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Theranostic Approach in Breast Cancer
A Treasured Tailor for Future Oncology
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Abstract: Breast cancer is the most frequent invasive malignancy and the
secondmajor cause of cancer death in female subjects mostly due to the con-
siderable diagnostic delay and failure of therapeutic strategies. Thus, early
diagnosis and possibility to monitor response to the treatment are of utmost
importance. Identification of valid biomarkers, in particular new molecular
therapeutic targets, that would allow screening, early patient identification,
prediction of disease aggressiveness, and monitoring response to the thera-
peutic regimen has been in the focus of breast cancer research during recent
decades. One of the intensively developing fields is nuclear medicine com-
bining molecular diagnostic imaging and subsequent (radio)therapy in the
light of theranostics. This review aimed to survey the current status of pre-
clinical and clinical research using theranostic approach in breast cancer pa-
tients with potential to translate into conventional treatment strategies alone
or in combination with other common treatments, especially in aggressive
and resistant types of breast cancer. In addition, we present 5 patients with
breast cancer whowere refractory or relapsed after conventional therapy while
presumably responded to the molecular radiotherapy with 177Lu-trastuzumab
(Herceptin), 177Lu-DOTATATE, and 177Lu-FAPI-46.
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B reast cancer is the most frequent invasive cancer and the second
major cause of cancer death in female subjects, after lung can-

cer.1 The incidence of breast cancer is predicted to reach 85 per
100,000 female subjects by 2021.2 The heterogeneous origin of
breast cancer presents challenges to patient management.3,4 Various
factors such as tumor type, histological grade, lymph node metastasis,
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estrogen receptor (ER), progesterone receptor (PR), and human epi-
dermal growth factor receptor 2 (HER2/neu) affect the prognosis, ag-
gressive phenotype, and treatment response of breast cancer. Breast
cancer has been classified into molecular subtypes to assist clini-
cians to select an optimal therapeutic approach. According to the
St Gallen Consensus 2011, systemic treatment recommendations
are based on the following breast cancer molecular subtypes, classi-
fied according to the expressed genes: luminal A (ER-positive/
PR-positive/HER2-negative/low Ki-67); luminal B including 2
subtypes HER2-negative (ER-positive/PR-positive/HER2-negative/
high Ki-67) and HER2 overexpressed (ER-positive/PR-positive/any
Ki-67/HER2-positive); HER2-positive or nonluminal (ER and PR
absent/HER2 overexpressed); and basal-like or triple-negative breast
cancers (TNBCs) (ER-negative/PR-negative/HER2-negative).5,6

Other factors influencing the therapy selection are cancer grade
and stage, general health condition, and menopausal status. The major
challenge in patient management is the individual variability among
the patients.

In the current decades, a deeper understanding of breast can-
cer biology underlying the cancer phenotype has led to the identifi-
cation of specific targets, expressed on cancer cells, that can be used
for diagnosis and therapy onmolecular level of a specific individual
and thus improve the therapeutic outcome.7–9 The combination of
the diagnostic and therapeutic agents targeted at the same biomarker
specific for a certain disease is known as theranostics. It is aimed at
the prediction of the efficacy of a treatment on an individual basis
and monitoring response to the treatment.10–13 The most important
advantage of the theranostic approach is the identification of those
individuals who would benefit from a specific treatment and thus
prevention of potentially futile treatments resulting in improved
cost-efficiency.

With respect to theranostics, an accelerated development has
been occurring in the field of nuclear medicine wherein the molec-
ular diagnostic imaging using PETor SPECT can be combined with
subsequent targeted molecular radiotherapy or chemotherapy.14,15

This strategy involves targeting cancer cells with radiopharmaceuti-
cals specific to the biomarkers, for example, receptors that are
overexpressed during the period of the disease.16 The cornerstone
of this approach is development and availability of radiopharmaceu-
ticals for the diagnostic imaging and molecular radiotherapy prefer-
ably comprising the same vector molecule to bind to the molecular
targets11,15 (Fig. 1). PET and SPECT molecular imaging agents
comprise radionuclides emitting, respectively, positrons (eg, 68Ga
[t½ = 68 minutes]) and γ-ray photons (eg, 99mTc [t½ = 6 hours];
123I [t½ = 13.3 hours]).17 Radiotherapeutical agents rely on α- and
β−-emitting radionuclides. The most commonly used β−-emitting
radionuclides include 131I (t1/2 = 8 days), 90Y (t1/2 = 64.1 hours),
and 177Lu (t1/2 = 6.73 days). The additional γ emission of 131I and
177Lu allows simultaneous SPECT imaging, providing essential in-
formation on biodistribution and dosimetry of the radiopharmaceu-
tical.18 The current development of peptide receptor–targeted
molecular radiotherapy is directed also toward the use of α-emitting
ical Nuclear Medicine • Volume 46, Number 8, August 2021
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FIGURE 1. The schematic of different kinds of engineeredmAbs and potential biological targets for a radiotheranostic approach
in breast cancer treatment.
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radionuclides such as 213Bi (t1/2 = 10.6 hours),
223Ra (t1/2 = 11.4 days),

225Ac (t1/2 = 10 days), and 227Th (t1/2 = 18.7 days).
It is commonly recognized that there is a medical need for in-

dividualized treatment of breast cancer and thus improvement of pa-
tient management and care. This review is focused on the
contribution of nuclear medicine field to the development of the so-
lution in the context of theranostics. The preclinical and clinical re-
search using such biomarkers as HER2, somatostatin receptors
(SSTRs), prostate-specific membrane antigen (PSMA), fibroblast
activation protein (FAP), mucin 1 (MUC1), syndecan 1 (CD138),
endoglin (CD105), and intercellular adhesion molecule 1
(ICAM-1) is comprehensively presented.

Human Epidermal Growth Factor Receptor 2
The HER2 is a transmembrane tyrosine kinase receptor

overexpressed on breast cancer cells in 15% to 25% of cases.19,20
The HER2 overexpression is associated with development and pro-
gression of the disease and is 1 of the most important biomarkers in-
dicating poor survival. Disruption of HER2 signaling by, for
example, monoclonal antibody (mAb) trastuzumab or tyrosine ki-
nase inhibitor lapatinib improves survival of patients with metastatic
breast cancer.21 Successful decision making in HER2-targeted ther-
apy depends on an accurate characterization of HER2 expression in
breast cancer patients. Biopsy with subsequent tissue immunohisto-
chemistry (IHC) and fluorescence in situ hybridization (FISH) are
the major currently used diagnostic tools for the quantification of
HER2 expression; however, HER2 testing may show false results
in up to 20% of the cases most probably due to the heterogeneity
of the receptor expression and inaccurate biopsy.22,23 The FISH
technique visualizes specific genes or portions of genes and demon-
strates high accuracy in the measurement of HER2 expression that
correlated with the rate of responsiveness to trastuzumab or
lapatinib therapy.24,25 According to the American Society of Clini-
cal Oncology/College of American Pathologists guidelines, a scor-
ing system (0–3+) is considered for IHC assay to evaluate HER2
expression, wherein an IHC score of 0 is negative; an IHC score
of 1+, negative; an IHC score of 2+, equivocal; and an IHC score
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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of 3+, positive. The HER2 test result is reported as positive (a) if
the IHC score is 3+ based on circumferential membrane staining
or (b) if the FISH assay is positive using either a single-probe or
dual-probe FISH. If the IHC result is 2+, then confirmation by FISH
is required for the selection of trastuzumab treatment.26 This ap-
proach results in a decreased risk of not treating the patients who
might benefit and treating the patients who are improbable to bene-
fit from trastuzumab treatment.27 However, the core needle biopsy
presents potential adverse effects and increased dissemination of
cancer cells from the primary lesion to distant metastasis. To over-
come the drawbacks of conventional biopsy, a “digital biopsy” con-
cept has currently been introduced. It is based on the premise that
the data derived from, for example, molecular noninvasive imaging
correlate with underlying biological processes.28

Molecular imaging can detect physiological changes provid-
ing specific information on heterogeneous cells related to breast
cancer. It applies specific probes to detect and quantify HER2 over-
expression noninvasively and to aid the selection of patients who
could benefit from HER2-targeted therapy, as well as to monitor pa-
tients between treatment sessions and after therapy to evaluate re-
sponse to the treatment. A number of anti-HER2 probes have
been developed based on intact mAbs, antibody fragments (Fab),
nanobodies, and affibodies for specific binding to HER2 and com-
prising radioactive atoms for tomographic detection.8,29 Nevertheless,
it has been demonstrated that their high affinity prevents homoge-
neous tumor penetration and intratumoral diffusion, and leads to a
suboptimal therapeutic efficiency.30–32 Also, some drawbacks such
as almost high molecular weight, extravascular binding of antibod-
ies, and higher interstitial pressure result in the heterogeneous distri-
bution of the conventional antibodies in the tumor.33,34 Moreover,
the kidneys become unable to filter antibodies due to their relatively
high molecular weight. This inappropriate filtration will lead to
hematotoxicity and accumulation of antibodies in the liver. Mono-
clonal antibodies show a significant ratio of nonspecific uptake
at the target regions, generally at the earlier time points of adminis-
tration.35,36 These limitations have developed smaller antibody
fragments for better tissue penetration, favorable biodistribution,
higher safety, and treatment efficacy37 (Fig. 1).
www.nuclearmed.com e411
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Besides, the treatment challenges, especially in end stages
and metastatic cases of breast cancer, remain unresolved. The hall-
marks of cancer cells are apoptosis evasion, which makes a barrier
to immunotherapy success in breast cancer patients.38 Becausemost
of the anticancer therapies including chemotherapies and immuno-
therapies trigger apoptosis induction, a tumor sensitivity to antican-
cer treatments will remarkably depend on the level of expression of
antiapoptotic proteins and on the existence of a prosurvival profile
specification (increased ratio between antiapoptotic and proapoptotic
protein).39 The increase of the response rate for immunotherapy re-
mains a big challenge for breast cancer patients, and further research
in this era is needed.40

The enhancement of the therapeutic response can be achieved
by incorporation of cytotoxic radioisotopes (α or β particle emitters)
into the antibodies that specifically bind to the cancer cells, wherein
the ionization radiation causes complex DNA double strands to
break, thus eradicating the cancer cells. This strategy for systemic
treatment known as radioimmunotherapy (RIT) was introduced in
the early 1950s,41 and currently, procedure guidelines for specific dis-
eases are available.42

One of the major advantages of targeting RIT is minimizing
the adverse effect on nontargeted cells due to the binding of the
mAb to specific overexpressed antigens on the tumor cells.43 Such
radionuclides as 64Cu, 90Y, 111In, 131I, 177Lu, 186Re, and 211At have
been used for preclinical and clinical RIT studies of breast cancer. In
addition to cytotoxic β−, 64Cu and 177Lu also emit, respectively,
positrons and γ’s that can be used for the imaging, dosimetry cal-
culations, as well as monitoring disease course and treatment
response.44–46

Trastuzumab comprising 177Lu demonstrated promising
results preclinically.47,48 The cytotoxic effect of the 177Lu-DOTA-
trastuzumab was found superior to that of the nonradioactive coun-
terpart.47 177Lu-trastuzumab was found safe to be administered
intravenously to the patients with HER2-positive primary and met-
astatic breast lesions.16 The lesion uptake of 177Lu-trastuzumab was
found relevant for palliative treatment in combination with other
conventional treatments for HER2-positive metastatic breast cancer.16

The incidence of brain metastases related to the breast cancer
is estimated to be 5.1%49; however, it varies depending on the sub-
type of breast cancer.50 Expression of some markers, including
HER2 and EGFR, on primary tumor might demonstrate increased
risk of metastasis and support targeted therapeutic approaches.51

The efficacy of α particle–emitting 211At-labeled trastuzumab in a
rat model of breast carcinomatous meningitis was demonstrated
preclinically.52 In addition, 68Ga-HER2-nanobody PET/CT has
FIGURE 2. A 46-year-old woman with HER2-positive breast canc
conventional therapymethods underwent 2 cycles of 177Lu-trastu
the first cycle of 177Lu-trastuzumab (Herceptin) (B) showed intens
decreased in posttherapy scintigraphy of the second cycle (C). Als
revealed a remarkable decrease in the peripheral lesion (D).
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been successfully tested as a safe procedure, with tolerability, favor-
able biodistribution, and high uptake in HER2-positive lesions of
breast carcinoma compared with normal peripheral tissues. Phase
2 clinical trial of the 68Ga-DOTA-anti-HER2 VHH1 for PET/CT
imaging of breast cancer brain metastases is ongoing. If successful,
it might warrant the development of therapeutic analogs of this ra-
diotracer for targeted radionuclide therapy as theranostic strat-
egy.53,54 Phase 1 trial (NCT04467515) demonstrated safety and
imaging potential of 131I-SGMIB-anti-HER2 VHH1 in breast can-
cer patients.55 The biodistribution was favorable with distinct up-
take in lesions of breast cancer and metastatic regions, and no
adverse effects were observed after low-dose IV administration of
131I-GMIB-anti-HER2 VHH1.55 These promising results encour-
aged phase 1/2 study for dose escalation and investigation of the
therapeutic potential of this compound.55 Single-domain antibody
fragments (CAM-H2) labeled with radioiodine (131I) were in-
vestigated in a phase 1 study targeting HER2-expressing malig-
nancies.56 The SPECT imaging demonstrated focal uptake of
131I-CAM-H2 in metastatic lesions, relatively fast healthy tissue
clearance, and favorable biodistribution. The dosimetry calculation
estimated strong potential for the administration of therapeutic
doses with a low risk of toxicity to the healthy organs.56

Two patients aged 46 and 49 years who were presented with
HER2-positive breast cancer and brain metastases were referred to
our department. In both cases, the IHC staining was negative for
ER and PR. One of the patients had a history of several cycles of
chemotherapy sessions and radiotherapy using γ knife. After re-
lapsing of the brain lesions and confirmed HER2-positive lesions
based on IHC result (IHC 3+), she underwent 2 cycles of 177Lu-
trastuzumab. Posttherapy scintigraphy and brain MRI revealed a re-
markable decrease in the lesion size (Fig. 2). The other woman had
history of several cycles of chemotherapy and radiotherapy. Immu-
nohistochemistry analysis reported positive result permitting
trastuzumab treatment strategy (IHC 3+). She underwent 1 treatment
cycle of 177Lu-trastuzumab. Posttherapy scintigraphy after the first
cycle showed intensive radiotracer uptake in the lesion (Fig. 3).

Some patients demonstrate recurrent tumor cells and metasta-
sis. One of the proposed hypotheses for the resistance is the overex-
pression of other EGFR family members (eg, EGFR and HER3).57

This co-overexpression was used for the development of bispecific
radioimmunoconjugates for imaging and therapeutic application.
Razumienko et al58 designed 177Lu-DOTA-Fab-PEG24-EGF and
111In-DOTA-Fab-PEG24-EGF to target overexpression of both
HER2 and EGFR receptors, as well as compared therapeutic effi-
ciency of these bispecific radiopharmaceuticals in a preclinical study.
er and brain metastasis observed on MRI (A) refractory to
zumab (Herceptin) (3.7 GBq). Posttherapy scintigraphy after
ive radiotracer uptake in the lesion and in its periphery, which
o, brain MRI done 2 weeks after the second cycle of therapy
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FIGURE 3. A 49-year-old woman with HER2-positive breast cancer and brain metastasis in the brain stem observed onMRI (A).
She underwent 1 cycle of 177Lu-trastuzumab (Herceptin) (1.85 GBq) that showed intensive radiotracer uptake in the lesion
according to the posttherapy scintigraphy (B).
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In addition, these preclinical results were compared with monospe-
cific radiotracers 177Lu- or 111In-labeled trastuzumab Fab or EGF.58

Gamma emission of 177Lu and 111In was used for micro-SPECT im-
aging to assess dosimetry data and estimation of radiation absorbed
dose. The study showed promising results of bispecific radiopharma-
ceuticals for the eradication of tumor cells in vitro, as well as in vivo
breast cancer xenografts. Radiation-absorbed dose in tumor cells
using 177Lu-DOTA-Fab-PEG24-EGF was 9-fold higher than that of
111In-DTPA-Fab-PEG24-EGF. This study demonstrated the feasi-
bility and potential of dual receptor–targeted RIT of breast cancer
patients, especially those of trastuzumab-resistant types. In another
similar study by Kwon et al,59 bispecific radiopharmaceuticals
comprising 64Cu radioisotope were compared with monospecific
64Cu-NOTA-trastuzumab-Fab and 64Cu-NOTA-EGF targeting
HER2 and EGFR and showed superior characteristics in terms of
uptake in tumor xenografts expressing either one or both receptors.59

Somatostatin Receptors
The expression of SSTRs on various hormone-producing

carcinoids of breast cancer, paragangliomas, pancreatic islet cell tu-
mors, meningiomas, neuroendocrine tumors, small cell lung cancer,
renal cell carcinoma, malignant lymphoma, and prostate cancer has
been demonstrated in vitro and in vivo.60–62

The Analysis of the Cancer Genome Atlas data demonstrated
the expression of SSTR2 by high proportion of samples from breast
invasive carcinoma and variability of the SSTR2 expression level
dependent on genomic and clinical characteristics of breast invasive
carcinoma.63 Overexpression of SSTR2 indicated poor prognosis in
TNBC subjects.63 The overexpression of SSTR2 mRNA was de-
tected in 169 infiltrating breast cancers; particularly, it was signifi-
cantly higher in ER-positive samples, suggesting that the SSTR
status of tumors must be considered during the treatment planning
because the therapeutic effect of somatostatin analogs might be in-
fluenced by the ER antagonist therapy.64 The correlation between
mRNA and enhanced expression of all subtypes of SSTR (1–5)
was detected in primary ductal not otherwise specified breast tu-
mors.65 A weak to moderate expression of SSTR2A and SSTR5
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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was observed immunohistochemically in 50% to 70% of the pa-
tients with neuroendocrine breast cancer (presented with incidence
of 0.1%–18%).66,67 However, the relevance of SSTR-targeted ther-
apy can be justified for neuroendocrine breast cancer with strong
SSTR2A expression.66,67 The SSTR-mediated therapeutic effect
on breast cancer was attributed to inhibition of cell proliferation
and induction of apoptosis (so-called direct mechanism).68,69

Somatostatin receptor autoradiography using 125I-[tyr3]-
SMS201-995 revealed receptor-specific uptake in 342 breast tumor
samples including both primary tumors and distant metastases with
positive SSTR.70 In in vivo PET visualization using 68Ga-labeled
agonist (68Ga-DOTATOC and 68Ga-DOTATATE) and antagonist
(68Ga-NODAGA-JR11), somatostatin analogs were studied in mice
bearing breast cancer xenografts expressing SSTR type 2 (ZR-75-1
cell culture).68,69 The antagonist counterpart demonstrated lower
uptake in contrast to previous studies wherein 177Lu-DOTA-JR11
antagonist showed higher uptake.71,72 The discrepancy of these
studies illustrates the complexity of the biological system and con-
sequently sensitivity of the method to the experimental conditions,
biological models, and variability in radiopharmaceutical construct.
A head-to-head comparative study providing the same experimental
conditions would be needed to confirm the advantages of using an-
tagonist ligands. Another study demonstrated the uptake of 68Ga-
DOTATOC in breast cancer xenograft mouse twice as high as that
of 18F-FDG.73

111In-Pentetreotide scintigraphy of the breast cancer detected
overexpressed SSTR2 and SSTR5 in vivo in patients60,74–76; it par-
ticularly detected primary breast cancer in 75% of randomly se-
lected patients.60,74 The method was found more sensitive than
conventional serum cancer markers and was suggested for the selec-
tion of patients who might benefit from peptide receptor radionu-
clide therapy (PRRT). The lesion uptake was well correlated with
SSTR2A and SSTR5 but not with SSTR1 and SSRT3 expression
determined by IHC.75 A case report presented an asymptomatic pa-
tient with breast cancer wherein the early diagnosis of breast cancer
resulted in the improvement of patient care strategy. The coauthors
considered a potential benefit from the treatment with somatostatin
www.nuclearmed.com e413
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analogs.76 These clinical studies present the potential relevance of
SSTR imaging for breast cancer management; however, a more ex-
tensive and standardized clinical investigation is required to prove
the concept. Moreover, the PET technique offering higher sensitiv-
ity, resolution, and accurate quantification as compared with 111In-
scintigraphy would be more relevant to use for such study.

A case report, wherein a patient with liver metastases from
breast cancer distinctly responded to PRRT, demonstrated the po-
tential benefit of this radiotherapeutic approach in metastatic breast
cancer treatment.66,67 One of the recent preliminary studies showed
68Ga-DOTATOC uptake and partial tumor remission after subse-
quent 177Lu-DOTATOC PRRT in a patient with breast invasive duc-
tal carcinoma and primary large-cell neuroendocrine breast carcinoma.77

A 42-year-old woman with invasive ductal carcinoma, posi-
tive for ER and PR and negative for HER2, referred to our depart-
ment. Whole-body 99mTc-octreotide scintigraphy showed multiple
bone lesions. Because she was refractory to conventional chemora-
diotherapy, she underwent PRRT with 177Lu-DOTATATE. She re-
ceived 3 cycles of PRRT (22 GBq) that were well tolerated, and
the patient declared a significant reduction in bone pain (Fig. 4).

Another case was a 45-year-old woman with history of sur-
gery for breast angiosarcoma. The patient was referred to our de-
partment for whole-body bone scan because of bone pain in the
right shoulder. Pathology result showed concurrent endometrial
and ovarian involvement by angiosarcoma. The bone scan revealed
multiple skeletal metastases. Whole-body 99mTc-octreotide scintig-
raphy showed positive lesions in the right humerus and left iliac
bone regions, qualifying her for 177Lu-DOTATATE therapy (Fig. 5).
177Lu-DOTATATE therapywas performed every 2months for 3 cycles
(22.2 GBq).
FIGURE 4. A 42-year-old woman with invasive ductal carcinoma
bone metastases on the left shoulder, ribs, spinal cord, pelvic, rig
with 177Lu-DOTATATE. She received 3 cycles of PRRT that resulte
(B–D) and a significant reduction in bone pain.
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Prostate-Specific Membrane Antigen
The PSMA is a transmembrane glycoprotein overexpressed

not only by normal prostate and prostate cancer cells, but also by he-
patocellular, glioma, thyroid, bronchial, ovarian, and breast cancer
cells.78,79 Importantly, it is presented in tumor entities lacking other
specific cell surface markers, for example, in the case of TNBC
without HER2, estrogen, and progesterone receptors, which stands
for almost 10% to 15% of all breast cancers.80 The overall survival
of TNBC patients is lower than that of patients with cancer positive
for hormone receptors and negative for HER2 receptors.81 Different
adjuvant and neoadjuvant modalities such as chemotherapy and
novel-targeted agents such as poly (ADP-ribose) polymerase inhib-
itors, antiandrogen agents, and immunotherapy were used; however,
overall survival could not be increased.

The first detailed assessment of PSMA expression in the
tumor-associated vasculature of invasive breast carcinoma with
brain metastasis was performed by Wernicke and coworkers.82 In
this study, patients with negative ER and PR had more overexpres-
sion of PSMA compared with patients with positive ER and PR tu-
mor cells. Immunohistochemical analysis of PSMA expression and
angiogenetic activity in normal breast tissue and breast cancer tis-
sues from primary tumors and distant metastases demonstrated
higher expression in metastases than in primary tumors.83 The
strong immunohistochemically determined expression of PSMA
in bone metastases was visualized by 68Ga-PSMA-HBED-CC
PET in 1 patient. 68Ga-PSMA-HBED-CC PETexamination of a pa-
tient with TNBCwas conducted with the aim to investigate the pos-
sibility of PSMA-targeted therapy.84 The uptake was observed in
tumor neovasculature and metastatic lesions, and PSMA-based
therapy was considered after failed standard-of-care treatments.
underwent 99mTc-octreotide scintigraphy showed multiple
ht knee (A). Therefore, the patient was candidate for PRRT
d partial response according to the post-PRRT cycles images
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FIGURE 5. A 45-year-old woman with bone pain utmost right shoulder and previous surgery for breast angiosarcoma.
Whole-body scintigraphy using 99mTc-octreotide scan revealed lesions in the right humerus and left iliac bone regions (A);
therefore, she underwent 3 cycles of 177Lu-DOTATATE treatmentwith 2-month interval (22.2GBq) (B). She showed a pathologic
fracture in the right humerus, so she performed surgery for this fracture and received 153Sm-EDTMP (3.7 GBq) for bone pain
palliation (C).
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Preclinical studies using mice with TNBC cell xenografts
demonstrated imaging and radiotherapeutic potential of targeting
PSMA of TNBC.85 The xenograft localization by 68Ga-PSMA-11
PET correlated with ex vivo immunofluorescence analysis of the re-
spective tissue, and the treatment using 177Lu-PSMA-617 significantly
reduced the vitality and angiogenic potential of the cancer cells.

These initial preclinical and clinical studies indicate the po-
tential of PSMA-targeted imaging and therapy for TNBC treatment.

Fibroblast Activation Protein
The FAP is a transmembrane serine protease expressed by ac-

tivated fibroblasts. It is involved in the remodeling of the extracellu-
lar matrix (eg, keloid formation, rheumatoid arthritis, hepatic and
pulmonary fibrosis, and osteoarthritis) and is highly upregulated
in the microenvironment of a wide variety of cancers. Fibroblast ac-
tivation protein is overexpressed on activated carcinoma-associated
fibroblasts in more than 90% of common human epithelial malignan-
cies, for example, colorectal, ovarian, oropharynx, and pancreatic car-
cinoma. It promotes tumor growth, progression, tumorigenesis, and
cell migration. Fibroblast activation protein inhibition decreases tumor
growth, making it useful for therapeutic applications. The combination
of chemotherapy with cyclophosphamide and FAP immunotherapy
was considered as a promising treatment for breast malignancy.86–89

A number of radioactive fibroblast activation protein inhibitors
(FAPIs) based on N-(4-quinolinoyl)glycyl-(2-cyanopyrrolidine) and
quinoline scaffolds were developed for targeted imaging and molec-
ular radiotherapy of various malignancies.87,90–95 Importantly, FAP is
typically low to undetectable on normal fibroblast cells, thus provid-
ing high image contrast in, for example, PETand favorable dosimetry
for molecular radiotherapy. High lesion uptake of 68Ga-FAPI-04 in
patients with metastatic breast cancer followed by a reduction in
pain symptoms after the treatment with 90Y-FAPI-04 suggested the
strong potential of FAP-targeted radiotheranostic approach for the treat-
ment of tumors containing a high level of activated fibroblasts such as
breast cancer.94

A first-in-human study demonstrated favorable biodistribution
with high tumor uptake and low uptake in normal tissues of
theranostic pair, 68Ga/177Lu-FAP-2286 in 11 advanced adenocarci-
noma patients including 5 pancreases, 4 breasts, 1 rectum, and 1 ovar-
ian tumor.96 177Lu-FAP-2286 was highly accumulated with long
retention in the lesions. The radiopharmaceuticals were well toler-
ated. This new theranostic platform was recommended as a highly
promising treatment option in a wide spectrum of malignancies.96
© 2021 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2021 Wolters Kluwer H
Fibroblast activation protein inhibitors radiolabeled with
68Ga and 177Lu demonstrated potential for theranostic application
in a case study with end-stage breast cancer.97 Multiple malignant
lesions were localized by 68Ga-DOTA.SA.FAPi PET in breast, lung,
liver, and bones. The diagnostic imaging was followed by a single
cycle of 177Lu-DOTA.SA.FAPi (3.2 GBq [86 mCi]) wherein the
in vivo distribution of 177Lu-DOTA.SA.FAPi, monitored by
STECT/CT, correlated with that of 68Ga-DOTA.SA.FAPi PET/CT.
68Ga-DOTA.SA.FAPi PET/CT-guided 177Lu-DOTA.SA.FAPi ther-
apy was found specially beneficial for the patients refractory to
common treatment approaches.97

Recently, a 47-year-old woman with ductal breast carcinoma
metastases who had failed conventional treatment was referred to our
department to perform the bone scan. The immunohistopathological
result demonstrated ER-positive, PR-positive, and HER2-negative for
this case. Bone scan revealed multiple skeletal metastases. The patient
received a diagnostic dose of 177Lu-FAPI-46 to evaluate radiotracer dis-
tribution, which showed intensive uptake on bone lesions. Subse-
quently, she was selected for the 177Lu-FAPI-46 treatment approach
and received 2 cycles of 177Lu-FAPI-46 3.7 GBq (Fig. 6).

Mucin 1
Mucin 1 is 1 of the 12 mucin gene products that is

hypoglycosylated and upregulated in more than 90% of breast malig-
nancies such as TNBCs.98 It is characterized by a peptide core com-
prising a high number of tandem repeat amino acid sequences.99 The
58-aa MUC1-C extracellular domain of it can be considered as a po-
tential target for antibody-mediated therapy.98,100 Multiple antibodies
have been established to target MUC-1 epitopes related to epithelial
tumors.99

A humanized murine antibody, hTAB004 targeting MUC1
was labeled with 111In and 225Ac, and preclinically investigated
for the feasibility of TNBC theranostics.101 The organ distribution
of 111In-DOTA-hTAB004 was favorable with as high tumor uptake
as 65% ± 15% ID/g. The subsequent single dose of 225Ac-DOTA-
hTAB004 resulted in a significant tumor volume reduction encour-
aging the further development and clinical translation.

A murine IgG1 mAb, BrE-3 antibody that can react with an
epitope on the tandem repeat of the peptide core of MUC-1102

was humanized (h) to reduce the immunogenicity.103 Immunohisto-
chemical analysis revealed the activity of BrE-3 in more than 95%
of biopsy samples from patients with ductal carcinoma of the
breast.104 Imaging and pharmacokinetic results of 111In-labeled
www.nuclearmed.com e415
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FIGURE 6. A 47-year-old woman with breast cancer and refractory to conventional chemotherapy underwent bone scan
revealed multiple skeletal metastases (A). For metastatic workup and radiotracer distribution, a diagnostic dose of 177Lu-FAPI-46
was injected and whole-body imaging showed metastases regions in the skull, right shoulder, clavicles, sternum, ribs, spine,
sacroiliac joints, and pelvis. Therefore, the patient was candidate for 177Lu-FAPI-46 and underwent 2 therapy cycles of
177Lu-FAPI-46 (3.7 GBq) (B–D).
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BrE-3 suggested therapeutic radiation dose for radiotherapy with
90Y-MX-DTPA-BrE-3 targeting the peptide core of MUC-1 in pa-
tients with advanced breast cancer.105,106 The data advocated
that multiple treatment sessions of 90Y-MX-DTPA-BrE-3 could re-
sult in frequent and constant response. Phase 1 clinical trial using
111In-labeled BrE-3 for the pretherapeutic lesion localization and
dosimetry evaluation for the subsequent high-dose 90Y-BrE-3 ra-
diotherapy revealed negligible toxicity and 50% response rate to
the radiotherapy.103

Syndecan 1
Syndecan 1 or CD138 is an integral membrane proteoglycan

present on epithelial cells holding together the cytoskeleton and the
components of extracellular matrix.107–109 CD138 plays an impor-
tant role as coreceptors for growth factors, matrix proteins, cyto-
kines, and chemokines as well as in interceding different
biological functions, such as proliferation, adhesion, differentiation,
migration, angiogenesis, and malignant progression.109,110 It is also
present on pre-B cells and plasma cells that regulate multiple mye-
loma.108,111 The expression of CD138 is associated with poor prog-
nosis for TNBC patients. A preliminary theranostic study using the
antihuman syndecan 1 B-B4 mAb radiolabeled with either 124I or
131I in tumor-bearingmice (124I-B-B4, 131I-B-B4) confirmed the vi-
sualizing of CD138-expressing cells along with great uptake of
B-B4 and its retention within the TNBC cells. This promising result
e416 www.nuclearmed.com
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in TNBCs expressing syndecan 1 demonstrated the suitability of
this biomarker as a target in quantitative imaging and therapy of pa-
tients with TNBC; it even might be considered as a treatment ap-
proach to decrease brain metastasis of breast cancers.108,110

Endoglin
Angiogenesis is considered a key process in the progression

of a cancer disease. Lymphovascular invasion and neovasculariza-
tion indicate poor prognosis in patients with breast cancer.112,113

Endoglin, also named CD105, is expressed on the endothelial cells
of around- and within-tumor blood vessels as well as overexpressed
in tumor stromal components. The anti-CD105 antibodies have
shown a high affinity for activated endothelial cells in tissues asso-
ciating angiogenesis and are considered as a therapeutic option for
patients with breast cancer, especially of triple-negative type.114,115

The preliminary study of CD105 staining revealed that microvascu-
lar density has a positive and negative relationship, respectively,
with HER2 and hormone receptor expression. Consequently,
targeting CD105 was suggested as a potential strategy in the anti-
cancer treatment approach.116 Radiolabeled anti-endoglin/CD105
mAb was used for tumor imaging and demonstrated a rapid and
high uptake in mammary canine adenocarcinomas.117 The data sug-
gested that targeting of CD105 on tumor vasculature may demon-
strate a new policy for in vivo imaging of solid malignancies with
any histological origin.118 Radioimmunotherapy can also be used
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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in targeting the vascular endothelial growth factor pathways. Re-
cently, TRC105 labeled with 86Y (t1/2 = 14.7 hours) and 90Y has
been introduced as theranostic pair to target overexpressed CD105
on angiogenic vessels in a murine breast cancer model.119 High
uptake of 86Y-DTPA-TRC105 in tumor cells and remarkably strong
tumor growth inhibition upon the therapeutic cycle with 90Y-DTPA-
TRC105 were observed. This strategy may be synergistic with
additional treatment options such as immunotherapy to complete
eradication of tumor cells.

Intercellular Adhesion Molecule 1
Intercellular adhesionmolecule 1 as a cell surface glycoprotein

is expressed on various types of cells including vascular endothelial
cells, leukocytes, and cancer cells. The expression of ICAM-1 anti-
gen surface molecule correlates with tumor aggressiveness and
metastatic potential in a wide spectrum of diseases such as breast
cancer, prostate cancer, and myeloma.120,121 As previously men-
tioned, TNBCs have currently no definitive curative option and
present a high death rate. Intercellular adhesionmolecule 1 has been
suggested as a biomarker and target for diagnostics and treatment of
such malignancies with poor prognosis.122 Radioiodinated anti–
ICAM-1 antibody localized TNBC MDA-MB-231 xenografts in
nude mice using 125I/SPECT and inhibited the tumor growth using
131I isotope instead of 125I.123

C-X-C Chemokine Receptor 4
C-X-C chemokine receptor 4 (CXCR4) is expressed in more

than 23 various types of tumors including breast cancer cells.124 It
promotes cancer metastases, and its inhibition has been investigated
for therapeutic purposes. Many studies evaluated CXCR4 expression
and its role in the diagnosis and prognosis of breast cancer.125–131 It
was found that the female subjects with a high CXCR4 expression
hadmore lymph node lesions and shorter disease-free and overall sur-
vival compared with those with the low level of CXCR4. However,
the feasibility study of 68Ga-pentixafor PET imaging targeted at
CXCR4 as a diagnostic tool in BC patient treatment demonstrated
a considerably lower lesion detection rate as compared with
18F-FDG PET.132 Another ligand of CXCR-4, ubiquitin radiolabeled
with 64Cu demonstrated promising results in a 4T1-xenograft mouse
model of breast cancer.133

Various CXCR4 ligands of peptidic and nonpeptidic nature
have been identified, opening the possibility for the development
of radiolabeled analogs for diagnostic imaging and molecular
radiotherapy.134
SUMMARY
The major purpose of preclinical and clinical studies pre-

sented herein is the development of diagnostic and therapeutic strat-
egies on molecular level and of a high therapeutic index and safety
along with minimal toxicity. Nuclear medicine is projected toward a
personalized approach, an effective and safe therapy using the con-
cept of theranostics. Molecular imaging of breast cancer is a useful
technique to identify disease heterogeneity or differentiate between
indolent and aggressive diseases that might help to select the best
therapeutic management.135 The strong potential of the theranostic
strategy to treat metastatic breast cancer has already been demon-
strated.15,16,55,58,77,85,103,108,119,136 The discovery of specific bio-
markers and the development of the respective radiopharmaceuticals
is the cornerstone of the ever-advancing theranostics in nuclear
medicine.15 Some other critical aspects are the regulation and stan-
dardization of radiopharmaceutical production, clinical examina-
tion procedure, and evaluation.
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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