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ABSTRACT

Aim. To conduct a direct comparative analysis of single-photon emission computed tomography (SPECT-CT)
with [*"Tc]Tc-ADAPT6 and [*"Tc]Tc-(HE),-G3 in patients with HER2-positive breast cancer (BC) with axillary
lymph node metastases.

Materials and methods. The analysis included 8 patients with HER2-positive BC with axillary lymph node me-
tastases before the systemic treatment. All patients were injected with [*™Tc]Tc-ADAPT6 (500 pg) and [*mTc]
Te-(HE),-G3 (3,000 pg) with an interval of 3—4 days. The SPECT-CT scans of the chest and upper abdomen were
performed after 2 hours for [*"Tc]Tc-ADAPT6 and after 4 hours for [*"Tc]Tc-(HE),-G3. The accumulation of
radiopharmaceuticals was assessed by measuring the maximum standardized uptake values (SUV_ ) in metastatic
axillary lymph nodes, projections of the contralateral axillary lymph nodes, liver, latissimus dorsi muscle, and
spleen. Additionally, mALN-to-background and mALN-to-reference organs ratios were calculated for each patient.

Results. Comparison of the mALN-to-background ratio revealed the advantage of [99mTc]Tc-ADAPT6 (38.93
(16.56-56.02)) over [*"Tc]Tc-(HE),-G3 (19.39 (8.43-34.52)), p = 0.0391. The comparative analysis of the
accumulation of the studied radiopharmaceuticals in the reference organs demonstrated higher SUV __ for [*™Tc]
Tc-(HE),-G3 in the liver and spleen (4.44 (2.85-9.08) and 2.47 (1.28-4.41), respectively) than for [99mTc]Tc-
ADAPT6 (2.98 (1.96-3.65) and 0.43 (0.14-0.62), respectively), p = 0.01 and p = 0.04. Comparison of the SUV
ratios in mALN and reference organs showed higher values of mALN / spleen for [99mTc]Tc-ADAPT6 (5.93
(1.04-11.85)) compared to [*"Tc]Tc-(HE),-G3 (1.83 (0.46-4.54)), p = 0.02.

Conclusion. According to the results of the performed analysis, the diagnostic advantage of [99mTc]Tc-ADEPT6
for the detection of HER2/neu expression in metastatic lymph nodes in breast cancer patients was revealed.
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PE3IOME

Hemns. [TpoBecT mpsiMoii CpaBHUTENBHBIA aHAIN3 JaHHBIX OTHO(POTOHHOH IMUCCHOHHOW KOMITBIOTEPHOH TOMO-
rpaduu ¢ npenaparamu [*"Tc]Tc-ADAPT6 u [*"Tc]Te-(HE),-G3 y GonbHbix pakoM MostouHo# sxenesbt (PMXK) ¢
HER2-103UTHBHBIME METacTa3aMH B aKCHJUISIPHBIE IMM(AaTHIECKHE Y3IIBL.

Marepuajbl M MeToAbl. B ananu3 BkiodeHs! BoceMb 0ombHBIX PMIK ¢ HER2-no3uTHBHBEIMU MeTacTa3aMu B
aKCHIUTApHBIC MuMbatndeckue y3isl (MAJIY) 10 Hayana CHCTEMHOTO Je4eHus. BceM OONBHBIM MOCIeJ0BAaTEILHO
IIPOBOAMIIOCH BBeAeHHE IpenapaToB [P Tc]Tc-ADAPT6 (500 mkr) u [*"Tc]Te-(HE),-G3 (3 000 mkr) ¢ uHTepBa-
oM 3—4 gaa. OgHOpOTOHHAS SMUCCHOHHAS KOMIIBIOTEpHAs TOMOrpadus OpraHoB IpyJHOM KIETKA M BEPXHETO
STaXka GPIOIMIHOM MONoCcTH MpoBoaMIack yepes 2 u ans [*Tc]Tc-ADAPT6 u uepes 4 4 aus [*"Tc]Te-(HE),-G3.
OueHKa HaKOIUICHUS COCJMHEHMIl BBINOJHANACH ITyTEM HM3MEPEHHs MAaKCHMaJbHOTO CTaHAAPTHOTO 3aXBaTa
(SUV__) B METaCTaTUECKMX aKCHILIAPHBIX TUM(OY3IIax, IIPOSKIMH KOHTPAIaTepaIbHON akCHILIAPHOH 0baacTy,
MPOCKIMH MMeYeHH, MNPOYAHIIel MBIIIIBI CIIUHBI U CENIE3eHKH. JJOTOTHUTENBHO Y KaXkKI0i OONBbHON pacCUUTHIBaA-
JIUCh Takue mapaMeTpsl, kKak MAJIY/don nu MAJIY/pedepeHcHbIe OpraHbl.

Pesyabtarsl. CpaBHenue cootHomeHuss MAJIY/(oH BbsIBUIO mpenmymiecTBo mpenapara [*"Tc]Tc-ADAPT6
(38,93 (16,56-56,02)) nan [*"Tc]Tc-(HE),-G3 (19,39 (8,43-34,52)), p = 0,0391. CpaBHuTenbHbIH aHAIU3 ak-
KYMYJISLMH M3y4aeMbIX paauo(apMIipenapaToB B peepeHCHBIX OpraHax MpoJIeMOHCTPUPOBAI 0oJiee BHICOKHI
SUV_ B neuenu u cenesenxe 1s [*"Tc]Tc-(HE),-G3 (4,44 (2,85-9,08) u 2,47 (1,28-4,41) cooTBETCTBEHHO),
yeMm npu ucnonb3oBanuu ["Tc]Tc-ADAPT6 (2,98 (1,96-3,65) u 0,43 (0,14-0,62) coorBercTBeHHO), p = 0,01
u p = 0,04. CpaBHenue cootHorreHrit SUVmax B MAJIY u pedepeHCHBIX opraHax mokaszaio 00jee BBICOKHE
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3HaueHus napamerpa MAJIY/cenesenka s npenapara [*"Tc]Tc-ADAPT6 (5,93 (1,04-11,85)) no cpaBHeHHIO
¢ [*"Tc]Te-(HE),-G3 (1,83 (0,46-4,54)), p = 0,02.

3aximodenne. [1o pesynabTaTaM BBINOJHEHHOIO aHAIM3a BBIBICHO AMAarHOCTUYECKOE IPEHMYIIECTBO MpenapaTa
[*"Tc]Tc-ADAPT6 mnst nerekiun HER2 craTyca B MetacTaTH4eckux uMdaTHuecKux y3nax y 6oipHbx PMK.

KitroueBble ciioBa: pak Monounoii sxenes3bl, ADAPT6, DARPinG3, paanonykinaHas [MarHocTuka

KOHq).]'IPIKT HHTEPECOB. ABTOpI;I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOHq;).IH/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6III/IKaIII/IeI71 HACTOSIIEH CTaThH.

Hcrounuk ¢punHancupoBanus. PaboTsl monaepkansl rpaHTOM MUHHCTEPCTBA HAYKH M BBICHIETO 00pa30BaHUs
PD Ne 075-15-2024-536.
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Radionuclide imaging of HER2/neu expression in metastatic axillary lymph nodes
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INTRODUCTION

Determining the status of regional lymph nodes
is a mandatory step in the pre-hospital diagnosis of
patients with breast cancer (BC). This information is
primarily needed for planning the optimal scope of
local and systemic treatment to achieve better overall
and relapse-free survival rates [1]. Unfortunately,
existing diagnostic methods, such as ultrasound (US),
mammography, and computed tomography (CT), are
not optimal and have a relatively high probability of
false-positive and false-negative results [2—4].

For example, it has been proven that the
sensitivity and specificity of US directly depend on
the biological subtype of the tumor. According to R.
Helfgott et al., the minimum sensitivity level of US
in assessing the lymph node status was observed in
patients with luminal HER2-negative BC (less than
40%), while the maximum sensitivity was noted for
triple-negative and HER2-positive subtypes (68.8 and
71.4%, respectively) [3]. Moreover, rapidly evolving
technologies and demands in clinical medicine create
the necessity not only for anatomical detection, but
also for the assessment of the molecular profile of the
tumor to personalize systemic therapy in BC patients
[1,2].

Studying the molecular profile of identified
metastatic changes is particularly relevant not only
due to the need for additional invasive (sometimes
difficult) diagnostic procedures, but also in light of
existing intertumoral heterogeneity, which causes

differences in the molecular characteristics of the
primary tumor and metastatic foci [5]. According to
the literature, the discrepancy in the receptor status
between the primary tumor and regional lymph
nodes can reach 30% for estrogen receptors, 20% for
progesterone receptors, and 15% for HER2/neu [6].

One of the potential solutions to this clinical
problem is exploring the capabilities of targeted
radionuclide imaging for a specific molecular target
[7]. Among “targeting” modules, alternative scaffold
proteins have demonstrated the highest efficacy.
These proteins are characterized by high specificity
and affinity for the target antigen, low toxicity,
and rapid clearance from the patient’s body after
administration, thereby significantly reducing the
time from the injection to the start of the diagnostic
procedure [8]. One of the options for this targeted
interaction could be human epidermal growth factor
receptor 2 (HER2/neu), whose overexpression occurs
in 20-30% of BC patients and requires the use of
targeted therapy [9].

Phase II clinical trials with [*"Tc]Tc-ADAPT6
(ClinicalTrials.gov Identifier: NCT05412446) and
[*"Tc]Te-(HE),-G3  (ClinicalTrials.gov Identifier:
NCT15122022) were conducted at the Department
of Radionuclide Therapy and Diagnostics of Cancer
Research Institute of Tomsk NRMC and assessed
HER2/neu expression in metastatic axillary lymph
nodes (MALNSs) in patients with BC. The results
indicated the efficacy of both agents (p < 0.05,
Mann — Whitney test) [10, 11].

16 BlonneTteHb cMbupckon meguuuHebl. 2025; 24 (1); 14-21



Original articles

The aim of this study was to conduct a direct
comparative analysis of SPECT-CT data using
[*"Tc]Tc-ADAPT6 and [*™Tc]Tc-(HE),-G3 in
patients with HER2-positive BC and mALNS.

MATERIALS AND METHODS

The analysis included 8 patients with HER2-
positive BC and metastases in the axillary lymph
nodes prior to the initiation of systemic treatment.
All patients were injected with [*™Tc]Tc-ADAPT6
and [®"Tc]Tc-(HE),-G3 with an interval of 3—4 days.

Morphological and immunohistochemical studies
of biopsy material obtained from the axillary lymph
node tissue were performed in all patients. HER2/
neu expression was considered positive if the
immunohistochemistry (IHC) showed a score of 3+
or a score of 2+ with positive fluorescence in situ
hybridization (FISH). Cases with receptor expression
of 0 and 1+ by IHC were classified as negative, in
accordance with the ASCO/CAP (American Society
of Clinical Oncology and the College of American
Pathologists) criteria from 2018 [12]. The size of
the lymph nodes was measured using US before the
initiation of systemic treatment and biopsy collection.

[*"Tc]Tc-(HE),-G3 and [*"Tc]Tc-ADAPT6 were
prepared using the previously described tricarbonyl
radiolabeling method under sterile conditions at the

Department of Radionuclide Therapy and Diagnostics
of Cancer Research Institute of Tomsk NRMC,
immediately before intravenous administration. The
dosage was 3,000 pg for [*"Tc]Tc-(HE),-G3 and
500 pg for [*Tc]Tc-ADAPTO.

SPECT-CT of the chest and upper abdomen was
performed in all patients 2 hours after the [*™Tc]
Tc-ADAPT6 injection and 4 hours after the [*™Tc]
Tc-(HE),-G3 injection. The accumulation of the
radiopharmaceuticals was assessed by measuring
the maximum standardized uptake values (SUV_ )
in metastatic axillary lymph nodes and projections of
the contralateral axillary lymph nodes and reference
organs, such as liver, latissimus dorsi muscle, and
spleen. Additionally, mALN-to-background and
mALN-to-reference organs ratios were calculated for
each patient. SUV__ was determined in the largest
mALN, corresponding in anatomical location to the
US description and biopsy material collection (Table).

Data analysis and visualization were performed
using Prism 10 software (GraphPad, USA). The
accumulation values of the agents were presented as the
median and the interquartile range (Me (Q ~Q,)). The
non-parametric Wilcoxon signed-rank test was used to
determine the significance of differences between the
accumulation values of the two agents. The differences
were considered significant at p < 0.05.

Table
Accumulation of [*"Te]Te-(HE),-G3 and [*"Tc] Tc-ADAPT6 in metastatic HER2-positive axillary lymph nodes (SUV, )
and reference organs and mALN / reference organ ratios in patients with breast cancer
No. | SUY,.. (Coig;{;gral mALNs/back- | SUV, SuvV__ UV, | intive | MALN/ | mALN/
(mALN) ALN) ground (liver) (LDM) (spleen) LDM spleen
[*mTc]Te-(HE),-G3

1 1.8 0.3 6.7 9.1 0.3 4.0 0.2 6.2 0.5
2 2.6 0.2 15.2 5.2 0.3 2.5 0.5 8.6 1.0
3 22 0.2 13.5 3.0 0.3 1.3 0.7 6.2 1.7
4 10.7 0.3 33.3 4.7 0.4 2.5 2.3 26.0 4.3

5 8.7 0.3 34.9 5.7 0.4 2.1 1.5 21.3 4.2
6 2.4 0.4 5.9 4.1 0.2 1.7 0.6 10.9 1.5
7 14.0 0.3 41.2 2.9 0.5 3.1 4.9 25.9 4.5

8 8.7 0.4 23.5 34 0.3 44 2.6 27.2 1.9

[P Te]*" Te-ADAPT6

1 14.6 0.4 39.6 3.7 0.1 2.5 4.0 104.6 5.9
2 4.7 0.2 214 1.9 0.3 0.8 2.4 16.2 5.9

3 4.3 0.3 14.9 2.7 0.6 1.9 1.6 7 2.2
4 6.5 0.1 59.3 3.2 0.4 0.6 2.1 14.8 11.9
5 2.9 0.2 13.7 2.9 0.5 1.7 6 1.7 1.0
6 14.6 0.4 38.3 3.1 0.6 1.4 4.7 25.1 10.5
7 8.6 0.1 107.8 2.7 0.4 1.1 32 20.5 8.1

8 16.7 0.4 46.3 35 0.4 29 4.9 40.6 5.7

Note. mALN — metastatic axillary lymph node; LDM — latissimus dorsi muscle.
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RESULTS

The results of the immunohistochemical analysis
showed a HER2-positive status in the metastatic axil-
lary lymph nodes of all patients included in the study.
The obtained data were consistent with the results
of the radionuclide studies with both agents. The
average size of the lymph nodes was 20.5 = 4.2 mm.
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Comparing the accumulation of the agents showed
comparable SUV _levels in the metastatic axillary
lymph nodes for [*Tc]Tc-ADAPTG6 at 7.57 (4.43—
14.62) and for [*"Tc]Tc-(HE),-G3 at 5.65 (2.22-
10.18) (p = 0.4609). The comparison of the mALNs
/ background ratio revealed an advantage of [*™Tc]
Tc-ADAPT6 (38.93 (16.56-56.02)) over [*™Tc]Tc-
(HE),-G3 (19.39 (8.43-34.52), p = 0.0391) (Fig. 1).
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Fig. 1. SUV__ in mALNs and the mALNs / background ratio using [*"Tc]Tc-ADAPT6 and [*"Tc]Tc-(HE),-G3 in patients with
HER2-positive breast cancer

The comparative analysis of the accumulation
of the studied radiopharmaceuticals (RPs) in the
reference organs demonstrated higher SUV__ in
the liver and spleen for [*"Tc]Tc-(HE),-G3 (4.44
(2.85-9.08) and 2.47 (1.28-4.41), respectively) than
for [*™Tc]Tc-ADAPT6 (2.98 (1.96-3.65) and 0.43
(0.14-0.62), respectively) (»p = 0.01 and p = 0.04).
The analysis of [*™Tc]Tc-ADAPT6 (0.43 (0.14—
0.6)) and [*™Tc]Tc-(HE),-G3 (0.33 (0.22-0.54))
accumulation in the projection of the spleen did not
reveal any significant differences (p = 0.5) (Fig. 2).

Liver
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Comparison of the SUV__ ratios in the mALNs
and reference organs showed higher values for
mALNs / spleen for [*"Tc]Tc-ADAPT6 (5.93
(1.04-11.85)) compared to [*"Tc]Tc-(HE),-G3
(1.83 (0.46-4.54), p = 0.02). The comparison of
the mALNs / liver (3.58 (1.58-6.00) and 1.12
(0.20-4.91), respectively) and mALNs / latissimus
dorsi muscle ratios (18.37 (1.70-104.6) and 16.12
(6.17-27.22), respectively) did not show significant
differences between the studied agents (p = 0.06 and
p = 0.55, respectively) (Fig. 3).
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Fig. 2. SUV__in the liver, latissimus dorsi muscle, and spleen using [*Tc]Tc-ADAPT6 and [*"Tc]Tc-(HE),-G3 in patients with
HER2-positive breast cancer
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Fig. 3. Ratios of mALNSs / liver, mALNs / latissimus dorsi muscle (LDM), and mALNs / spleen using [*™Tc]Tc-ADAPT6 and
[*"Tc]Tc-(HE),-G3 in patients with HER2-positive breast cancer

DISCUSSION

Despite advancements in imaging technology, the
challenge of assessing the status of regional lymph
nodes in BC patients remains unresolved. This issue
is particularly critical at the pre-hospital diagnostic
stage, where obtaining the most accurate information
is essential for determining appropriate local and
systemic treatment strategies. One approach to
anatomical detection and molecular typing of detected
lesions (both primary tumors and metastatic sites) is
to expand the use of radioisotope methods and focus
on targeted molecular imaging. This approach, based
on the use of RPs that are tropic to specific molecular
targets, has gained significant popularity over the
past 10 years. It was during this period that the active
use of alternative scaffold proteins as “targeting”
modules began, along with their clinical testing for
the theranostics of cancers.

The Department of Radionuclide Therapy and
Diagnostics at Cancer Research Institute of Tomsk
NRMC has extensive experience in conducting clinical
trials on the diagnosis of malignant tumors using
labeled scaffold proteins [13]. Studies involving RPs
targeting the human epidermal growth factor receptor
2 (HER2) have been particularly widespread. Phase 1
clinical trials of [*"Tc]Tc-ADAPT6 (ClinicalTrials.
gov Identifier: NCT03991260 and NCT05412446),
[*"Tc]Te-(HE),-G3  (ClinicalTrials.gov Identifier:
NCT05695859), and [*"Tc]Tc -ZHER2:41071
(ClinicalTrials.gov Identifier: NCT05203497) were
conducted in patients with BC in collaboration with
Tomsk Polytechnic University (Tomsk), Shemyakin—
Ovchinnikov Institute of Bioorganic Chemistry
(Moscow), and Uppsala University (Sweden) and
demonstrated the feasibility of determining the
HER2/neu status in the primary tumor [14, 15].

The results obtained and the accumulated
experience have allowed for the expansion of
the scope of clinical characteristics studied with
[*"Tc]Tc-ADAPT6 and [*"Tc]Tc-(HE),-G3. This
expansion aims at defining diagnostic algorithms in
the anatomical staging of metastatic axillary lymph
nodes and assessing their molecular characteristics
[10, 11].

The results obtained in this study almost
completely replicate the direct comparison of [*™Tc]
Tc-ADAPT6 and [*"Tc]Tc-(HE),-G3 performed
within phase II clinical trials on the effectiveness
of detecting the HER2/neu status in primary breast
tumors [16, 17]. At the same time, it is obvious
that the compound [*™Tc]Tc-ADAPT6 has greater
diagnostic accuracy in typing the HER2/neu status
in primary tumors and metastases to regional lymph
nodes, which can be widely used in clinical practice.
In the meantime, the agent [**Tc¢]Tc-(HE),-G3 could
be used for the dynamic assessment of the malignant
process during neoadjuvant treatment, as it does not
have competing characteristics with targeted agents,
such as trastuzumab and pertuzumab.

CONCLUSION

Therefore, [*™Tc]Tc-ADAPT6 has greater
efficacy in determining the HER2/neu status in
primary tumors and regional lymph node metastases.
The clinical use of [*"Tc]Tc-(HE),-G3, upon further
study, may be possible for assessing tumor dynamics
during preoperative treatment.
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