re-
vealed a number of features that significantly limit
their use in clinical practice. Upon careful study, it
turned out that mAbs have significantly reduced ef-
ficiency of interaction with the antigen, suboptimal
pharmacological properties, slow distribution in the
body, poor tissue penetration, and excretion by the
kidneys (due to the high molecular weight of 150
kDa) [14]. The most significant disadvantage is the
high immunogenicity of the used murine mAbs,
which in response to their administration leads to
the formation of neutralizing antibodies and, ac-
cordingly, to the occurrence of hyperimmune reac-
tions and a decrease in the treatment effectiveness
[15]. It became obvious that clinical use requires a
radical modification of mAbs, including the correc-
tion of size, affinity, valence, etc. [16, 17].

One of the representatives of alternative scaf-
folds is ADAPT6, the albumin-binding domains of
streptococcal protein G which are small in size (46—
59 amino acid residues, molecular weight of
5-7 kDa). At the stage of preclinical studies, it
was demonstrated that ADAPT6 labeled with var-
ious radionuclides shows a high contrast image of
Her2-positive tumors in mouse xenografts just a
few hours after injection [18, 19].

The aim of the present study was to investigate
the possibility of clinical use of the *"Tc-ADAPT6
radiopharmaceutical for the diagnosis of breast can-
cer with overexpression of Her2/neu in humans.

MATERIALS AND METHODS

The clinical study was registered (ClinicalTri-
als.gov Identifier: NCT03991260) and approved
by the Bioethical Committee of the Cancer Re-
search Institute of TNRMC. It included 11 patients
with breast cancer (T, N ,M ) before systemic
chemotherapy or targeted therapy: in five people,
Her2/neu overexpression was detected, and in
six individuals, the expression of the marker was
not detected. The average age of the patients was
50.7 £ 2.3 years. All patients signed a voluntary
informed consent with information on the dis-
closure of the data received (clause 3 of article
13 of the Federal Law of the Russian Federation
No. 323-FZ dated 21.11.2011).

The criteria for inclusion in the study were the
following: newly diagnosed and morphologically
verified breast cancer (T, N, .M )); the general
condition of patients with 0-2 score according to
the ECOG/WHO system; signed informed consent
of the patient to participate in the research. Exclu-
sion criteria were the presence of severe anemia,
leukopenia, thrombocytopenia, sepsis, cachexia,
severe concomitant pathology, claustrophobia, and
refusal from treatment.

All patients were under dynamic observation for
48 hours after the administration of the radiophar-
maceutical (RP) with an assessment of complaints,
heart rate (HR), blood pressure (BP), and body tem-
perature at various time intervals (before the admin-
istration of the drug, after 2, 4, 6, 24, and 48 hours
after the injection). Additionally, all patients un-
derwent laboratory tests (complete blood count and
biochemistry and general urine analysis before the
administration of the test compound, after 48 hours
and 7 days) in the laboratory of the Cancer Research
Institute of TNRMC.

Morphological research methods. In all cases, a
morphological and immunohistochemical study of
the biopsy material of the primary tumor was per-
formed according to standard methods in the La-
boratory of General and Molecular Pathology of the
Cancer Research Institute, TNRMC. Diagnosis of
breast cancer was established according to the “His-
tological classification of breast tumors” (World
Health Organization, 2019). Immunohistochemical
study of the biopsy material was carried out using
antibodies from Dako (USA) to the oncoprotein
c-erbB-2 (working dilution 1 : 500, rabbit). When
evaluating the results, cases with no staining or with
weak, intermittent membrane staining (categories 0
and 1+) were considered negative, and cases with
strong staining of the entire cytoplasmic membrane
of more than 10% of tumor cells (categories 3+)
were positive. In the presence of weak to mode-
rate staining of the entire cytoplasmic membrane of
more than 10% of tumor cells (category 2+), all pa-
tients underwent FISH analysis.

FISH analysis was performed using an ERB-
B2(17q12)/SE17 DNA probe (Kreatech, USA);
the reaction result was evaluated using an Axiostar
PLUS fluorescent microscope (Carl Zeiss, Ger-
many). The test results were considered positive
when the ratio of the average copy number of the
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Her2/neu gene and the average number of chromo-
some 17 centromeres in the cell was more than 2.2.
Radionuclide research methods. The drug was
prepared immediately before administration in the
Department of Radionuclide Diagnostics of the
Cancer Research Institute of TNRMC according
to the tricarbonyl method using the CRS Isolink
kit (Center for Radiopharmaceutical Science, Paul
Scherrer Institute, Villigen, Switzerland) [20].

To achieve the goals under aseptic conditions,
the CRS Isolink kit (2.9 mg sodium tetraborate deca-
hydrate, 7.8 mg sodium carbonate, 4.5 mg disodium
boranocarbonate, and 9.0 mg potassium sodium tar-
trate tetrahydrate) was added with 500 ul (2 GBq)
of eluate *™TcO* and incubated for 30 minutes
at 100° C. Then, 500 pl of tricarbonyl technetium
was added to 500 pg of ADAPT6 and incubated for
60 minutes at 50° C. Purification of the obtained
compound from protein impurities and ADAPT6
molecules not bound to technetium was carried out
using NAP-5 purification columns (GE Healthcare,
Sweden). Radiochemical yield and purity were de-
termined using thin-layer radiochromatography.
Chromatogram analysis was performed using a Hi-
tachi Chromaster HPLC systems chromatograph
with a radioactive detector. The drug obtained af-
ter purification was diluted in 10 ml of sterile 0.9%
NaCl solution, taken through a sterilizing filter and,
after measuring the activity, was slowly injected
into the patient intravenously.

Scintigraphy in WholeBody mode. Scintigraph-
ic studies were performed on an E.CAM 180 gam-
ma camera (Siemens, Germany) in the WholeBody
mode using parallel high-resolution collimators for
the energy of 140 keV in the supine position 2, 4, 6,
and 24 hours after injection at a scanning speed of
12 cm / min.

Single-photon emission computed tomography
was also performed in patients in the supine posi-
tion 2, 4, 6, and 24 hours after drug administration.
The field of view included the neck, axillary region,
and chest to the level of tracheal bifurcation. 32 pro-
jections (each projection was 30 seconds long) were
recorded into a 64 X 64 pixel matrix without hard-
ware magnification.

Data processing and indicators used. During
the study, the obtained data were subjected to
post-processing using the specialized E. Soft soft-
ware package (Siemens, Germany), while the level

of drug accumulation in the main organs and tis-
sues was studied by tracing the region of interest
(ROI) on the WholeBody images in front and rear
projections. The RP biodistribution was presented
as a percentage of its accumulation in the regions of
interest to the total score in both projections.

The nature of the RP accumulation in the study
area was also assessed: symmetry, intensity, unifor-
mity of accumulation; the presence and number of
focal inclusions of the indicator in the studied organ,
regional lymph nodes (asymmetric areas of RP hyper-
fixation were considered pathological); the presence
of other foci of pathological RP inclu- sion within
the study area. In addition, in the study groups, a tu-
mor/background quantitative indicator was calculat-
ed, reflecting the degree of drug accumulation in the
pathological focus in comparison with intact tissues.
The indicator was assessed by tracing the ROI of the
tumor on axial slices with the best visualization of the
latter; symmetric regions of interest of the contralat-
eral mammary gland were used as a “background”.

Statistical processing of the results was carried
out using the Statistica 10.0 for Windows software
package and the nonparametric Mann — Whitney
method. The difference between the two compared
values was considered significant if the probability
of their identity was less than 5% (p <0.05). To cal-
culate the RP absorption dose, the OLINDA/EXM
1.1 software was used with the application of an
“adult woman” model.

RESULT AND DISCUSSION

According to the analysis, the indicators of radio-
chemical yield, radiochemical purity, and activity
of the drug immediately before administration were
(80 £4)%, (98 = 1)%, and (434 £ 19.5) MBq, respec-
tively. During the study, as well as during the obser-
vation period of the patients, no complaints, changes
in HR, BP or temperature were detected. Changes in
blood and urine parameters were also not detected.

The greatest uptake by normal organs was ob-
served at a time interval of 6 hours in the kidneys
((32 £ 9)% / ID / organ). Moderate activity of the
compound was observed in the liver ((2.6 = 0.8)% /
ID / organ) and lungs ((2.0 = 0.6)% / ID / organ) at
the same time interval; the smallest uptake was in
the small intestine at two hours after administration
((0.9+£0.3)% / ID / organ). The results are shown in
Fig. 1 and in Table 1.
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Table 1

The greatest uptake of **"Tc by normal organs on planar
scintigraphy after " Tc-ADAPT6 injection, % / ID / organ

Time period after injection
Organ
2h 4h 6h 24h
Kidneys 27+10 31+ 12 3249 29+ 10
Lungs 33£08 | 25+0.8 | 20+06 | 1.4+0.8
Liver 32+£1.1 | 22+1.1 26+0.8 |24+1.0
Small intestine | 0.8+0.3 | 0.9+0.3 08+0.3 | 06+0.2

4h 6h 24 h

2h ﬂ
N . .
’ .
- @

Fig. 1. Distribution of the *™Tc-ADAPT6 drug in organs

and tissues of a breast cancer patient with positive Her2/neu

expression 2, 4, 6, and 24 hours after injection: anterior and
posterior views (arrows indicate the tumor)

The study of the absorption doses of the *™Tc-
ADAPT6 drug showed that the organ with the high-
est absorption of the studied compound was the kid-
neys, (0.135 £ 0.42) mGy. Significant accumulation
was also determined in the adrenal glands (0.023 +
0.005) mQGy, gall bladder (0.013 + 0.008) mGy, liv-
er (0.011 + 0.008) mGy, pancreas (0.011 = 0.008)
mG@Gy, and spleen (0.011 £ 0.008) mGy. The small-
est accumulation of the studied drug was observed
in the brain (0.001 £ 0.000) mGy and skin (0.001 +
0.000) mGy. The effective dose was (0.009 £ 0.002)
mGy (Table 2).

Table 2

Distribution of **"Tc-ADAPT6 in organs and tissues after
administration in breast cancer patients

Index Absorption dose, mGy
Adrenal glands 0.023 £ 0.005
Brain 0.001 +0.000
Breast 0.007 £ 0.002
Gall bladder 0.013 +0.008
Lower colon wall 0.005 + 0.001

Table 2 (continued)

Index Absorption dose, mGy
Small intestine 0.006 + 0.001
Stomach 0.006 + 0.001
Upper colon wall 0.007 £ 0.001
Heart 0.004 £ 0.001
Kidneys 0.135+0.42
Liver 0.011 £ 0.008
Lungs 0.005 +0.001
Ovaries 0.008 = 0.002
Pancreas 0.011 +£0.002
Muscle 0.003 + 0.000
Red bone marrow 0.004 +0.001
Osteogenic cells 0.006 £ 0.001
Skin 0.001 +0.000
Spleen 0.011 +£0.003
Thymus 0.005 + 0.002
Thyroid 0.009 + 0.004
Bladder 0.012 £0.007
Uterus 0.005 £ 0.001
Whole body 0.004 +0.001
Equivalent effective dose, mSv / MBq 0.017 £ 0.004
Effective dose, mSv / MBq 0.009 £ 0.002
2 hours- 4 hours 6 hours
x
60 »

2

5 x

o X

§ 40 » X -n-

£ ix X

= = X :

g 20 »

=

Herl+ Herl- Herl+ Her2Z- Herl  Herl-

Fig. 2. Tumor / background ratio in patients with positive and
negative expression of Her2</neu at different time points after
drug administration

The difference between tumors with positive and
negative expression of Her2-neu (comparison with
the “background” site in the contralateral breast)
after intravenous administration of *™Tc-ADAPT6
was detected at all time points. In this case, the best
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indicator was determined 2 hours after the drug in-
jection (p < 0.05) (Fig. 2).

CONCLUSION

This study has demonstrated the safety of clini-
cal use, as well as good tolerance of ™ Tc-ADAPT6
in breast cancer patients. The most significant re-
sults were found on drug accumulation in tumor tis-
sue in patients with different Her2/neu expression.
Thus, the revealed differences between Her2-posi-
tive and Her2-negative tumors (p < 0.001) will con-
tribute to the optimization of approaches to the pre-
scription of targeted drugs in oncological practice
in the future. The accumulation of *™Tc-ADAPT6
in tumors with negative expression of the Her2/neu
receptor is explained by the presence of at least 500
thousand receptors on the surface of the tumor cell,
while with a positive status of this molecular pa-
rameter, its expression is up to 10 million receptors
per cell. Similar phenomena are also observed when
using radiopharmaceuticals, the targeting modules
of which are representatives of other classes of tar-
get molecules [21].

Thus, based on the results obtained, it was conclud-
ed that the "Tc-ADAPT6 radiopharmaceutical can be
considered as a new additional method for diagnosing
Her2-positive breast tumors.
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