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Breast cancer (BC) is the most frequent cancer diagnosed in women worldwide. This heterogeneous disease can
be classified into four molecular subtypes (luminal A, luminal B, HER2 and triple-negative breast cancer (TNBC))
according to the expression of the estrogen receptor (ER) and the progesterone receptor (PR), and the
overexpression of the human epidermal growth factor receptor 2 (HER2). Current BC treatments target these
receptors (endocrine and anti-HER?2 therapies) as a personalized treatment. Along with chemotherapy and
radiotherapy, these therapies can have severe adverse effects and patients can develop resistance to these
agents. Moreover, TNBC do not have standardized treatments. Hence it is essential to develop new treatments to

target more effectively each BC subgroup.

breast cancer personalized therapies molecular subtypes breast cancer treatment

luminal HER2 TNBC

| 1. Introduction

Breast cancer (BC) is the most frequent cancer and the second cause of death by cancer in women worldwide.
According to Cancer Statistics 2020, BC represents 30% of female cancers with 276,480 estimated new cases and
more than 42,000 estimated deaths in 2020 &,

Invasive BC can be divided into four principal molecular subtypes by immunohistological technique based on the
expression of the estrogen receptor (ER), the progesterone receptor (PR), and the human epidermal growth factor
receptor 2 (HER2) [&. Luminal A BC (ER+ and/or PR+, and HER2-) represents around 60% of BC and is
associated with a good prognosis Bl. Luminal B BC (ER+ and/or PR+, and HER2+) represents 30% of BC and is
associated with high ki67 (>14%), a proliferation marker, and a poor prognosis 4. HER2 BC (ER-, PR-, and
HER2+) represents 10% of BC and is also associated with a poor prognosis . Lastly, triple-negative BC (TNBC)
(ER-, PR-, and HER2-) represents 15-20% of BC and is associated with more aggressivity and worse prognosis
compared to other BC molecular subtypes and often occurs in younger women (€. Characteristics of BC by

molecular subtypes are described in Figure 1.
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Figure 1. Characteristics of breast cancer molecular subtypes. ER: estrogen receptor; PR: progesterone receptor;
HER2: human epidermal growth factor receptor 2; TNBC: triple-negative breast cancer. . Frequency derived from
Al-thoubaity et al. Il and Hergueta-Redondo et al. [&l. . Grade derived from Engstrom et al. [&. €. Prognosis derived
from Hennigs et al. 29 and Fragomeni et al. 11, 9 The 5-year survival rate derived from the latest survival
statistics of SEER [12],

The 5-year relative BC-specific survival rate of BC is encouraging with 90.3% for all subtypes and stages.
However, for metastatic BC the 5-year relative cancer-specific survival rate is still low: 29% regardless of subtype
and can drop to 12% for metastatic TNBC 12, This clearly indicates that strategies of treatment for metastatic BC
patients are not effective enough to ensure a good survival rate. Thus, it is crucial to find new solutions for the

treatment of metastatic BC and especially TNBC.

Treatment choice is based on the grade, stage, and BC molecular subtype to have the most personalized, safe,
and efficient therapy. The grade describes the appearance of tumor cells compared to normal cells. It includes
tubule differentiation, nuclear pleomorphism, and the mitotic count 3. The stage is used to classify the extent of
cancer in the body and is defined using the TNM system comprising tumor size, lymph node status, and the
presence of metastases 4. For non-metastatic BC, the strategic therapy involves removing the tumor by complete
or breast-conserving surgery with preoperative (neoadjuvant) or postoperative (adjuvant) radiotherapy and
systemic therapy including chemotherapy, and targeted therapy. Targeted therapy comprises endocrine therapy for
hormone receptor-positive (HR+) BC and anti-HER2 therapy for HER2+ BC. Unfortunately, there is no available
targeted therapy for the TNBC subtype. For metastatic BC the priority is to contain tumor spread as this type of BC

remains incurable. The same systemic therapies are used to treat metastatic BC 13,

Challenges in the treatment of BC including dealing with treatment resistance and recurrence. Indeed, 30% of
early-stage BC have recurrent disease, mostly metastases 18, Thus, it is crucial to develop new strategic therapies

to treat each BC subgroup effectively.
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| 2. Common Treatments for All Breast Cancer Subtypes

In addition to surgery, radiotherapy and chemotherapy are used routinely to treat all BC subtypes 17

2.1. Surgery

The most standard breast surgery approaches are either total excision of the breast (mastectomy), usually followed
by breast reconstruction, or breast-conserving surgery (lumpectomy). Lumpectomy entails the excision of the
breast tumor with a margin of surrounding normal tissue. The recommended margins status is defined as “no ink
on tumor”, meaning no remaining tumor cells at the tissue edge 8. Studies show that total mastectomy and
lumpectomy plus irradiation are equivalent regarding relapse-free and overall survival (OS) 12, Contraindications
for breast-conserving surgery include the presence of diffuse microcalcifications (suspicious or malignant-
appearing), disease that cannot be incorporated by local excision with satisfactory cosmetic result, and ATM

(ataxia-telangiesctasia mutated) mutation (biallelic inactivation) (28,

2.2. Radiotherapy

Radiation therapy has been used to treat cancer since Réngten discovered the X-ray in 1895 29, High-energy
radiations are applied to the whole breast or a portion of the breast (after breast-conservative surgery), chest wall
(after mastectomy), and regional lymph nodes 21, Postmastectomy radiation to the chest wall in patients with
positive lymph nodes is associated with decreased recurrence risk and BC mortality compared to patients with
negative lymph nodes [22. A radiation boost to the regional node radiation treatment can be incorporated after
mastectomy for patients at higher risk for recurrence 23, Radiotherapy can be administered concurrently with

personalized therapy (anti-HERZ2 therapy or endocrine therapy).

Radiation therapy is used to treat all BC subtypes, but its implication is more important for TNBC, as there is no
personalized therapy for this subtype. It has been shown that radiotherapy benefits TNBC patients both after

conserving surgery and mastectomy 241,

2.3. Chemotherapy

BC chemotherapy comprises several families of cytotoxic drugs, including alkylating agents, antimetabolites and
tubulin inhibitors 2. Cyclophosphamide is a nitrogen mustard alkylating agent causing breakage of the DNA
strands 28, The mechanism of action for anthracyclines (doxorubicin, daunorubicin, epirubicin, and idarubicin)
includes DNA intercalation, thereby inhibiting macromolecular biosynthesis 4. Taxanes, including docetaxel and

paclitaxel, bind to microtubules and prevent their disassembly, leading to cell cycle arrest and apoptosis 28,

Chemotherapy can be administered in the neoadjuvant or adjuvant setting and for metastatic BC treatment.

3. Current Personalized Treatments for Breast Cancer:
Strengths and Weaknesses
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The current strategies of treatment are principally based on the tumor progression and BC molecular subtypes in
order to offer the most personalized treatment for BC patients. The algorithm of BC treatment is represented in

Figure 2.
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Figure 2. Breast cancer treatment flow diagram. (A). Early-stage breast cancer. (B). Metastatic/advanced breast
cancer. 2 Neoadjuvant chemotherapy for HR+ BC patients is not systematic. It is mainly administered to luminal B
BC patients and/or elder BC patients. HR+: hormone receptors positive; HER2+: human epidermal growth factor

receptor 2 positive; TNBC: triple-negative breast cancer; Als: aromatase inhibitors; T-DM1: trastuzumab-emtansine.

3.1. Endocrine Therapy

Endocrine therapy is the main strategy to treat HR positive invasive BC. The purpose of this therapy is to target the
ER directly (selective estrogen receptors modulators and degraders) or the estrogen synthesis (aromatase
inhibitors) 22, The most common types of endocrine therapy are selective estrogen receptor modulators (SERMSs),
selective modulators estrogen receptor degraders (SERDs), and aromatase inhibitors (Als) 2. Endocrine therapy

mechanism of action and resistance are described in Figure 3.
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Figure 3. Endocrine therapy mechanisms of action and resistance. The left part of the figure shows the mechanism
of endocrine therapy through aromatase inhibitors, tamoxifen, and fulvestrant. The right part of the figure describes
the mechanisms of resistance to endocrine therapy through the epigenetic modifications, the increase of
coactivators and cell cycle actors, and the activation of other signaling pathways. Estrogens can go through the
plasma membrane by a. diffusion as they are small non-polar lipid soluble molecules; b. binding to membrane ER
initiating the activation of Ras/Raf/MAPK and PI3K/Akt signaling pathways which are blocked by tamoxifen. 1:
inhibition of ER dimerization; 2: blockage of nucleus access; 3: ER degradation. ER: estrogen receptor; AIB1:
amplified in breast cancer 1; IGF-1R: insulin growth factor receptor 1; IGF: insulin growth factor; HER: human
epidermal receptors; EGF: epidermal growth factor; HB-EGF: heparin-binding EGF-like growth factor; TGF-a:
transforming growth factor alpha; MEK/MAPK: mitogen activated protein kinase; PI3K: phosphoinositide 3-kinase;

MTOR: mammalian target of rapamycin; Me: methylation; Ac: acetylation.

3.2. Anti-HER2 Therapy

The overexpression of HER2 is associated with worse survival outcome compared to HR-positive/HER2-negative
BC [BUB2 Hence, therapies targeting HER2 are essential to treat HER2-positive BC. The current anti-HER?2
therapies comprise antibodies that target specific HER2 epitopes, tyrosine kinase inhibitors (TKIs) and, more
recently, antibody-drug conjugates (ADCs) 23!, Anti-HER2 mechanisms of action and resistance are described in
Figure 4.
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Figure 4. Anti-HER2 therapy mechanisms of action and resistance. The left part of the figure describes the
mechanism of action of anti-HER2 therapy through anti-HER2 antibody (trastuzumab and pertuzumab), tyrosine
kinase inhibitors (lapatinib and nerotinib), and the antibody-drug conjugate trastuzumab-emtansine (T-DM1). The
right part of the figure describes the mechanism of resistance to anti-HER2 therapy through constitutive active
p95HERZ fragment, activation of other signaling pathways, and rapid recycling of HER2-T-DM1. ADCC: antibody-
dependent cellular cytotoxicity; HER2: human epidermal growth factor receptor 2; EGF: epidermal growth factor,
HB-EGF: heparin-binding EGF-like growth factor; TGF-a: transforming growth factor alpha; T-DM1: trastuzumab-
emtansine; IGF-1R: insulin growth factor receptor 1; IGF: insulin growth factor; HGF: hepatocyte growth factor;
MEK/MAPK: mitogen activated protein kinase; PI3K: phosphoinositide 3-kinase; mTOR: mammalian target of

rapamycin; PTEN: phosphatase and tensin homolog.

3.3. PARP Inhibitors

The prevalence of BRCA (Breast Cancer genes) mutations in TNBC patients is approximately 20% (24, BRCA1
and BRCA2 are proteins involved in the DNA damage response to repair DNA lesions 2. Mutations in BRCA 1/2
genes are associated with an increased risk of breast and ovarian cancers B8, PARP (poly-(ADP-ribose)
polymerase protein) proteins are also involved in the DNA damage response as they recruit DNA repair proteins,
such as BRCA1 and BRCA2, to the damage site [2Zl. PARP inhibitors (PARPi) were developed to inhibit DNA repair
in BRCA-mutated BC since cells defective in BRCA functions cannot repair DNA damage when PARP is inhibited
(38l The principal PARPis currently in clinical development are olaparib, talazoparib, veliparib, and rucaparib B2,

PARP inhibitors mechanisms of action and resistance are described in Figure 5.
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Figure 5. PARP inhibitors mechanisms of action and resistance. The left part of the figure describes the
mechanism of PARP inhibitors in the context of BRCA mutated breast cancer. The right part of the figure describes
the mechanism of resistance to PARP inhibitors through secondary intragenic mutations restoring BRCA proteins
functions and the decrease of the recruitment of nucleases (MUS81 or MRE11) to protect the replication fork.
PARP: poly-(ADP-ribose) polymerase protein; PARPi: PARP inhibitors; BRCA: breast cancer protein; MUS81:

methyl methanesulfonate ultraviolet sensitive gene clone 81; MRE11: meiotic recombination 11.

4. New Strategies and Challenges for Breast Cancer
Treatment

4.1. Emerging Therapies for HR-Positive Breast Cancer

The major mechanisms of action of current endocrine therapy resistance occur via (1) the mTOR/PI3K/Akt
signaling pathway and (2) the actors of the cell cycle progression CDK4/6. Therefore, emerging therapies for HR+
BC mainly target the actors of these pathways to bypass estrogen-independent cell survival 9. The most recent

completed clinical trials on emerging therapies for HR+ BC are presented in Table 1.

Table 1. Most recent completed clinical trial on emerging therapies for HR-positive breast cancer.
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Targeted . ) ) .
Drug Name Trial Number Patient Population  Trial Arms Qutcomes
Therapy
Pan-PI3K HR+/HER2- PFS 6.9 months vs.
inhibitors BELLE-2 5.0 months (HR
Postmenopausal Buparlisib + 0.78; p = 0.00021)
Phase lll fulvestrant vs.
Locally advanced placebo + PFS 6.8 months vs.
NCT01610284 .
SR or MBC fulvestrant 4.0 months in PI3K
[41] mutated (HR 0.76;
Prior Al treatment p = 0.014)
HR+/HER2-
BELLE-3 Postmenopausal
Buparlisib + By T
.9 months vs.
Fnzse Locally advanced fulvestrant vs.
o 1.8 months (HR
Buparlisib or MBC placebo +
NCT01633060 0.67; p = 0.0003)
fulvestrant
[42] Prior endocrine
therapy or mTOR
inhibitors
PFS 8.0 months vs.
BELLE-4 HER2- 9.2 months (HR
. 1.18, 95% CI 0.82—
P——— ) Buparlisib +
ocally advance 1.68
Phase 11/l y R )
or MBC laceb
acebo +
NCT01572727 P PFS 9.1 months vs.
. paclitaxel .
No prior 9.2 months in PI3K
43
(431 chemotherapy mutated (HR 1.17,
95% 0.63-2.17)
Pictilisib FERGI HR+/HER2- Pictilisib + PFS 6.6 months vs.
fulvestrant vs. 5.1 months (HR
Phase Il Postmenopausal placebo + 0.74; p = 0.096)
fulvestrant
NCT01437566  Prior Al treatment
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Targeted ) . . .
Drug Name Trial Number Patient Population  Trial Arms Qutcomes
Therapy
= PFS 6.5 months vs.
5.1 months in PI3K
mutated (HR 0.74;
p = 0.268)
PFS 5.8 months vs.
3.6 months in non-
PI3K mutated (HR
0.72;p = 0.23)
PFS 8.2 months vs.
PEGGY 7.8 months (HR
S SR Pictilisib + 0.95; p = 0.83)
Phase Il paclitaxel vs.
Locally recurrent placebo + PFS 7.3 months vs.
MU A L8 or MBC paclitaxel 5.8 months in PI3K
[45] mutated (HR 1.06;
p = 0.88)
Isoform- Alpelisib HR+/HER2- CBR 35% (44% in
specific Phase Ib patients with
inhibitors Postmenopausal N PIK3CA mutated
Alpelisib + ]
NCT01791478 MBC el ar-1d 20% in PIK3CA
wild-type tumors;
[@]
Prior endocrine 95% CI [17%;
therapy 56%])
SOLAR-1 HR+/HER2- Alpelisib + PFS 7.4 months vs.
fulvestrant vs. 5.6 months in non-
Phase 1l Advanced BC

NCT02437318  Prior endocrine

th
- erapy

placebo +

fulvestrant

PI3K mutated (HR
0.85, 95% CI 0.58—
1.25)
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Targeted . ) ) .
Drug Name Trial Number Patient Population  Trial Arms Qutcomes
Therapy
PFS 11.0 months
vs. 5.7 months in
PI3K mutated (HR
0.65; p = 0.00065)
HR+/HER2-
NEO-ORB ORR 43% vs. 45%
. (PIK3CA mutant),
Postmenopausal Alpelisib +
Phase I letrozole vs 63% vs. 61%
Early-stage BC Sl - (PIK3CA wildtype)
NCT01923168
letrozole .
di t pCR rates low in all
(48] Neoadjuvan
setting groups
Taselisib HR+/HER2-
=LA RIS Postmenopausal
Taselisib + S -
.4 months vs.
sl Locally advanced fulvestrant vs.
5.4 months (HR
or MBC placebo +
NCT02340221 0.70; p = 0.0037)
fulvestrant
[49] PIK3CA-mutant
Prior Al treatment
LORELEI HR+/HER2- Taselisib + ORR 50% vs.
letrozole vs. 39.3% (OR 1.55; p
Phase Il Postmenopausal placebo + = 0.049)
letrozole
NCT02273973 Early-stage BC ORR 56.2% vs.
[50] Neoad t 38% in PI3K
eoadjuvan mutated (OR 2.03;
setting p = 0.033)

No significant

difference in pCR
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Targeted . ) ) .
Drug Name Trial Number Patient Population  Trial Arms Qutcomes
Therapy
BOLERO-2
HR+/HER2- Everolimus +
Phase Il exemestane PES 6.9 months vs.
Advanced BC 2.8 months (HR
NCT00863655 vs. placebo + 0.43; p <0.001)
Prior Al treatment exemestane
[51]
TAMRAD HR+/HER2-
CBR 61% vs. 42%
Phase I Postmenopausal Everolimus +
mTOR Everolimus tamoxifen vs. TTP 8.6 months vs.
inhibitors .
NCT01298713 tamoxifen alone 4.5 months (HR
0.54)
(52] Prior Al treatment
PrE0102 Al Sxes _ PFS 10.3 months
Everolimus +
o | - vs. 5.1 months (HR
ostmenopausa ulvestrant
Phase Il p 0.61; p = 0.02)
vs. placebo +
NCT01797120 CBR 63.6% Vs,
fulvestrant . B
(53] Prior Al treatment SOl )
Akt Capivasertib HR+/HER2-
A FAKTION
inhibitors
Postmenopausal Capivasertib +
PFS 10.3 months
Phase Il fulvestrant vs.
vs. 4.8 months (HR
Locally advanced placebo +
NCT01992952 0.57; p = 0.0035)
fulvestrant
[54]
Prior Al treatment
Phase | Capivasertib + CBR 50% vs. 47%

fulvestrant vs.
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Targeted . ) ) .
Drug Name Trial Number Patient Population  Trial Arms Qutcomes
Therapy
NCT01226316 AKT1FK.mutant  Capivasertib ORR 6%
- alone (fulvestrant-
MBC pretreated) and
20% (fulvestrant-
Prior endocrine naive) vs. 20%
treatment
CDK4/6 Palcociclib PFS 20.2 months
inhibitors vs. 10.2 months
(HR 0.488; p =
0.0004)
HR+/HER2-
PALOMA-1 PFS 26.1 months
Postmenopausal . vs. 5.7 months (HR
Phase Il Palbocilib +
0.299; p < 0.0001)
letrozole vs. ] ]
Advanced BC in non-Cyclin D1
NCTO00721409 letrozole alone -
amplified
(56] No prior systemic
treatment PFS 18.1 months
vs. 11.1 months
(HR 0.508; p =
0.0046) in Cyclin
D1 amplified
HR+/HER2-
PALOMA-2
Postmenopausal Palbocilib + PFS 24.8 months
el letrozole vs. vs. 14.5 months
Advanced BC placebo + (HR0.58;p<
NCT01740427
letrozole 0.001)
(57] No prior systemic
treatment
PALOMA-3 HR+/HER2- Palbociclib + PFS 9.5 months vs.
fulvestrant 4.6 months (HR
Phase llI MBC

0.46; p < 0.0001)
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Targeted . . ) .
Drug Name Trial Number Patient Population  Trial Arms Qutcomes
Therapy
NCT01942135 Prior endocrine vs. placebo +
thera fulvestrant
(58] py
MONALEESA-
2
Al Ses Ribociclib + PFS 25.3 months —30.
letrozole vs. vs. 16.0 months b
Phase il Postmenopausal ‘erdam,
placebo + (HR 0.568; p <
NCT01958021  A4vanced or MBC letrozole 0.0001) 30 May
[59]
Ribociclib gist
MONALEESA- HR+/HER2-
3 _
Ribociclib + PFS 20.5 months =%
Advanced BC .
Phase IlI fulvestrant vs. vs. 12.8 months vical
No prior treatment placebo + (HR0.593; p <
NCT02422615 . prior endocrine fulvestrant 0.001)
[60] therapy
esearch
Abemaciclib  MONARCH-2 HR+/HER2- n.
Abemaciclib + PFS 16.4 months
Phase il Advanced or MBC
fulvestrant vs. vs. 9.3 months (HR .
ful I 0.553; 0.001 myin
NCT02107703 B ulvestrant alone .553; p < 0.001)
(61] treatment
/atten,
ort of
MONARCH-3 HR+/HER2- Abemaciclib + PFS 28.18 months
anastrozole or vs. 14.76 months
Phase IlI Advanced or MBC  |gtrozole vs. (HR 0.546; p < OIV,.H-‘
placebo + 0.0001) linical
NCT02246621  Prior endocrine
anastrozole or
treatment letrozole
[62] | of
Breast Cancer. Surg. Oncol. Clin. N. Am. 2018, 27, 95-120.
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ITargeted _ _ _ _
Drug Name Trial Number Patient Population  Trial Arms Qutcomes
Therapy

1 90.
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Tsang, J.; Cardoso, F. Breast cancer. Nat. Rev. Dis. Primers 2019, 5, 66.
HER2+ BC is currently treated with specific HER2 targeting antibodies or tyrosine kinase inhibitors (TKIs), and
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gathercddpsTableZst Cancer Res. Treat. 2009, 118, 131-137.
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Ductal Carcinoma in Situ: Current Guideline Recommendations, Their Implications, and Impact.

Targeted

Drug Name Trial Number Patient Population Trial Arms QOutcomes
Therapy
- H.;
B HER2+
DESTINY- ar. N.
BreastO1
Trastuzumab- MBC
Trastuzumab- PES 16.4
deruxtcan e
2 Phase Il . deruxtcan
Prior " months
2 (DS-8201a) NCT03248492  trastuzumab- monotherapy st. 2017,
Antibodies emtansine
i = treatment
P

conjugate "

(ADC) -
Phase | dose- HER2+ )14,
escalation and

Trastuzumab- dose-expansion L ocally Trastuzumab-
duocarmycin duocarmycin ORR 33% - i
2 Y advanced or 4 ° .; Oel,
SYD985 . ) monothera ;
( ) NCT02277717  _i-ctatic solid py yatients
[65] tumors 'omised

24. He, M.Y.; Rancoule, C.; Rehalilia-Blanchard, A.; Espenel, S.; Trone, J.-C.; Bernichon, E.;
Guillaume, E.; Vallard, A.; Magné, N. Radiotherapy in triple-negative breast cancer: Current
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Targeted . . . )
- Drug Name Trial Number Patient Population Trial Arms Qutcomes
erapy .
2 Jpin.
PFS 5.8
2 months vs. 4.9 2r 10
months (HR tol.
0.76; p = 0.03)
SOPHIA 3375
2 Ad g Margetuximab + 0S 21.6 fects of
vanced or
Modified Margetuxumab Phase Il VEBC chemotherapy vs. months vs. , (27—
antibodies (MGAH22) trastuzumab + 19.8 months
NCT02492711 Hemoth R 0.89: b =
2 Prior anti-HER2 chemotherapy ( S tinctive
(6] therapies k)
ORR 25% vs.
2 ’ us
14% (p <
© us. J.
0.001)
3 _ 2 and
Tyrosine PFS 33.1%
kinase (7.8 months) per:
inhibitors vs. 12.3% (5.6 ront.
months) (HR
2 0.54; p<
HER2+ 0.001)
hY
HER2CLIMB Tucatinib + 21987,
Locally trastuzumab and PFS 24.9%
2 o PiEse advanced or capecitabine vs. vs. 0% (HR
1 Tucatinib Ve S S
placebo + A48; p < .
NCT02614794 _ _ ncer:
trastuzumab and 0.001) in brain . .
: . ion with
67] Prior anti-HER2  capecitabine metastases
3 , M.F.;
OS 44.9% vs. it. Rev.
26.6% (HR
0.66; p =
3 0.005) RCA
)O.
3 , X. Function of BRCA1 in the DNA Damage Response Is Mediated by ADP-

jon. Cancer Cell 2013, 23, 693—704.

36. Kuchenbaecker, K.B.; Hopper, J.L.; Barnes, D.R.; Phillips, K.-A.; Mooij, T.M.; Roos-Blom, M.-J.;
Jervis, S.: van Leeuwen, F.E.; Milne, R.L.; Andrieu, N.; et al. Risks of Breast, Ovarian, and
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Targeted _ _ _ _ 2402—
Drug Name Trial Number Patient Population Trial Arms Qutcomes
Therapy
2 repair.
NOV120101- HER2+
203
- MBE Poziotinib PFS 4.04 sa, M.
oziotini .
Poziotinib A=l t cells
Prior monotherapy months
NCT02418689 chemotherapy
3v. e, ¢ [68] and trastuzumab ancer.
Curr. Trei
19
HER2- DFS 89.7%
derived Phase I/lI HER2+ vs. 80.2% (p =
4 peptide 0.008) 1at, W.:
vaccine Node-positive or
METaEER et _ -p E75 vaccination vs. .
E75 (NeuVax) high-risk node- o DFS 94.6% in _
. non-vaccination _ ZLLE-2):
NCT00854789 negative BC optimal dosed
. _  4-916.
patients (p =
69
4 (691 HLA2/3+ 0.005 vs. non-  ~ret-
vaccination) men
or after
HER2 (IHC 1- . Lancet
34) DFS 94% vs.
85% (p=0.17) -
4 Phase Il Disease free . )
- GP2+ GM-CSFVs. o000 ludy of
NCT00524277 - 0 VS.
Node-positive or ~ GM-CSF alone -
o _pk g 89% in HER2-
igh-risk node-
[0l o IHC3+ (p =
negative BC |
4 0.08) ichar,
HLA2+
’lind,
AE37 Phase Il HER2 (IHC 1- AE37 + GM-CSF DFS 80.8%
4 3+) vs. GM-CSF alone vs. 79.5% (p = dreau,
NCT00524277 0.70) P|3K]
- Node-positive or cally
high-risk node- DFS 77.2% ed
negative BC vs. 65.7% (p = ’

ey

R N R s

46. Mayer, I.A.; Abramson, V.G.; Formisano, L.; Balko, J.M.; Estrada, M.V.; Sanders, M.E.; Juric, D.;
Solit, D.; Berger, M.F.; Won, H.H.; et al. A Phase |b Study of Alpelisib (BYL719), a PI3Ka-Specific
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Targeted _ _ _ _ 23, 26—
Drug Name Trial Number Patient Population Trial Arms Qutcomes
Therapy
4 0.21) HER2- '€, P.;
low =
DFS 77.7% _
4 vs. 49.0% (p= 1 M-
0.12) TNBC 3
gative
HER2+
4 Toxicities  Wilson,
Phase | MBC with a Albelicih + limited drug ~ patients
pelisi )
PIK3CA delivery 72%  tastatic
NCT02167854 . . Trastuzumab +
mutation Prior for alpelisib
LIM716
[72] ado-trastuzumab 83% for
S emtansine and LIM716 uciforo,
pertuzumab 'rsus
Alpelisib i
Jlacebo-
PFS 8.1
HER2+
months
Phase |
17 MBC ORR 43% A
S b
[l NCT02038010 Alpelisib + T-DM1 tor-
Prior CBR 71% and
b an
3l trastuzumab- o
IS 60% in prior T-
Y based therapy )
DM1 patients
an
o
PantHER HER2+
Phase Ib - )
Advanced BC Copanlisib + Stable disease .
< Copanlisib . nette,
trastuzumab 50% \s or
MU0 3 Prior anti-HER2
[74] therapies Growth
erapy:
o mTOR Everolimus BOLERO-1 HER2+ Everolimus + PFS 14.95 s C
~ inhibitors trastuzumab vs. months vs. o

progression on an aromatase inhibitor in metastatic, oestrogen receptor-positive breast cancer
(FAKTION): A multicentre, randomised, controlled, phase 2 trial. Lancet Oncol. 2020, 21, 345—-

357.
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ETargeted _ _ _ _ L.:
Drug Name Trial Number Patient Population Trial Arms Qutcomes
Therapy
'ositive
Phase I Locally placebo + 14.49 months
advanced BC trastuzumab (HR 0.89; p =
E NCT00876395 0.1166) ; Pinter,
No prior i
7] p with
treatment PFS 20.27 2.
months vs.
\ncet
13.03 months
(HR 0.66; p =
5 0.0049) O.N.;
Engl. J.
HER2+
< BOLERO-3 Everolimus +
Advanced BC PFS 7.00 |
trastuzumab and ) )
months vs.
Phase Il vinorelbine vs. cer that
Trastuzumab- 5.78 months
. lacebo + -
NCT01007942  resistant g (HRO78:p= double
trastuzumab and
_ _ 0.0067)
: (6] Prior taxane vinorelbine _
1 therapy '
MONAIL EECA 2 a nhace trozole
CDK4/6 HER2+ 29,
inhibitors SOLTI-L303 PFS 10.6
PATRICIA ER+ or ER- months
€ (luminal) vs. K.:
Palbociclib + ’
Palbociclib Fizeell MBC 4.2 months i
trastuzumab ( luminal)
non-luminal Jegative
NCT02448420 Prior standard (HR 0.40; p = g
77 therapy including 0.003)
€ trastuzumab Nasuda,
omen
Ribociclib Phase Ib/ll HER2+ Ribociclib + PFS 1.33 ine
trastuzumab months
NCT02657343 Advanced BC B
€ édan,
e No dose-
el Prior treatment limiting ed
with toxicities

63. Escriva-de-Romani, S.; Arumi, M.; Bellet, M.; Saura, C. HER2-positive breast cancer: Current and
new therapeutic strategies. Breast 2018, 39, 80-88.
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ETargeted ) ) ) ) Ito, Y.;
Drug Name Trial Number Patient Population Trial Arms Qutcomes
Therapy Zcancer.
trastuzumab,
€ pertuzumab, and lfo,
trastuzumab /D985
emtansine CcO
€ PFS 8.3 G.R.;
months (A) vs. -
HER2+ Abemaciclib + *) nFc
5.7 months
MonarcHER trastuzumab and 10rs.
C) (HR 0.67;
Locally fulvestrant (A) vs. ©(
=0.051
o Phase II advanced or abemaciclib + p )
€ Abemaciclib ges, V.;
MBC trastuzumab (B) vs. i
NCT02675231 PFS 5.7 tive
standard-of-care
. . months (B) vs.
h . 5.7 months
€ therapies trastuzumab (C) (C) (HR 0.97; <im, T.-
p=0.77) R2-
. ens:
esults of the - rial. Tnt. J. Cancer : , —

69. Mittendorf, E.A.; Clifton, G.T.; Holmes, J.P.; Schneble, E.; van Echo, D.; Ponniah, S.; Peoples,
HERRE:. Rinadegpidtiofidhgrphaséabibcleteptdrial pddineck ER (halgepim vt SpuacpusiiveiiHhaaste human
leutioogtel zitpst@/BrewBot diseastitduaranecadarhB: liskast aast eames: patigrissidmn fre © noeivA0 TAR:
clina) béssfitlrde. ORR: objective response rate; DFS: disease-free survival OS: overall survival GM-CSF:

ﬂai\‘}ﬁ't?éﬁﬁé‘r‘ﬁcé"ﬁhaﬂeﬁg{?é‘ fg,t'%lﬂlitﬁfjoﬁf:yk?%hhl?rzna\\/(/%g/?tﬁlM.; Hale, D.F.; Murray, J.L.; Perez, S.A.;
o Iy FRGIGS (6 hrip R B Wl caliaryfiae = o @ prospective

randomized, single-blinded phase Il trial evaluating the HER2 peptide GP2 vaccine in breast
TNBEnethepatrBtSdHgy preenBecsurgnes. hadatarget 20ES Ta86810R-&H2 MR expression and does not

AR B CAIBASANLDALS SO ERISIO0n AR a5/ 51 R MG4Y RENES (ndSyepRns effger
heResperel S AN AREISTERICE ER Bt Ral ARYT W0 E, R S PHAS ARUR S B rese include
CoN e A RIS R ST R AL I BRASP R SVAIRAEING the' FESRD BEph6R ARST ALRIRE

N P8 TR P AR PN TR FreREE SR 2R dol. 2016, 27, 1241-1248.

Ttablbaverbskredaragomplée ShialtaRiidis \dfaagefind ke pids ftamea,. F.; lasonos, A.; Patil, S.; Rosen,
N.; Fornier, M.N.; et al. A Phase | study of alpelisib in combination with trastuzumab and LIM716
in patients with PIK3CA-mutated HER2-positive metastatic breast cancer. Clin. Cancer Res.
2021.

73. Jain, S.; Shah, A.N.; Santa-Maria, C.A.; Siziopikou, K.; Rademaker, A.; Helenowski, I.;
Cristofanilli, M.; Gradishar, W.J. Phase | study of alpelisib (BYL-719) and trastuzumab emtansine
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Targeted _ Patient _ herapy.
Drug Name Trial Number ] Trial Arms Outcomes
Therapy Population
/ ] J.;
PFS 5.6 months vs.
ASCENT TNBC ase
. 1.7 months (HR 0.41;
Antibodi Sacituzumab
ntibodies < 0.001
5 Sacituzumab Phase Il MBC govitecan vs. p )
ru
9 govitecan single-agent PES 12.1 months vs
- Conjugate NCT02574455 Prior standard  chemotherapy : " ng, Q.:
6.7 months (HR 0.48; .
81] treatment t-line
p <0.001)
3,
i BEATRICE
/ Bevacizumab + S.:
Phase Il Early TNBC chemotherapy IDFS 80% vs. 77%  ive,
= ase 3
NCT00528567 Surgery chemotherapy ~ OS 88% vs. 88%
alone
7 52 ani, S.;
VEGE Bevacizumab + neer
S Bevacizumab
inhibitors chemotherapy
CALGB 40603 e PCR 59% vs. 48% (p
7 ' - Tahara,
0.0089)
chemotherapy e
TNBC Bevacizumab
Phase II alone or ( )
Carboplatin +
NCT00861705 Stage Il to Il P pPCR 60% vs. 44% (p
7 chemothera A
/ py - 0.0018) S.-A;
83 Vs.
& (Carboplatin)
chemotherapy ne
I
alone Jen-
EGFR Cetuximab TBCRC 001 .
8 ncer:
inhibitors
TNBC R <20% 3 674
iia=cil Cetuximab + esponse °
carboplatin
NCT00232505 MBC ; TTP 2.1 months .
8 lesal,
84] e Breast
8_. __... __.nar, M.; Toi, M.; Suter, T.; Steger, G.G.; Pivot, X.; Mackey, J.; Jackisch, C.;

o

S

Dent, R.; et al. Final efficacy and updated safety results of the randomized phase 11l BEATRICE
trial evaluating adjuvant bevacizumab-containing therapy in triple-negative early breast cancer.
Ann. Oncol. 2017, 28, 754—760.
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ETargeted _ Patient _ C.S,;
Drug Name Trial Number . Trial Arms Outcomes ]
Therapy Population sizumab
ORR 20% vs. 10% (p Jreast
=0.11)
TNBC
& Phase I PFS 3.7 months vs.  Niolo,
MBC Cetuximab +
— 1.7 months (HR 0.67;
NCT004637 cisplatin vs.
CT00463788 . . . p = 0.032) 0
Prior cisplatin alone
(85] chemotherapy
reat . 0OS 12.9 months vs.
reatmen
& 9.4 months (HR 0.82; temmer,
p =0.31) Factor
Receptor Monoclonal A 's With
TNBC Everolimus +
g Phase Il cisplatin and M.G.:
mTORC1 . Stage Il or llI paclitaxel vs. / of
S Everolimus NCT00930930 PCR 36% vs. 49%
inhibitors placebo + > Breast
[86] Neoadjuvant  cisplatin and .y of
cer
Akt Ipatasertib TNBC
& P PFS 6.2 monthsvs.  wUra, C.;
inhibitors
LOTUS 4.9 months (HR 0.60; |ine
Locally | N
atasertib + =0.037 -
Phase II advanced or P ) p ) Jouble
paclitaxel vs.
MBC
placebo + PFS 6.2 months vs.
NCT0216271
&8 Sl . . paclitaxel 3.7 moths (HR 0.58; /.;
No prior
=0.18) in PTEN-
7] sytemic p )
low patients \
therapy P ' breast
& FAIRLANE Early TNBC Ipatasertib + pCR 17% vs. 13% Park,
paclitaxel vs. el As
Phase Il Neoadjuvant placebo + PCR 16% vs. 13% ncol.
treatment paclitaxel PTEN-low patients
NCT02301988
g PCR18%vs. 12% 0, H,;
[88]
PIK3CA/AKT1/PTEN- )tor—
ruUudIuve, L.ou UUCII I\CbClJLUI_I‘lCUQLIVC vicuasiuatliv picaost valiucCil. will . «alivuli 1I\Co. cvV.iv, 19,
5505-5512.
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CTargeted _ Patient _ adishar,
Drug Name Trial Number ] Trial Arms Outcomes
Therapy Population zeptor-
altered patients
¢ T.;
PAKT TNBC
T Capivasertib + - .
.9 months vs.
] ) Phase Il paclitaxel vs.
C Capivasertib 12.6 months (HR
1 . placebo +
NCT02423603 No prior _ 0.61; p = 0.04)
paclitaxel
chemotherapy
&) treatment
Jlled,
nhacn 2
q Phase I HR-
€ , , CBR 19% 1, J4
) ) Bicalutamide
Bicalutamide NCT00468715 AR+ or AR- -
monothera
P PFEs 12 weeks Jtients
[90]
HIEE , phase
Androgen
J receptor TNBC
~ inhibitors
Phase I
AR+ ) CBR 25%
. Enzalutamide le-
Enzalutamide NCT01889238 -
monothera
Locally P 0s12.7 months . Oncol.
(1] advanced or
MBC .
C olin, M.-
erapy
CYP17 Abiraterone UCBG 12-1 TNBC Abiraterone CBR 20% lat.
inhibitors acetate acetate +
C
NCT01842321 Locally PFS 2.8 months
- advanced or Jiranib,
MBC 7.
o Centrally ccia, R.;
reviewed ‘s with
xast
walivuTl I\TO. 11Tal. cv.l, 1LV, VI L7TULVU.

99. Adams, S.; Schmid, P.; Rugo, H.S.; Winer, E.P.; Loirat, D.; Awada, A.; Cescon, D.W.; lwata, H.;
Campone, M.; Nanda, R.; et al. Pembrolizumab monotherapy for previously treated metastatic
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Drug Name Trial Number ] Trial Arms Outcomes
Therapy Population
1C Eler patov,
chemotherapy lus
jative
clinical
Anti-PDL1 OS 21.0 months vs.
ibodi TNBC 8 h
antibodies Impassion 130 18.7 months (HR
0.86; p = 0.078 :
1 Locally Atezolizumab + P ) Y.H,;
Phase IlI : gl. J.
-pacl I
advanced or nab-paclitaxe OS 25.0 months vs.
MBC vs. placebo +
NCT02425891 b aclitaxel 18.0 months (HR
nab-paclitaxe :
1C . I 0.71,95% C1 0.54— shi,
93] No prior )
0.94)) in PDL-1+ arable
treatment
Atezolizumab patients
1C ¥
Impassion 031 TNBC Patterns
Atezolizumab +
Phase Il Stage Il to 11l chemotherapy PCR 95% vs. 69% p )
1c vs. placebo + =0.0044 ki, NS
NCT03197935 No prior T e tastatic
[94] treatment
1C <er, J.;
Durvalumab TNBC nole
—1100.
GeparNuevo PCR 53.4% vs. -
MBC
44.2%
Phase Ii Durvalumab vs.
Stromal

placebo pPCR 61.0% vs.

tumor-
NCT02685059 41.4% in window

infiltrating
251 lymphocyte cohort

(sTILs)
SAFIRO HER2- Durvalumab vs.  HR of death 0.37 for
BREAST- maintenance PDL-1+ patients
IMMUNO MBC chemotherapy
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Drug Name Trial Number ] Trial Arms Outcomes
Therapy Population
Phase I Prior HR of death 0.49 for
chemotherapy PDL-1- patients
NCT02299999
[96]
Phase | Recurrent
women’s Durvalumab + Partial response 44%
NCT02484404 cancers cediranib +
including olaparib CBR 67%
97
< TNBC
ORR 3.0% overall
JAVELIN ORR 5.2% in TNBC
MBC
ORR 16.7% in PDL-
PrEEe o . Avelumab .
Avelumab Prior 1+ vs. 1.6% in PDL-
monothera
NCT01772004 standard-of- Py 1- overall
care therapy
(o8] ORR 22.2.% in PDL-
1+ vs. 2.6% in PDL-
1-in TNBC
Anti-PD1 Pembrolizumab KEYNOTE-086 TNBC Pembrolizumab  Previously treated
antibodies monotherapy patients:
Phase Il MBC
ORR 5.3% overall
NCT02447003 Prior or no
prior systemic ORR 5.7% PDL-1+
[99]

therapy

patients

PFS 2.0 months

0OS 9.0 months
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Targeted Patient

Drug Name Trial Number Trial Arms Outcomes

Therapy Population

Non-previously

pretreated:

ORR 21.4%

PFS 2.1 months

OS 18.0 months

KEYNOTE-119

Phase Il

NCT02555657

TNBC

MBC

Prior systemic

Pembrolizumab
VS.

chemotherapy

OS 12.7 months vs.
11.6 months (HR
0.78; p=0.057) in
PDL1+ patients

0OS 9.9 months vs.
10.8 months (HR

100 therapy
0.97, 95% CI 0.81—
1.15)
PFS 9.7 months vs.
TNBC
KEYNOTE-355 _ 5.6 months (HR 0.65;
Pembrolizumab
p =0.0012) in PDL-
Phase Il MBC * :
1+ patients
chemotherapy
No prior _placebo +
NCT02819518 systemic vS- placebo PFS 7.6 months vs.
chemotherapy
5.6 months (HR 0.74;
(104] therapy (
p =0.0014)
KEYNOTE-522 Early TNBC Pembrolizumab
+ paclitaxel and
Phase Il Stage llto [l carboplatinvs.  pCR 64.8% vs. 51.2
placebo + % (p < 0.001)
NCT03036488 ;
No prior paclitaxel and
102 treatment

carboplatin
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Drug Name Trial Number ] Trial Arms Outcomes
Therapy Population
Anti-CDL4 ] Phase | Incurable Tremelimumab
o Tremelimumab ) OS 50.8 months
antibodies [103] MBC + radiotherapy
TNBC
Phase Il
PFS 7.5 months
MBC _
PPV UMIN0O00001844 PPV vaccine

0OS 11.1 months

104 Prior systemic

therapy

Vaccines MBC

Phase Il Prior

STn-KLH
chemotherapy ) TTP 3.4 months vs.
STn-KLH NCT00003638 vaccine vs.
_ 3.0 months
non-vaccine

e Partial or

complete

response

TNBC: triple negative breast cancer; HER2: human epidermal growth factor receptor; HR: hormonal receptor;
MBC: metastatic breast cancer; BC: breast cancer; AR: androgen receptor; PPV: personalized peptide vaccine;
PFS: progression free survival; CBR: clinical benefit rate; ORR: objective response rate; IDFS: invasive disease-

free survival; OS: overall survival; TTP: time to progression; pCR: pathologic complete response; HR: hazard ratio.
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