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ABSTRACT

Background Prostate specific membrane antigen (PSMA) is a
promising protein for breast cancer patients. It has not only
been detected in prostate cancer but is also expressed by tu-
mor cells and the endothelial cells of tumor vessels in breast
cancer patients. PSMA plays a role in tumor progression and
tumor angiogenesis. For this reason, a number of diagnostic
and therapeutic methods to target PSMA have been devel-
oped.

Method This paper provides a general structured overview of
PSMA and its oncogenic potential, with a special focus on its
role in breast cancer. This narrative review is based on a selec-
tive literature search carried out in PubMed and the library of
Freiburg University Clinical Center. The following key words
were used for the search: “PSMA”, “PSMA and breast cancer”,
“PSMA PET/CT”, “PSMA tumor progression”. Relevant articles
were explicitly read through, processed, and summarized.
Conclusion PSMA could be a new diagnostic and therapeutic
alternative, particularly for triple-negative breast cancer. It ap-
pears to be a potential predictive and prognostic marker.

ZUSAMMENFASSUNG

Hintergrund Das prostataspezifische Membranantigen
(PSMA) ist fiir Mammakarzinompatientinnen ein vielverspre-
chendes Protein. Es wurde bisher nicht nur beim Prostatakar-
zinom nachgewiesen, sondern wird auch von den Tumor- so-
wie Endothelzellen der TumorgefdRe des Mammakarzinoms
exprimiert. Das PSMA hat eine Rolle bei der Tumorprogression
und Neubildung von GefdRen. Deshalb wurden bereits viele
PSMA-gerichtete diagnostische und therapeutische Verfahren
entwickelt.

Methode Diese Arbeit ist eine allgemeine und gegliederte
Ubersicht iiber das PSMA und dessen onkogenetisches Poten-
zial, mit dem Fokus auf dessen Rolle beim Mammakarzinom.
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Fir dieses narrative Review wurde eine selektive Literaturre-
cherche via PubMed und der Bibliothek des Universitatsklini-
kums Freiburg angefertigt. Hierbei wurden folgende Schliis-
selworter verwendet: ,PSMA“, ,PSMA and breast cancer,
~PSMA PET/CT*“, ,PSMA tumor progression®. Relevante Artikel
wurden explizit durchgelesen, bearbeitet und zusammenge-
fasst.

Schlussfolgerung Das PSMA kénnte, insbesondere beim tri-
ple-negativen Mammakarzinom, eine neue diagnostische und
therapeutische Alternative darstellen. Es scheint ein mdgli-
cher pradiktiver und prognostischer Marker zu sein.

Abbreviations

CcT computed tomography

ER estrogen receptor

FOLH1 folate hydrolase 1

FDG fluorodeoxyglucose

GCPI glutamate carboxypeptidase Il

HR hormone receptor

HUVEC  human umbilical vein endothelial cell
n.s. not significant

PET positron emission tomography

PR progesterone receptor

PSMA prostate specific membrane antigen
TNBC triple-negative breast cancer

Suv standardized uptake value

VEGF vascular endothelial growth factor

Introduction

Prostate specific membrane antigen (PSMA) is a new and signifi-
cant marker for breast cancer patients. This protein has not just
been detected in prostate cancer but is also expressed by breast
cancer tumor cells and the endothelial cells of tumor vessels.
PSMA plays a role in tumor progression and tumor angiogenesis.
This has led to the development of promising diagnostic and ther-
apeutic procedures targeting PSMA.

PSMA could be a new theranostic alternative in triple-negative
breast cancer. This article provides an overview of the current data
on PSMA in breast cancer and the currently available diagnostic
and therapeutic PSMA-targeting options.

General Information on PSMA

Prostate specific membrane antigen (PSMA) is a type Il transmem-
brane protein also known as glutamate carboxypeptidase I
(GCPII), folate hydrolase | (FOLH1) or N-acetyl-L-aspartyl-L-gluta-
mate peptidase | (NAALADase 1) [1]. PSMA has a three-part struc-
ture which consists of 19 intracellular, 24 transmembrane and 707
extracellular amino acids [2]. The PSMA gene is located on the
short arm of chromosome 11 [3]. It was first localized in a LNCaP
cell line [4]. The LNCaP cell line was originally established using a
metastatic lymph node from a patient with metastatic prostate
cancer [4].

PSMA performs different enzymatic activities. As a folate
hydrolase it breaks down polyglutamate folate chains [5]. In the
central nervous system, it corresponds to NALAADase | [6]. This
catabolizes external N-acetyl-L-aspartyl-L-glutamate (NAAG) into

N-acetyl-aspartate (NAA) and glutamate [7]. Inhibition of
NALAADase reduces the amount of intracerebrally available glu-
tamate, which has been shown to have a neuroprotective effect
in preclinical models, for example in neuropathic pain or stroke
[8].

PSMA is expressed in both benign and malignant prostate tis-
sue [8]. In prostate cancer, elevated PSMA expression is associated
with negative prognostic factors such as a higher tumor stage, a
higher Gleason score and higher hormone refractoriness of the tu-
mor [9,10]. But it is also expressed by other organs such as the
kidneys, bladder or salivary glands [11-13]. PSMA is also found
in different tumor entities on tumor cells, such as kidney, bladder
and ovarian cancers, and in tumor-specific vessels and tumor neo-
vasculature, such as non-small cell lung cancer [11,14].

Current Data on PSMA Expression
in Breast Cancer

Healthy glandular breast tissue appears to express PSMA on its
epithelial cells but not on its vascular endothelium [11,15,16].
An overview of the current data is shown in » Table 1.

The current data on PSMA expression in breast cancer tumor
cells is inconsistent. Only tumor neovasculature appears to ex-
press PSMA relatively constantly. PSMA expression does not just
occur in the tumor cells of the primary tumor but also in distant
metastases. This means that PSMA could be suitable target struc-
ture for antiangiogenic therapies.

Several studies have already investigated the expression of
PSMA in breast cancer. Three of these studies are of particular in-
terest: the studies by Kasoha et al., Tolkach et al. and Wernicke et
al. [16-18]. These studies investigated PSMA expression in the tu-
mors of 72, 315 and 92 breast cancer patients, respectively.

Tolkach et al. only reported PSMA expression in tumor cells in
10 (3%) out of 315 investigated samples. However, tumor vessels
in 60% (n=189) of these cases were PSMA-positive [17]. Immu-
nohistochemical examination detected cytoplasmic PSMA stain-
ing. Wernicke et al. found PSMA-positive vessels in 90 out of 92
investigated breast cancer patients. In the two remaining cases,
the healthy breast tissue vasculature was also positive for PSMA.
But no PSMA expression was detected in healthy glandular breast
tissue or the tumor cells [18]. In the study by Kasoha et al., tumor
cells were positive for PSMA in 72% of cases (50/70) and tumor-
associated neovasculature was positive for PSMA in 46% (31/68)
of cases. » Figs. 1 to 3 show examples of the immunohistochem-
ical detection of PSMA expression in tumor cells and tumor neo-
vasculature.
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» Table 1 The expression of prostate-specific membrane antigen in breast cancer and healthy glandular breast tissue — detected with immunohisto-

chemistry.
Author, n Metas- PSMA PSMA PSMA PSMAs PSMA PSMA Overall
year of tases expression expression expression expression expression expression survival in
publication (n) in vessels in tumor in healthy in relation in relation to in relation relation to
[reference] n (%) cells glandular to grading hormone re- to histology = PSMA
n (%) breast ceptor status expression
tissue
n (%)

Tolkach, 315 - 189 (60) 10(3) - p=0.002 HR negative: p=0.01 n.s.
2018[17] p=1.9x10E-6

TNBC:

p=0.006
Kasoha, 72 10 31 (46) 50(72) 26 (67) p=0.004 n.s. p=0.026 n.s.
2017 [16]
Wernicke, 92 14 68 (74) None 0 p<0.0001 ER negative: n.s. p=0.05
2014[18] p<0.0001

PR negative:

p=0.03
Kinoshita, 5 - - 1(20) 6 (100) - - - -
2006 [11]
Ross, 2004 10 - 7(70) - = = = = =
[19]
Chang, 1999 6 - 5(83) 0 8(100) - - - -
[15]

ER: estrogen receptor; PR: progesterone receptor; HR: hormone receptor; TNBC: triple-negative breast cancer; n.s.: not significant

Other studies have also examined PSMA expression in breast
cancer. Chang et al. used five different PSMA antibodies and
found that PSMA was expressed both in the membrane and intra-
cytoplasmically in the tumor neovasculature of five of the six in-
vestigated cases. Four of these cases were invasive ductal breast
cancers [15]. The tumor cells in this study were PSMA-negative.
All eight stained healthy breast tissue specimens, however,
showed PSMA expression on the epithelium. The vasculature in
the healthy tissue was PSMA-negative [15]. In another study by Ki-
noshita et al., the staining reaction to the PSMA antibody in the six
investigated cases with normal glandular breast tissue was mod-
erate. One of the five specimens of invasive ductal breast cancers
showed weak PSMA immunoreactivity [11]. Ross et al. detected
PSMA expression in the neovasculature of invasive ductal breast
cancers in seven of 10 cases [19]. All of the eight phyllodes tumors
of the breast investigated by Mhawech-Fauceglia et al. were
PSMA-negative [20].

PSMA is not just expressed by primary tumors but also by dis-
tant metastases [16,18,21]. Kasoha et al. investigated 12 distant
metastases (bone and brain metastases); when they compared
the primary tumors with the distant metastases, they found a sig-
nificantly increased PSMA expression in the tumor-associated
neovasculature of brain metastases (p = 0.049). But this elevated
PSMA expression was not detected in tumor cells [16]. Wernicke
et al. investigated 14 brain metastases using immunohistochemi-
cal staining; in all cases, PSMA was expressed in the tumor-associ-
ated neovasculature. In the 10 paired cases, the PSMA expression
in metastases was identical to the PSMA expression in the corre-
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sponding primary tumor. Nomura et al. found that PSMA expres-
sion in tumor-associated neovasculature was three times higher
compared to healthy brain tissue in five investigated brain metas-
tases (p=0.007). However, the extent of PSMA expression in the
metastases and the primary tumor differed in the four paired
cases: PSMA expression was lower in the brain metastases of three
of the patients compared to PSMA expression in breast tumors in
the same patients.

A comparison of PSMA expression with prognostic and predic-
tive factors for breast cancer showed that increased expression
was significantly associated with a higher tumor grade [16-18].
Wernicke et al. found PSMA expression was significantly higher
depending on tumor size [18], and Tolkach et al. reported signifi-
cantly increased PSMA expression in invasive ductal breast cancer
(compared to invasive lobular breast cancer) and was also associ-
ated with higher T, N or UICC stages [17]. Kasoha et al. confirmed
this finding with regard to histology, with invasive ductal breast
cancers expressing higher levels of PSMA than breast cancers with
a different histology [16]. However, Wernicke et al. were unable to
find any association between histology and PSMA status [18].

Tolkach et al. detected a higher expression of PSMA in tumor-
associated microvessels, particularly in tumors that were not hor-
mone receptor-positive or HER2/neu-positive or were triple-nega-
tive (p=1.9e-06 and p =0.006). PSMA expression in triple-nega-
tive cancers was 4.5 times higher than in other tumors. The study
by Tolkach et al. investigated tissue samples from 47 (14.9%) hor-
mone receptor-negative and 33 (10.5%) triple-negative tumors
[17]. Wernicke et al. also found a higher number of PSMA-positive
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> Fig. 1 Immunohistochemical staining of a primary tumor
specimen with a PSMA antibody (20-fold magnification) - PSMA
detected in tumor vessels.

vessels in estrogen receptor-negative (p <0.0001) and progester-
one receptor-negative (p=0.03) tumors. They investigated 12
(11%) tissue samples from estrogen receptor-negative tumors
and 24 specimens (24 %) from progesterone receptor-negative
tumors [18]. However, Kasoha et al. were unable to establish a sig-
nificant association between hormone receptor status and simul-
taneous expression of PSMA in tumor cells and tumor-associated
neovasculature [16].

As regards patient survival, only Wernicke et al. reported a low-
er 10-year survival rate in cases with elevated PSMA expression
[18].

The different staining results could be explained by the differ-
ent methods used for staining and by the different evaluation
methods used, which included different primary antibodies to
bind several epitopes of PSMA, differences in the dilution of the
primary antibody, and different antigen-retrieval methods. There
were also significant differences in the ways studies quantified
PSMA-positive vessels.

In summary, it appears that increased PSMA expression is asso-
ciated with higher tumor grades and higher UICC stages. Particu-
larly triple-negative and invasive ductal breast cancer have been
found to express PSMA in the endothelium of tumor-associated
vasculature. PSMA expression in tumor-associated vasculature is
lower in invasive lobular breast cancer or breast cancers with a dif-
ferent histology. In one patient population, an association was de-
tected between PSMA expression in endothelial vascular cells and
poorer overall survival [18].

The Role of PSMA in Tumor Progression

The precise function of PSMA has still not been fully elucidated. It
is a protein that appears to contribute to tumor progression in a
number of ways. Several hypotheses have been proposed:

» Fig. 2 Immunohistochemical staining of a lymph node metastasis
with a PSMA antibody (20-fold magnification) - PSMA expression
detected in tumor vessels.

» Fig. 3 Immunohistochemical staining of a brain metastasis with
a PSMA antibody (20-fold magnification) - PSMA detected.

PSMA contributes to tumor progression
due to its function as a folate hydrolase

PSMA does not just function as a folate hydrolase in the small in-
testine but also in prostate cancer cells [22]. Yao et al. have al-
ready demonstrated that prostate cancer cells which expressed
PSMA in vitro and in animal experiments have a greater invasive
potential [23]. They were also able to show that PSMA enables
the uptake of monoglutamate folate after hydrolysis of
polyglutamate chains. It appears that PSMA does not just break-
down polyglutamate folate chains in the luminal cells of the small
intestine but also in prostate cancer cells. This function may be re-
sponsible for the increased invasiveness and poorer prognosis of
PSMA-expressing prostate cancers, as this increases cell folate up-
take, an essential component in nucleic acid synthesis [23, 24].
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In contrast, Gordon et al. suggested that PSMA-induced folate
uptake is essential for the regeneration of endothelial nitric oxide
synthase (eNOS), which, in turn, is indispensable for angiogenesis.
The enzymatic function of PSMA as a folate hydrolase may there-
fore not just lead to an increase in local folate levels but also en-
courage eNOS regeneration through the increase in available fo-
late. PSMA may support the angiogenesis of new blood vessels
through this signaling pathway [25].

PSMA contributes to carcinogenesis

Bradbury et al. were able to show in an in-vitro model that breast
cancer cell lines in which the PSMA gene was downregulated had a
lower cell proliferation, cell adhesion, and cell migration capacity
[26]. The proposed explanation for this was that inactivation of
the MDM2 gene leads to a reduction in PSMA expression and vice
versa [26]. MDM2 is responsible, among other things, for the ma-
lignant degeneration of cells by inhibiting the p53 tumor suppres-
sor protein [27]. This means that lower PSMA expression could be
associated with lower MDM2 expression.

Caromile et al. formulated the hypothesis that PSMA may inter-
rupt signaling between B1 integrin and IGF-1R through its associ-
ation with RACK1, which could lead to an increased proliferation
of tumor cells [28].

PSMA leads to neoangiogenesis in tumors

The study group of Liu et al. developed an in-vitro model to show
that the tumor microenvironment initiates vascular PSMA expres-
sion. Human umbilical vein endothelial cells (HUVEC[s]) were in-
cubated either in media containing vascular endothelial growth
factor (VEGF) or in tumor-conditioned media (TCM) from differ-
ent tumor cell lines. HUVECs formed tube-like vesicles in the
TCM of estrogen receptor-negative cell lines. These vesicles were
PSMA-positive. The vesicles formed in the media containing estro-
gen receptor-positive cell lines were incomplete. It appears that
estrogen receptor-negative cell lines secrete factors which pro-
mote PSMA expression and tumor angiogenesis [29]. These re-
sults were also confirmed by Nguyen et al. in cell lines from other
tumor entities [30].

Another study was able to show that PSMA modulates the lam-
inin-specific B1 integrin function. PSMA is responsible for the ini-
tial ligand binding of 1 integrin and participates in a regulatory
loop involving B1 integrin and PAK1, which in turn supports cell
invasion in angiogenesis [31].

PSMA in triple-negative breast cancer

PSMA appears to be playing a particularly interesting role in triple-
negative breast cancers. Wernicke et al. and Tolkach et al. have al-
ready reported increased PSMA expression in these cancers [17,
18].

Morgenroth et al. also investigated this topic. They not only
confirmed PSMA expression in a triple-negative breast cancer cell
line but also found an increased angiogenic potential. To do this,
HUVECs were incubated in tumor-conditioned media from an es-
trogen receptor-positive breast cancer cell line (MCF-7) and from
a triple-negative breast cancer cell line (MDA-MB231) and the for-
mation of tube-like structures was observed. It was found that the
HUVECs which were exposed to the TCM of MDA-MB231 cell lines

developed tube-like formations. Moreover, the endothelial cells
were found to be positive for PSMA on flow cytometry. It appears
that exposure of HUVECs to TCM from the triple-negative cell line
induced PSMA expression. On imaging (%3Ga positron-emission
tomography [PET/CT]), PSMA expression was only detected in
the triple-negative cell line from xenografts of these murine cell
lines. The authors not only characterized the PSMA expression of
HUVECs but also carried out PSMA-targeted radioligand therapy
(using "7Lu-PSMA-617) in the tubular endothelial structures.
They were able to show that the antiangiogenic potential of this
therapy was higher in the tube-like formations which had been
conditioned in TCM from triple-negative tumors (the apoptosis
rate was 48.15% compared to 15% in those exposed to TCM from
MCF-7). Morgenroth et al. proposed an interesting hypothesis,
whereby PSMA expression in triple-negative breast cancer may
contribute to this cancer’s increased resistance to therapy. Triple-
negative breast cancer can increase the amount of intracellular
glutathione which acts as an antioxidant against oxygen radicals.
Glutathione is a tripeptide of glycine, cysteine and glutamate. The
NALAADase activity of PSMA releases glutamate. This can then be
used by the cells of triple-negative breast cancers to form gluta-
thione, making it more resistant to oxidative stress [32]. In the
above-mentioned study, Liu et al. also observed the formation of
(PSMA-positive) vasculature in the estrogen receptor-negative cell
line but not in the estrogen receptor-positive cell line [33].

In conclusion, PSMA contributes to tumor progression and
neoangiogenesis in many ways. It appears to play a particularly
important role in triple-negative breast cancer.

This makes PSMA a promising protein which could serve as a
new target structure for the diagnosis and/or therapy of triple-
negative breast cancers.

PSMA in the Diagnosis and Treatment
of Breast Cancer

The standard immunohistochemical diagnosis of breast cancer in-
cludes, among other things, determining the receptor expression
of estrogen, progesterone and HER2/neu receptors [34]. In the
metastatic setting, the receptors on the metastasis may differ
from those of the primary tumor, a change that is known as a re-
ceptor switch [35]. HER2/neu-targeted therapy could be reserved
for such patient populations, and new molecules such as the Affi-
body® have been developed for this purpose. Targeted binding of
this molecule to her2/neu followed by PET/CT imaging is a non-in-
vasive method to determine patients’ HER2/neu status (which
does not require a biopsy of the metastasis) [36].

Two important insights can be concluded from this: firstly, car-
rying out PET/CT to evaluate patients’ response to targeted ther-
apy for breast cancer is the way forward; secondly, it is important
to precisely determine the expression of a protein in breast cancer
metastases. The data on PSMA expression in breast cancer metas-
tases is not sufficient to confidently conclude that histopatholog-
ical determination of PSMA in the primary tumor means that it is
expressed in the corresponding metastases. A further character-
ization of PSMA expression in breast cancer metastases based on
both immunohistochemistry and imaging is therefore necessary.

54 Unger C et al. Expression of Prostate... Geburtsh Frauenheilk 2022; 82: 50-58 | © 2022. The author(s).



» Table 2 Detection of prostate-specific membrane antigen in breast cancer using PET/CT.

Author, year of publi- N PSMA expression

cation [reference] detetected

Passah, 2018 [38] 1 present

Sathekge, 2015 [39] 1 present

Sathekge, 2017 [40] 19 overall detection rate:
84%

Kasoha, 2017 [16] 1 1

Medina-Ornelas, 2020 [41] 21 76%

PR: progesterone receptor

To date, PSMA-PET/CT has only been used in a few patients
with breast cancer. Overall, however, the results have been prom-
ising [37]. » Table 2 provides an overview of the currently avail-
able data.

Passah et al. carried out PSMA ligand PET/CT in a 33-year-old
patient with triple-negative breast cancer and detected liver me-
tastases and a thoracic wall recurrence after surgical therapy, ra-
diotherapy and chemotherapy. The findings were confirmed by
imaging using ['8F] fluorodeoxyglucose-(FDG-) PET/CT [38].

Based on the case report of Passah et al., this diagnostic work-
up was repeated in 2017 in a larger patient population (n=19).
The results of the study were very promising. Using PSMA ligand
PET/CT, Sathekge et al. were able to detect PSMA positivity in 84%
(n=281) of previously identified tumor lesions. Seven patients had
previously been examined using FDG PET/CT. Overall, 13 primary
tumors and/or local recurrences as well as 15 lesions (affected
lymph nodes) and 53 metastatic lesions were identified with
PSMA PET/CT. The tracer uptake in distant metastases was signifi-
cantly higher compared to the respective primary tumor. As re-
gards hormone receptor expression, the study only investigated
patients for progesterone receptor status. A total of six patients
had progesterone receptor-positive and seven patients had pro-
gesterone receptor-negative breast cancer. The receptor status
of six patients was unknown. PSMA-specific imaging was able to
identify 31 positive lesions in both the progesterone receptor-
positive and the progesterone receptor-negative groups. No sig-
nificant differences were found with regard to the mean standard-
ized uptake value (SUV). A comparison of PSMA PET/CT with
FDG-PET/CT showed a discrepancy of seven lesions (six lesions
were PSMA-negative, one lesion which was found on PSMA PET/
CT imaging was not visible with FDG PET/CT). Moreover, a signifi-
cant association between the SUVs of both types of examination
was found (p =0.015) [39,40].

Kasoha et al. also carried out PSMA ligand PET/CT in a patient
with known PSMA-positive bone metastases of breast cancer. The
bone metastases were PSMA-positive on PSMA-specific imaging
[16].

Unger C et al. Expression of Prostate....

Population

33-year-old patient with metastatic TNBC
33-year-old patient with metastatic breast cancer

patients with both PR-positive and PR-negative
breast cancer (primary or recurrent or metastatic
disease)

79-year-old patient with breast cancer and bone
metastasis

patients with primary metastatic disease who did
not have prior therapy and had different hormone
receptor and HER2/neu receptor statuses

Confirmation

18F-FDG-PET/CT
clinical, "F-FDG-PET/CT

clinical, histology,
18F-FDG-PET/CT (n =7)

clinical, histology

18F-FDG-PET/CT

In 2020, Medina-Ornelas et al. published their results in a study
comparing FDG PET/CTs and PSMA ligand PET/CTs in patients with
primary metastatic breast cancer who had not undergone prior
therapy. Examinations were carried out in 21 patients. Four of
them had luminal A tumors, four had luminal B and HER2/neu-
positive tumors, two had luminal B and HER2/neu-negative tu-
mors, six had non-luminal HER2-positive tumors and five had tri-
ple-negative cancer. The detection rates of FDG PET/CT and PSMA
ligand were compared. Overall, the detection rate using PSMA-
specific imaging was lower than with FDG PET/CT in all patients.
In patients with triple-negative or HER2-positive breast cancer,
every lesion visible on FDG PET/CT was also positive on PSMA
imaging. This was also the case for bone metastases, irrespective
of their histology. In summary, in-vivo PSMA positivity was de-
tected in 76% of cases, with a sensitivity of 84% and a specificity
of 91.8% [41].

Detection of metastasis using imaging is not just very impor-
tant for diagnostic reasons. The images obtained can also provide
value information about patients’ potential response to PSMA-tar-
geted therapy. Patients with PSMA-positive lesions on imaging
could benefit from PSMA-targeted therapy.

The conclusion drawn from these studies is that imaging to de-
tect PSMA expression must be carried out prior to starting PSMA-
targeted therapy. Primary tumors can be evaluated with immuno-
histochemistry. However, when attempting to detect PSMA ex-
pression in metastases, in many cases no tissue is available for
analysis. The current results of studies which compared the ex-
pression of PSMA in primary tumors and their corresponding me-
tastases show that it is not possible to infer that the PSMA status
of the primary tumor is an indication of the potential PSMA ex-
pression in distant metastases. The detection of PSMA positivity
in a primary tumor or metastasis using PSMA PET/CT could plug
this diagnostic gap. Using PSMA PET/CT would also avoid the side
effects of biopsies undertaken for histological assessment of a le-
sion, such as injection canal metastasis, infection, or hematoma.
This type of imaging could also be used for therapeutic monitor-

ing.
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Other Alternatives to PSMA Diagnosis

The PSMA status of a breast cancer lesion can also be evaluated
based on an analysis of circulating tumor cells (CTCs). Out of a to-
tal of 41 patients with triple-negative breast cancer, PSMA expres-
sion in CTCs were identified in 15% (6/41) of cases. Patients with
PSMA-positive CTCs before undergoing chemotherapy were less
likely to achieve pathological complete remission after chemo-
therapy. Recurrence occurred earlier if PSMA expression was de-
tected (p=0.0039) and overall survival rates were lower
(p=0.0059) [42]. Evaluation of the PSMA status of CTCs could
help to predict the response to PSMA-targeted therapy in triple-
negative breast cancer. The analysis of circulating tumor cells is a
minimally invasive method which could offer an alternative to bi-
opsies of metastases. As regards her2 status, predicting her2
overexpression in metastases based on the analysis of CTCs ap-
pears to be possible [43]. Overall, the expression patterns of CTCs
were found to be more similar to those of metastases than to
those of the primary tumors [43-45]. CTCs could therefore be a
good alternative method for a non-invasive evaluation of PSMA
expression in metastatic breast cancer. The PSMA status of metas-
tases could also be evaluated. This approach could offer an alter-
native to PET/CT if it becomes possible to achieve a similarly high
quality of imaging. However, no studies on this have yet been car-
ried out. This would be interesting, not just from a diagnostic
point of view, as it could also provide valuable information about
the potential response to PSMA-targeted therapy.

PSMA-targeted Therapies

PSMA ligands are internalized after binding [28], making this pro-
tein a suitable target structure for treatment with radionuclides.

The benefits of PSMA-targeted radioligand therapy for pros-
tate cancer have already been demonstrated [46,47]. In a study
by Yadav et al., 90 patients with metastatic castration-resistant
prostate cancer were treated with PSMA radioligand therapy. PSA
levels decreased in 56 (62.2%) patients. 19 (27.5%) patients had
partial remission, 30 (43.5%) patients had stable disease, and 20
(29%) experienced disease progression.

Prostate cancer examinations have shown that even after prior
radioligand therapy, repeating this therapy can still elicit a re-
sponse in cases of progression after an initial response to therapy
[48].

One limitation of PSMA-targeted radioligand therapy is the im-
pact of heterogeneous PSMA expression, which can lead to re-
duced uptake of the ligand, thereby reducing the efficacy of treat-
ment [49]. PSMA radioligand therapy is therefore no longer used
in cases with heterogeneous PSMA expression. As PET/CT should
be carried out before administering therapy, the nuclear medicine
decision on whether or not to administer radioligand therapy can
be taken before the start of therapy.

PSMA radioligand therapy has few or moderate side effects.
Xerostomia and anemia are the most clinically relevant side ef-
fects. Other potential side effects include leukocytopenia and
thrombocytopenia as well as elevated liver function tests and an
increase in renal retention parameters such as fatigue, nausea,
vomiting or diarrhea [46-48]. However, PSMA radioligand ther-

apy is generally tolerated well. Grade 3 and 4 toxicities are very
rare [48].

PSMA-targeted radioligand therapy is not the only therapy cur-
rently attracting a lot of interest. Other therapeutic approaches
which make use of the enzyme functions of the protein have al-
ready been developed.

The folate HBPE(CT20p) was developed for this therapeutic ap-
proach. The assumption underpinning the development of this
nanocarrier is that the folate hydrolase PSMA does not just con-
vert folate polyglutamates, it also enables folate uptake by malig-
nant cells. This was confirmed by the study of Flores et al. They
were not just able to show that folate-conjugated therapeutics
are selectively taken up by PSMA-positive cells but also that they
induce considerable changes in cell morphology [50]. This meth-
od could be particularly important for breast cancer patients. The
therapeutic peptide used (CT20p) leads to morphological
changes of the cytoskeleton, impairs mitochondrial movement
and actin polymerization. It has already been investigated in
breast cancer models and was found to reduce cancer cell inva-
siveness [50].

Radio-guided surgery is a new therapeutic approach currently
being developed further to treat prostate cancer. Up to now, it
was used as salvage surgery to treat patients who still have
PSMA-positive lesions on %8Ga PSMA PET/CT imaging after radical
prostatectomy. It uses a radioactive substance which specifically
binds to PSMA. The studies carried out to date have shown prom-
ising results, with accurate resection of PSMA-positive lesions al-
ready detected with PET/CT and complete biochemical response
achieved in 66% of patients treated who received this treatment
[51]. A postoperative comparison between activity measured
with a gamma probe and histopathological results showed that
metastasis was correctly identified in most cases [52].

This therapeutic approach is particularly interesting for pa-
tients with prostate cancer, as affected lymph nodes may also be
present outside the standard resection area of extended pelvic
lymphadenectomy. In addition, lymphatic flow may change after
primary (surgical) therapy, with metastases developing in unusual
locations [51]. Whether this method can be used to treat breast
cancer patients is still not clear.

Some case reports have also described the use of PSMA-tar-
geted therapy in patients with breast cancer. Tolkach et al., for ex-
ample, used PSMA radioligand therapy to treat a 38-year-old pa-
tient with triple-negative breast cancer. The treatment was well
tolerated but progression recurred after four weeks. The patient
did not receive further therapy cycles because of renewed pro-
gression [17]. Von Hoff et al. tested docetaxel-encapsulated
nanoparticle BIND-014 therapy where docetaxel-encapsulated
nanoparticles target PSMA in a cohort which included a patient
with breast cancer. The 39-year-old patient showed a partial re-
sponse to this therapy [53].

Conclusion

In summary, PSMA is a promising protein, which is not just ex-
pressed in the primary tumor but also in the distant metastases
of breast cancer. Its expression appears to be limited to tumor-as-
sociated neovasculature. PSMA contributes to tumor progression
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and neoangiogenesis on many levels. This is particularly the case
in triple-negative breast cancer. PSMA-specific diagnosis and ther-
apy is already well established for prostate cancer. Although only a
few cases have investigated the benefit of this approach to treat
breast cancer patients, the results have been promising. Contin-
ued research in this area could establish a new alternative for diag-
nosis and treatment, particularly for patients with triple-negative
breast cancer.
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