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Abstract

:

In the United States, breast cancer is among the most frequently diagnosed cancers in women. Breast cancer is classified into four major subtypes: human epidermal growth factor receptor 2 (HER2), Luminal-A, Luminal-B, and Basal-like or triple-negative, based on histopathological criteria including the expression of hormone receptors (estrogen receptor and/or progesterone receptor) and/or HER2. Primary breast cancer treatments can include surgery, radiation therapy, systemic chemotherapy, endocrine therapy, and/or targeted therapy. Endocrine therapy has been shown to be effective in hormone receptor-positive breast cancers and is a common choice for adjuvant therapy. However, due to the aggressive nature of triple-negative breast cancer, targeted therapy is becoming a noteworthy area of research in the search for non-endocrine-targets in breast cancer. In addition to HER2-targeted therapy, other emerging therapies include immunotherapy and targeted therapy against critical checkpoints and/or pathways in cell growth. This review summarizes novel targeted breast cancer treatments and explores the possible implications of combination therapy.
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1. Introduction


Breast cancer (BC) is one of the most commonly diagnosed cancers in women in the United States. One in 8 women are expected to be diagnosed with invasive breast cancer within their lifetime. Breast cancer made up an estimated 30% of all new cancer cases for women in 2021. Over 15% of breast cancer cases in women lead to death, making breast cancer the second most common cause of cancer death in women. The death rate of breast cancer in the United States has been reduced by 41% since 1989; however, the downward trend has recently slowed, emphasizing the importance of new breast cancer treatment discovery [1,2].



BC is a heterogeneous disease that is molecularly categorized by the expression of specific hormone receptors, as well as the overexpression of human epidermal growth factor receptor 2 (HER2) [3]. Breast cancer is often referred to in four major subtypes: HER2, Luminal-A (LumA), Luminal-B (LumB), and Basal-like [4]. LumA, the most frequent BC subtype, is characterized by estrogen receptor (ER) and progesterone receptor (PR) positivity. LumB, like LumA, is ER+ and PR+ but it is differentiated by its high expression of proliferation markers, specifically Ki67. HER2 BC is classified by the overexpression of the tyrosine kinase family HER2 receptor. Finally, basal-like BC is classified as triple-negative (negative for PR, ER, and HER2 receptors). The LumA subtype has the best prognosis of all four subtypes [5].



Further classification of breast cancer includes grade and stage. The Centers for Disease Control and Prevention recommended stages for invasive breast cancer include localized, regional, and distant stages, with 5-year survival rates ranging from 98% to 85% to 30%, respectively, based on stage [6]. Breast cancer grading relies on pathological classification using the Elston–Ellis grading system which accounts for the mitotic count, nuclear pleomorphism, and tubule count [7]. Due to the heterogeneity of breast cancer, it remains imminent that therapies and treatments become increasingly targeted to address the subtype, stage, and grade of breast cancer [8]. Traditional treatments for breast cancer include surgery, chemotherapy, and radiation therapy. Personalized therapy for hormone receptor-positive breast cancer has been well established, including selective estrogen receptor modulators and degraders (SERMs and SERDs), aromatase inhibitors (AI), and endocrine therapy. More recent investigation has revealed improved therapies targeting other subtypes such as triple-negative breast cancer (TNBC) and HER2-positive BC [8].



New emerging technologies are on the horizon for the treatment of breast cancer, including immuno-oncolytic virus drugs, histone deacetylase inhibitors, and novel combination therapies [9,10,11]. In this review, we will discuss the most novel breast cancer treatments for HER2-positive, HER2-negative, and triple-negative breast cancers, and the possibilities implicated in combinatorial therapy for the future of breast cancer medicine (Table 1).




2. Targeted Therapies for Endocrine Therapy Resistance


Three protein components—phosphoinositide 3-kinase (PI3K), protein kinase B (Akt), and the mammalian target of rapamycin (mTOR) complexes, are primary regulators of the PI3K/Akt/mTOR (PAM) pathway, which is associated with cell growth, survival, and proliferation. Due to increased endocrine therapy resistance with increased activation of the PAM pathway, targeting this pathway has been widely researched in cancer treatment for endocrine-resistant breast cancers. PI3K is a heterodimer composed of two subunits, a regulatory p85 subunit, and a catalytic p110 subunit. With receptor tyrosine kinase (RTK) stimulation, the phosphorylated tyrosine residues become a docking site for the p85 subunit. The p110 subunit is subsequently recruited and activated by Ras proteins, thus leading from phosphatidylinositol-4,5-biphosphate (PIP2) phosphorylation to phosphatidylinositol-3,4,5-triphosphate (PIP3) (Figure 1). Akt, a serine/threonine kinase, is then phosphorylated, which leads to the downstream activation of the mTORC1 and mTORC2 complexes. MTOR activation increases cell anabolic growth, primarily through increased protein synthesis for cell growth and proliferation [12,13]. In breast cancer, activating mutations in PI3K and/or aberrant signaling in the absence of growth factors may contribute to its continued proliferation, even in the presence of endocrine therapy.



Thus, therapies targeting inhibiting PI3K, Akt, and mTOR activation have been under research and development to prevent cell cycle progression through the PAM pathway. With mTOR being the prime modulator of cell growth and proliferation, mTOR inhibitors are a special drug category due to their direct effects on the cell cycle. In addition to the inhibition of downstream signaling, inhibitors of PI3K and Akt are also under extensive research since the inhibition of upstream signaling also modulates mTOR regulation of the cell cycle. With restored regulation of the PAM pathway, advanced breast cancers may become or remain susceptible to endocrine therapy [14].



Natural inhibitors of the PAM pathway are also of interest in developing cancer therapeutics. One such tumor suppressor is phosphatase and tensin homolog (PTEN), which dephosphorylates PIP3 into PIP2, thus effectively reversing PI3K activation [12,15]. The liver kinase B1 (LKB1)-adenosine monophosphate-activated protein kinase (AMPK) pathway is involved in the negative regulation of mTOR signaling, of which upregulation of this pathway would directly target downstream mTOR signaling [13].



2.1. mTOR Inhibitors


Everolimus is an mTOR inhibitor that was first approved for use in treating advanced renal cell carcinoma in 2009 and for preventing kidney transplant rejection in 2010 [16]. After evaluating the efficacy of an everolimus-exemestane (an AI) combination in treating hormone receptor (HR)-positive, HER2-negative metastatic breast cancer in postmenopausal women, the US Food and Drug Administration (FDA) approved this drug regimen in 2012 for those who meet the indications [17,18]. Everolimus binds to the FK506-binding protein 12 receptor, and this complex interacts with mTOR to inhibit further “cell cycle progression, cell growth, and proliferation” [17]. Other clinical studies are evaluating the efficacy of everolimus-tamoxifen (a SERM) co-treatment in postmenopausal women with locally advanced/metastatic, HR-positive, HER2-negative, AI-resistant breast cancer. These studies have shown potential clinical benefits in patients with secondary endocrine resistance [14].



Temsirolimus, another mTOR inhibitor similar to everolimus, was approved as an advanced renal cell carcinoma therapeutic by the FDA in 2007 [19]. Temsirolimus also binds to FK506-binding protein, and the resulting complex then binds to mTOR to inhibit its action on cell cycle G1 phase progression, cell growth, and proliferation. Specifically, early clinical studies are evaluating the efficacy of single-agent temsirolimus in ER-positive, HER2-positive, or PTEN-deficient advanced or metastatic breast cancers [20,21]. A phase 2 clinical study of intermittent temsirolimus in combination therapy with daily letrozole, an AI, showed an increased median progression-free survival (PFS) rate compared to letrozole monotherapy in patients with locally advanced/metastatic breast cancer. A following phase 3 clinical study evaluated a similar treatment regimen in patients with HR-positive, locally advanced/metastatic breast cancer who have not been previously exposed to aromatase inhibitors. This study did not show significant clinical benefit, but a subgroup analysis showed increased PFS in patients under the age of 65, compared to patients over 65 years old, thus pointing to a potential for the use of temsirolimus-letrozole combination therapy in younger, postmenopausal breast cancer patients [14].



Sirolimus was also approved by the FDA for usage in preventing organ rejection in kidney transplant patients [16]. A phase 2 clinical trial is studying the efficacy and safety of a sirolimus–tamoxifen dual-drug regimen in HR-positive, HER2-negative metastatic breast cancer. Results so far have shown increased progression-free survival in patients who received the drug combination compared to patients who received single-agent tamoxifen [14].




2.2. PI3K Inhibitors


Alpelisib (BYL719), a α-specific PI3K inhibitor, was approved for HR-positive, HER2-negative advanced or metastatic breast cancer treatment in postmenopausal women by the FDA in May 2019. It is typically administered along with fulvestrant, a SERD, to patients with the activating phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) gene mutations [22]. The PIK3CA mutations induce hyperactivation of the PI3K p110 subunit alpha isoform, thus leading to increased cell growth and proliferation. In the SOLAR-1 and BYLieve clinical trials, the synergistic effect of antitumor activity observed in alpelisib–fulvestrant combination therapy resulted in greater PFS, in contrast to usage of either alpelisib or fulvestrant as monotherapies [23,24]. Because approximately 40% of patients with HR-positive, HER2-negative breast cancer also have the PIK3CA mutation, alpelisib–fulvestrant is an effective therapeutic combination for targeted therapy, especially for cancers with endocrine resistance [22].



Taselisib (GDC-0032) is a selective class I PI3K inhibitor which spares the p110 subunit beta isoform [25]. It not only blocks PI3K downstream signaling but also induces a decrease in mutated p110α subunit levels. Due to its p110β subunit-sparing characteristic, it is considered to have lower toxicity and greater efficacy than pan-class I PI3K inhibitors [25]. Ongoing clinical trials are studying the efficacy and safety of taselisib in treating advanced breast cancer. SANDPIPER is a phase 3 randomized study which is assessing the clinical utility of taselisib–fulvestrant combination therapy compared to fulvestrant alone in the treatment of ER-positive, HER2-negative, PIK3CA mutant advanced or metastatic breast cancer [26]. A phase 1 basket study evaluated the clinical actionability of taselisib in PIK3CA-mutant breast cancers, but results showed low clinical actionability of single-agent taselisib therapy [27]. There is also an ongoing phase 1b trial evaluating the safety of taselisib combination therapy with different anti-HER2 drugs in a dose-dependent manner to determine the highest taselisib dose that can be safely administered [25].



Pictilisib (GDC-0941) is an orally available pan-class I PI3K inhibitor under ongoing clinical trials to treat advanced breast cancer [28,29]. Pictilisib binds to the adenosine triphosphate (ATP)-binding pocket, thus non-specifically inhibiting all four isoforms of PI3K: the alpha, beta, delta, and gamma subunits. It was also shown to be effective against PIK3CA-mutated, HER2-positive and -negative cancers. Preclinical studies showed increased “antitumor activity of taxanes” and increased apoptosis with pictilisib therapy [29]. In HER2-positive cancers, synergistic cell proliferation inhibition was observed with pictilisib administration together with trastuzumab, a monoclonal antibody used to treat HER2-positive breast cancers. Pictilisib may also have an antiangiogenic ability due to observed growth inhibition when administered to activated human endothelial cells [29]. However, safety has been a notable concern due to its non-isoform-specific actions on PI3K, which can lead to unintended toxicities [28].



Buparlisib (BKM120) is another orally available pan-class I PI3K inhibitor under early phase clinical studies [30]. As with other PI3K inhibitors, clinical trials are evaluating the efficacy and safety of buparlisib in the treatment of endocrine-resistant metastatic breast cancers. A phase 2 study evaluated the efficacy of single-agent therapy with buparlisib in metastatic TNBC and observed no significant prolonged survival [30]. Due to it being a pan-class PI3K inhibitor, dose-limited toxicities include altered mood, rash, and hyperglycemia, thus “highlighting the pharmacological limitations of pan-PI3K inhibition” [28,30].




2.3. PTEN Upregulation


Particularly in more aggressive cancers, PTEN tumor suppression is diminished or completely absent, thus contributing to uncontrolled cell growth and proliferation. Because PTEN is a natural inhibitor of the PAM pathway, activation of PTEN tumor suppressor expression with the CRISPR/dCas9 system was studied in TNBC to assess a possible therapeutic direction [31]. A study by Moses et al. showed significant inhibition of the PAM pathway downstream signaling through CRISPR/dCas9 induced PTEN expression in TNBC cell line SUM159. The activation of PTEN expression resulted in decreased phosphorylated Akt and phosphorylated mTOR levels, thus indicating an inhibitory effect on downstream oncogenic signaling [31].



In addition to utilizing gene editing, studies are also being done on natural compounds that have shown potential to be antitumor agents. Breast cancer cell lines MCF-7 and ZR75-1 were treated with Bergapten, a psolaren derivative, to evaluate its anti-survival effects. Results demonstrated increased PTEN expression, as well as the induction of autophagy. The triggered autophagy phenotype may increase susceptibility to cell death, thus indicating a possible role for Bergapten administration in inducing breast cancer cell death [32]. In a separate study by Wu et al. on human colon cancer cells, PTEN upregulation by oridonin, a Chinese herbal extract, demonstrated the inhibition of cell proliferation and the induction of apoptosis. These colon cancer cells were found to have increased protein levels of PTEN after treatment with oridonin. While this study was performed on colon cancer cells, the results are indicative of antitumor potential from increasing PTEN expression in breast cancer cells as well [33].



These findings suggest a possible promising direction for PTEN upregulation in future cancer therapeutics. Especially with the precision of the CRISPR/Cas9 system, off-target toxicities will be significantly reduced. In addition, with the increasing prevalence of combined therapy, the use of the CRISPR/Cas9 system along with current breast cancer treatments, such as chemotherapy, endocrine therapy, and/or radiation therapy, could lead to greater efficacy, as well as decreased drug resistance.




2.4. LKB1-AMPK Activation


Liver kinase B1 is a serine/threonine kinase that phosphorylates and activates tumor suppressor AMP-activated protein kinase. Activated AMPK then negatively regulates the mTOR pathway, thus arresting further cell growth and metabolism. In addition, activated AMPK inhibits transforming growth factor beta (TGF-β) production and signaling [34]. TGF-β plays a dual role in tumorigenesis where it exerts suppressive effects in the early stages, but then “promotes tumor progression and metastasis in late stages” [35]. One important mechanism by which TGF-β promotes metastasis is through triggering epithelial-to-mesenchymal transition, which causes the cell to gain increased motility, migratory ability, and extracellular matrix degradation ability [34]. Thus, due to the ability of activated AMPK to inhibit TGF-β signaling, this has important implications for AMPK activation as a potential therapeutic target for cancer treatment.



Honokiol is one such agent that activates AMPK through LKB1 phosphorylation. Honokiol is a natural small-molecule polyphenol isolated from the flowering plant species Magnolia spp. [36,37]. Cell culture studies using honokiol-treated human breast cancer cell lines MCF7 and MDA-MB-231 showed increased AMPK activation through the LKB1 pathway. This high AMPK activity decreased the migratory and invasive properties of the breast cancer cells, thus demonstrating the ability of the LKB1-AMPK pathway to inhibit breast cancer tumorigenesis [36]. In addition, combination therapy of honokiol with rapamycin showed a synergistic effect on apoptosis induction in breast cancer cells. Thus, honokiol’s ability to target the mTOR pathway further contributes to its potential as a breast cancer therapeutic [37].





3. HER2-Positive Targeted Therapies


3.1. Tyrosine Kinase Inhibitors


HER2-positive breast cancer is a major subtype, making up 20–25% of all breast cancer cases. The prevalence of HER2-positive breast cancer cases makes the HER2 receptor pathway a major point of focus for new and emerging targeted breast cancer therapies [38]. The human epidermal growth factor receptor 2 is a transmembrane protein receptor belonging to the human epidermal growth factor receptor family of tyrosine kinase receptors (EGFR/ERB) [39]. HER2 overexpression is critical in cellular transformation and carcinogenesis in breast cancer and other cancers, including gastric and ovarian cancers [40]. The two main targeted therapies for the HER2 pathway that have been proven effective include monoclonal antibodies and tyrosine kinase inhibitors (TKIs) [41]. Monoclonal antibodies such as trastuzumab target mainly HER2 receptor-binding regions, blocking downstream signaling, whereas tyrosine kinase inhibitors are small molecules that bind and block ATP-binding regions of the HER2 receptor to prevent phosphorylation, and therefore block downstream signaling (Figure 2) [40,41]. Recently, there has been a shift towards developing and using TKIs due to several advantages over monoclonal antibody treatments, including oral administration, decreased cardiotoxicity, and the ability to address multiple targets [41].



Lapatinib was granted the first FDA approval for a TKI in 2007 for cotreatment with capecitabine in HER2-positive/ER-negative/PR-negative breast cancer patients previously treated with standard therapies such as anthracyclines, taxane, and trastuzumab [42]. Lapatinib is a dual inhibitor of HER2 and human epidermal growth factor receptor 1 (HER1) receptors that competitively and reversibly bind their intracellular ATP-binding domains to slow tumor growth. Lapatinib’s effect on the HER1 receptor is negligible in its use for HER2 overexpressing hormone receptor-negative breast cancer patients. In 2010, lapatinib was approved as a first-line treatment with letrozole for postmenopausal hormone and HER2 receptor co-expressing metastatic breast cancer. In 2013, lapatinib’s approval was further extended to include use without chemotherapy in combination with trastuzumab, and following chemotherapy treatment [41,43]. Lapatinib was found to have a synergistic effect when combined with trastuzumab, increasing its apoptotic abilities [44]. The most severe adverse effects of lapatinib were found to be grade 3–4 diarrhea and possible hepatic and cardiac toxicity [45]. Both acquired and inherent resistance to lapatinib were discovered mainly through mutations in the HER2 tyrosine kinase domain, the activation of compensatory pathways, and overexpression or amplification of the gene-encoding trafficking protein particle complex 9 [41].



Neratinib was more recently approved by the FDA in 2017 for the adjuvant treatment of early-stage HER2 overexpressed breast cancer. While lapatinib is a reversible TKI for HER2 and HER1, neratinib is an irreversible TKI for HER1, HER2, and human epidermal growth factor receptor 4 (HER4). Neratinib’s mechanism of action is also slightly different. Instead of competitive inhibition, it induces the covalent linkage of cysteine residues (Cys-773 and Cys-805) to inhibit phosphorylation in the ATP-binding domain of the HER1, HER2, and HER4 receptors [41,46]. Similar to lapatinib, neratinib’s most serious adverse effects were found to be grade 1–3 diarrhea and possible hepatotoxicity [41,47]. Neratinib resistance is still not widely understood; however, connections have been made to the enhanced metabolic activity of cytochrome P450 3A4 [41].



Pyrotinib, an irreversible TKI of HER1, HER2, and HER4, was conditionally approved in 2018 in China for treatment in combination with capecitabine of advanced metastatic HER2-positive breast cancer previously treated with standard anthracycline or taxane chemotherapy [41,48]. Pyrotinib covalently binds to the intracellular receptor ATP-binding domains to inhibit phosphorylation and activation of the downstream pathways. Clinical studies to determine the safety and efficacy of pyrotinib are still ongoing, as well as studies for resistance mechanisms [41].



Most recently, tucatinib received approval by the FDA in 2020 to treat HER2-positive metastatic breast cancer. Compared to the other TKIs, tucatinib is highly selective, proven to be 1000-fold more specific to HER2 than EGFR [38,49]. Tucatinib is also found to have higher central nervous system (CNS) penetration than either lapatinib or neratinib, putting it at the forefront of possible HER2-positive metastatic breast cancer with CNS metastasis treatment [49].



TKIs continue to be a heavily studied category of targeted HER2-positive breast cancer therapy. The potential of TKIs to cross the blood–brain barrier opens the door to the treatment of HER2-positive breast cancer with CNS metastasis, and the increasing implication of TKIs in the treatment and combination treatment of metastatic breast cancer make for a promising outlook for TKI research in the future.




3.2. Monoclonal Antibodies


As mentioned in the previous section, monoclonal antibodies are an effective treatment option for HER2-positive breast cancer. Monoclonal antibody treatments have been around for over twenty years, with trastuzumab gaining FDA approval in 1998. Trastuzumab is a first-line treatment option when used alongside chemotherapy for metastatic HER2-positive breast cancer [50].



Trastuzumab binds to the HER2 receptor, blocking downstream cell proliferative signaling through several mechanisms. These mechanisms include the inhibition of heterodimerization (HER2/HER3), homodimerization of the HER2 receptor, and cleavage of the extracellular domain of the HER2 receptor. Dimerization and cleavage are both activating mechanisms of the HER2 signaling cascade. Trastuzumab also helps target HER2-positive cells for destruction by activating the immune system’s antibody-dependent cell-mediated cytotoxicity (ADCC) [51]. Activation of the immune system to attack cancer cells is not unique to HER2-targeted monoclonal antibodies, but is involved in other immunotherapies for cancer we will discuss in a later section [52].



Recent additions to monoclonal antibody regimens for HER2-positive breast cancer have been approved to address resistance mechanisms to trastuzumab and/or increase the efficacy of trastuzumab [51].



Pertuzumab, a monoclonal antibody that binds to the opposite side of the HER2 receptor as trastuzumab, was FDA-approved in late 2017 for use with trastuzumab. Combination therapy of pertuzumab and trastuzumab formed a more complete blockade of the HER2 receptor and were found to have a synergistic effect. Pertuzumab and trastuzumab decreased cell survival by 60% when used together at a dose at which neither individual drug would have any impact. The development of pertuzumab helped address the heterodimerization mechanism of resistance to trastuzumab [51].



Margetuximab, FDA-approved in late 2020 for use with chemotherapy, was introduced to increase immune activation against HER2 positive cells. Margetuximab is specific to the same region of the HER2 receptor as trastuzumab, invoking the same signaling blockade; however, the antibody itself is Fc-engineered to increase affinity for the activating Fcγ receptor and decrease affinity for the FcγR inhibitory receptor. This engineering is proposed to increase both innate and adaptive immune activation against the targeted cell, thereby reducing cell survival [53].



Research into improving the efficacy of monoclonal antibody treatment for HER2-positive breast cancer is ongoing. The domain of the HER2 single-chain variable fragment is of particular interest, as it can be altered to contain dual-specificity including an additional target protein, potentially increasing the antitumor capabilities of monoclonal antibodies [54].




3.3. Antibody-Drug Conjugates


Antibody-drug conjugates (ADCs) combine traditional chemotherapy agents with the use of antibodies. Trastuzumab binds to the HER2 receptor, blocking signaling and inducing ADCC to decrease cell survival and proliferation. The currently available antibody-drug conjugates for HER2-positive breast cancer involve trastuzumab conjugated to a chemotherapy drug, synergistically combining the outcomes of both systems [51,55].



Currently, there are two FDA-approved antibody-drug conjugates to treat HER2-positive breast cancer. Trastuzumab emtansine (T-DM1) was the first approved ADC for HER2-positive breast cancer. T-DM1 is composed of a trastuzumab backbone linked via a thioether linker to mertansine, a microtubule inhibitor. Trastuzumab emtansine is a second-line treatment for the treatment of advanced metastatic HER2-positive breast cancer, and was more recently approved for high-risk patients with early-stage residual disease post-neoadjuvant treatment. The ADC was found to have higher efficacy than standard treatment in laboriously pre-treated patients and appeared active in HER2-positive patients with HER2 mutations and variable HER2 expression [55,56].



The second ADC to be approved for the treatment of HER2-positive breast cancer is Trastuzumab deruxtecan (T-DXd). Like T-DM1, T-DXd contains a trastuzumab backbone linked to a chemotherapy drug; however, T-DXd involves a cleavable linker and exatecan with a higher drug to antibody ratio. Exatecan is a topoisomerase inhibitor rather than a microtubule inhibitor like mertansine. Furthermore, the addition of an enzymatically cleavable peptide linker in T-DXd conceivably allows the ADC to be more active even in low HER2-expressing cells, a characteristic not found in T-DM1. Trastuzumab deruxtecan was FDA-approved for the treatment of patients with HER2-positive breast cancer who have been treated with at least two prior HER2-targeting therapies. Both ADCs are accompanied by low-grade adverse effects, including gastrointestinal toxicity and nausea [55,56].



Many HER2-specific ADCs are undergoing clinical trials to become the next-generation of ADC technology for HER2-positive breast cancer treatment. The new ADCs involve novel linkage technologies, as well as a diversity of different payloads. Trastuzumab duocarmazine is notable for its incorporation of its duocarmycin payload in its pro-drug seco-suocarmycin form. Others, such as XMT-1522, are notable for using antibodies with unique epitopes [56].





4. HER2-Negative Targeted Therapies


4.1. PARP Inhibitors


Poly-ADP-Ribose Polymerase (PARP) proteins are involved in deoxyribonucleic acid (DNA) repair processes, primarily through the reversible post-translational modification of nuclear proteins. In addition, PARP proteins also play a role in maintaining genomic stability, thus contributing to cell survival [57]. The two primary PARP proteins are PARP1 and PARP2 which are involved in base excision repair when DNA damage is detected [58]. When DNA damage is sensed, PARP1 will bind to the site of damage and nicotinamide adenine dinucleotide (NAD+) will then bind to the active site on PARP1 (Figure 3). PARP1 induces Poly-ADP-Ribosylation (PARylation) of target nuclear proteins by transferring ADP-ribose moieties from NAD+. This PARylation results in the recruitment of single-strand DNA repair proteins. The release of PARP1 from the site of DNA damage is induced by auto-PARylation, which is followed by a return to a catalytically inactive state [57,58].



In addition to base excision repair, PARP also has a role in homologous recombination repair (HRR). HRR occurs by using a sister chromatid as a template to repair double-strand breaks [58]. When a double-strand break occurs, ataxia telangiectasia-mutated (ATM) kinase and ataxia telangiectasia and Rad3-related kinase recognize the double-strand break and induce signal transduction through phosphorylated CHK2 and Breast Cancer-Associated-1 (BRCA1) proteins. The BRCA1 proteins form a scaffold that organizes DNA repair proteins at the break site, particularly recombinase RAD51, thus facilitating HRR. However, in BRCA-mutated cells, HRR is lost due to the inability to form the BRCA1 multiprotein scaffold at the DNA repair site. If a double-strand break occurs, the cell must undergo non-homologous end-joining (NHEJ) DNA repair, typically resulting in cell death due to its error-prone, template-independent mechanism [58]. When a PARP inhibitor is introduced, PARP-mediated DNA repair of single-stranded breaks is inhibited, which stalls the replication fork during DNA replication. This leads to the creation of double-strand breaks, which must be repaired through HRR. Therefore, PARP inhibitors are particularly effective in treating BRCA-mutated cancers due to increased cell death susceptibility from forced entry into NHEJ repair after failure to perform the HRR repair of PARP inhibitor-induced double-stranded DNA breakage [58,59,60]. This mechanism of action is formally recognized as synthetic lethality.



Olaparib (AZD-2281) was FDA-approved for monotherapy treatment of HER2-negative metastatic, deleterious germline BRCA (gBRCA)-mutated breast cancer in 2018 [58,60]. Olaparib specifically targets the catalytic sites of PARP1, PARP2, and PARP3, thus inhibiting PARP activity [59,61]



Talazoparib (BMN-673) is another monotherapy for metastatic/locally advanced HER2-negative, deleterious gBRCA-mutated breast cancer that was FDA-approved in 2018 [58]. Talazoparib targets PARP1 and PARP2, and exhibits powerful PARP trapping [59]. Talazoparib competitively binds to the NAD+ binding domain, thus effectively trapping PARP on the DNA at the site of DNA damage. This creates a lesion that stalls replication forks and eventually causes double-stranded breaks to form. The resulting genomic instability caused by talazoparib in BRCA-mutated breast cancers is likely how it may cause tumor cell death [61].



Veliparib (ABT-888) is still under ongoing clinical trials and is being evaluated for efficacy in combined treatment with platinum-based chemotherapy for HER2-negative metastatic/locally advanced, gBRCA-mutated breast cancer [58]. It targets PARP1 and PARP2 and exhibits weak PARP-trapping capability [59].



Niraparib (MK-4827) targets PARP1 and PARP2. It is currently being evaluated in phase 1 clinical studies for efficacy as neoadjuvant chemotherapy to reduce tumor volume in HER2-negative, gBRCA-mutated breast cancers [59].



Rucaparib (AG-014699) is one of the only PARP inhibitors that can target PARP3, in addition to PARP1 and PARP2. It is currently under a phase 2 clinical study evaluating its efficacy as a monotherapeutic agent in patients with BRCA-mutated metastatic breast cancer. It is also being studied in a phase 1b/2 clinical study evaluating its safety and efficacy when used in combination with another anticancer agent in patients with triple-negative metastatic breast cancer or BRCA-mutated breast cancer [59].



Pamiparib (BGB-290) targets both PARP1 and PARP2. It is being evaluated in a phase 2 study for efficacy and safety as monotherapy in patients with metastatic/locally advanced triple-negative, BRCA-mutated breast cancer or just HER2-negative BRCA-mutated breast cancer [62].




4.2. CDK4/6 Inhibitors


Cyclin-dependent kinases (CDKs) are protein kinases that play prominent roles in cell cycle regulation. CDK4 and CDK6 are G1 kinases that regulate cell cycle exit from the G1 phase and enter the S phase [63,64]. Under the presence of the appropriate growth factors and mitogens, levels of D-type cyclins increase, thus resulting in greater CDK4/6 association with D-type cyclins to create CDK4/6-cyclin D heterodimeric complexes (Figure 4) [65]. These complexes then phosphorylate proteins in the retinoblastoma (Rb) family, causing the release of E2F transcription factors from inhibitory Rb proteins. Released E2F then activates the transcription of genes required for cell cycle progression from G1 to S phase. In HR-positive breast cancers, there is cyclin D overexpression as well as the rare loss of the Rb protein. Thus, due to the ability to target cyclin D, combined with the likely maintenance of the Rb inhibition of E2F, cell cycle progression from G1 to S phase is an ideal therapeutic target in HR-positive breast cancers [66,67,68]. CDK4/6 inhibitors specifically target CDK4 and CDK6, preventing the formation of CDK4/6-cyclin D complexes. Without complex formation, Rb protein will not be phosphorylated to release the E2F transcription factor, causing cell cycle arrest at the G1 phase.



The first-generation CDK4/6 inhibitors demonstrated pan-CDK inhibition, thus limiting their clinical application primarily due to unfavorable, serious adverse effects. One such inhibitor is flavopiridol, which also can only be administered through the intravenous route, thereby complicating its ease of administration, especially in patients with inadequate compliance. It also has demonstrated weak efficacy as a monotherapy, and moderate efficacy when co-treated with other chemotherapy drugs [65]. However, a subsequent generation of CDK inhibitors showed greater selectivity, specifically for CDK4 and CDK6. These CDK inhibitors are palbociclib, ribociclib, and abemaciclib, and can be administered orally, thus bypassing the complexity of intravenous administration [65].



Palbociclib co-treatment with letrozole, an aromatase inhibitor used for hormone-based chemotherapy, was FDA-approved in February 2015. Palbociclib combination therapy with fulvestrant, an ER antagonist, was also FDA-approved in February 2016 for HR-positive, HER2-negative, postmenopausal advanced/metastatic breast cancers [63,69]. Palbociclib combination therapy has shown increased progression-free survival compared to endocrine monotherapy, but it has also demonstrated uncomplicated neutropenia as an adverse effect [69,70,71].



Ribociclib administration with letrozole was also FDA-approved in March 2017 for advanced HR-positive, HER2-negative, postmenopausal breast cancers [63,69]. In addition, ribociclib is being evaluated for efficacy as first and second-line treatment with fulvestrant co-administration in MONALEESA-3, a phase 3 clinical trial [66]. Ribociclib first-line treatment with an aromatase inhibitor may also be indicated in premenopausal women with advanced or metastatic HR-positive, HER2-negative breast cancer [72]. Like palbociclib, ribociclib administration also showed increased progression-free survival and overall survival rate, along with the primary adverse effect of neutropenia, which is fortunately reversible, manageable, and tolerable [71].



Abemaciclib is a selective CDK4/6 inhibitor that inhibits CDK4/cyclin D1 and CDK6/cyclin D1 complexes. Abemaciclib specifically acts as a competitive inhibitor at the ATP-binding domain of CDK4 and CDK6 [65]. It also demonstrates higher selectivity for the CDK4/cyclin D1 complex than palbociclib and ribociclib. Abemaciclib combination therapy with aromatase inhibitors was FDA-approved for HR-positive, HER2-negative, advanced breast cancers in February 2018 [63,69]. In addition, the MONARCH-1 clinical study of abemaciclib monotherapy showed that the single-agent administration of abemaciclib had sufficient efficacy and limited neutropenia toxicity, thus increasing its therapeutic potential among the other specific CDK4/6 inhibitors [63,70].




4.3. Antibody-Drug Conjugates


As mentioned in the ADC section above for HER2-positive breast cancer treatments, antibody-drug conjugates consist of a monoclonal antibody linked to a potent chemotherapy agent [55]. Unlike the ADCs used for HER2-positive BC treatment, which involve anti-HER2 antibodies, sacituzumab govitecan (IMMU-132) is composed of an anti-human trophoblast cell-surface antigen 2 (Trop-2) monoclonal antibody, allowing it to target triple-negative breast cancer cells. IMMU-132 is an anti-Trop-2 antibody conjugated to SN-38, a topoisomerase I inhibitor, via a cleavable CL2A linker. Trop-2 is present in breast cancer cells. Therefore, the anti-trop-2 antibody allows IMMU-132 to specifically deliver SN-38 to the breast cancer cells and the surrounding tumor via the cleavable linker [73]. Sacituzumab govitecan was FDA-approved in 2020 for the treatment of metastatic triple-negative breast cancer with a history of two prior metastatic treatments [74].





5. Immunotherapy


5.1. Immune Checkpoint Inhibitors


The role of the immune system in breast cancer treatment is currently being thoroughly explored. It has been shown that the activation of tumor infiltrating lymphocytes can lead to a better breast cancer prognosis [52]. Immune checkpoint inhibitors were developed to increase the immune response, specifically by activating cytotoxic T lymphocytes against active tumors. Immune checkpoint inhibitors in breast cancer target the programmed cell death protein 1/programmed cell death ligand 1 (PD-1/PD-L1) axis due to its impact specifically on breast cancer (Figure 5). Other immune checkpoints, such as the cytotoxic T-lymphocyte-associated antigen 4 checkpoint, are less significant in breast cancer. The PD-1/PD-L1 interaction inhibits cytotoxic T cell activation as a regulatory mechanism. A blockade of the PD-1/PD-L1 axis allows for an increase in the activation of cytotoxic T lymphocytes which become available to infiltrate and attack the breast cancer tumor [52,75].



Several monoclonal antibodies have been designed to bind and block the PD-1/PD-L1 axis. Two of these antibodies in particular have been found to be effective when combined with chemotherapy for advanced triple-negative breast cancer. Specifically, atezolizumab (PD-L1-binding) and pembrolizumab (PD-1-binding) had only minimal impact when used alone against heavily pretreated TNBC patients; however, upon the addition of chemotherapy, both antibodies demonstrated a significant increase in efficacy. Both atezolizumab and pembrolizumab have been approved for use in advanced stage TNBC patients [75,76].



Other monoclonal antibodies that target the PD-1/PD-L1 interaction include durvalumab and nivolumab. These antibodies have demonstrated effectiveness against other cancers such as small cell lung cancer; however, they have not been approved for breast cancer. Durvalumab has shown promise in combination with chemotherapy against early-stage TNBC, but has yet to be approved for this use [75].



Immune checkpoint inhibitors are a novel treatment option for breast cancer and continue to be investigated and improved [52,75].




5.2. Cancer Vaccines


Another rising area of research in breast cancer treatment is the therapeutic potential of cancer vaccines. Current research and clinical studies aim to evaluate the efficacy of cancer vaccines in cancer treatment and the prevention of cancer recurrence [77,78]. Cancer vaccines aim to mobilize the patient’s own immune system to stimulate cytotoxic T-lymphocytes that target the tumor and stimulate the production of long-term memory cluster of differentiation 8 positive (cytotoxic) T cells to prevent recurrence [52,78,79]. In addition, vaccines do not need to be administered as frequently as traditional cancer therapeutics, and generally have less toxicity when compared to chemotherapy [80]. Among cancer vaccine research, peptide vaccines are the primary focus of interest in breast cancer vaccines. Peptide vaccines aim to introduce specific tumor antigens that are not found in normal tissue, thereby stimulating the immune system to recognize and target these specific antigens in cancer cells [52,80,81]. Many ongoing clinical trials are evaluating the efficacy and safety of cancer vaccines in adjuvant and neoadjuvant settings, especially for HER2-positive and aggressive triple-negative breast cancers [81].



A breast cancer vaccine that is being extensively researched is the E75 peptide vaccine, which is also known as nelipepimut-S. E75 introduces a nine amino acid peptide that is “derived from the extracellular domain of the HER2 protein”, thus targeting HER2-positive breast cancers [82]. E75 is expected to activate the cytotoxic T-lymphocyte response by binding to the human leukocyte antigen-A2 (HLA-A2) serotype of major histocompatibility complex class 1 glycoproteins [79]. A phase 3 clinical trial (PRESENT) studied the efficacy of E75 co-administration with granulocyte-macrophage colony-stimulating factor (GM-CSF) immunoadjuvant in preventing breast cancer recurrence in an adjuvant setting [81]. However, E75 co-treatment with GM-CSF did not demonstrate any therapeutic benefit in preventing cancer recurrence [79,80].



GP2 is another breast cancer vaccine that was evaluated for efficacy in decreasing the rate of recurrence in patients with HER2-positive breast cancer. GP2 is derived from a nine amino acid peptide of the HER2 protein transmembrane domain [79,80]. Similar to E75, GP2 is predicted to bind to HLA-A2 to activate cytotoxic T-lymphocytes, but with lesser affinity than E75. While the vaccine demonstrated clinical safety, it also did not demonstrate any significant therapeutic benefit [79]. However, other peptide vaccines targeting different tumor antigens are being studied, both as monotherapies and in combination therapies, in hope of discovering cancer vaccines that are effective both prophylactically and therapeutically [79,80,81].



In December 2020, the FDA approved the investigation of a prophylactic TNBC vaccine developed by Cleveland Clinic’s Dr. Vincent Tuohy. In collaboration with Anixa Biosciences, phase 1 clinical trials will evaluate the efficacy of this vaccine in postmenopausal patients with high-risk, early-stage TNBC. This vaccine specifically introduces alpha-lactalbumin, a protein which is expressed in the mammary glands only during lactation. Alpha-lactalbumin was found to be abnormally expressed at high levels in breast cancer cells, especially in TNBC. Thus, this vaccine may have significant prophylactic and therapeutic potential in postmenopausal women [83].



In addition to peptide vaccines, there are also ongoing clinical trials studying the efficacies of whole protein vaccines, bacterial/viral vaccines, cell-based vaccines, and gene-based vaccines in breast cancer treatment. Whole protein vaccines may be more advantageous compared to peptide vaccines due to the ability to bind both HLA class I and II epitopes, thereby bypassing specific HLA restrictions. Viral vaccines can be used to infect antigen-presenting cells (APCs) and induce the expression of transgenes specifically found in tumor cells. In addition, using certain oncolytic viruses against tumor cells can add to its therapeutic potential [80]. Cell-based vaccines revolve around introducing autologous tumor-cell based vaccines or allogeneic tumor-cell-based vaccines to induce an immune response against a repertoire of tumor-associated antigens (TAAs). Gene-based vaccines, such as DNA vaccines, are being designed to transfect APCs and induce the expression of TAAs in these transfected APCs. Through this mechanism, APCs can mount a potent and specific immune response against TAAs encoded in the DNA vaccine [79,80].





6. Conclusions


Recently, there has been much progress in treatment discovery for all subtypes of breast cancer, spanning a diversity of mechanisms from signaling blockades to immune system mobilization through vaccination. The expansion of targeted and immune therapies for breast cancer has greatly increased treatment options, especially for late-stage advanced breast cancers. With many new breast cancer drug approvals surfacing in just the last few years, it is clear there is still much to look forward to for the future of breast cancer treatment. The targeted therapies we discussed have changed the outlook of breast cancer treatment, and created hope for breast cancer patients who are still struggling to find a cure.







Author Contributions


Y.S. supervised, prepared, and edited the manuscript, K.H.L. and A.M.T. equally prepared and edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by NIH/NCI, grant number R21CA231111 to Y.S.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


This study did not report any data.




Acknowledgments


All figures were created with BioRender.com. We would also like to thank Kathryn Dillard for her comprehensive review of this paper.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	ADC
	Antibody-drug conjugate



	ADCC
	Antibody-dependent cell-mediated cytotoxicity



	AI
	Aromatase inhibitor



	Akt
	Protein kinase B



	AMPK
	Adenosine monophosphate-activated protein kinase



	APC
	Antigen-presenting cell



	ATM
	Ataxia telangiectasia-mutated kinase



	ATP
	Adenosine triphosphate



	BC
	Breast cancer



	BRCA
	Breast cancer-associated protein



	CDK
	Cyclin-dependent kinase



	CK
	Cytokeratins



	CNS
	Central nervous system



	DNA
	Deoxyribonucleic acid



	dsDNA
	Double-stranded deoxyribonucleic acid



	EGFR/ERB
	Epidermal growth factor receptor



	ER
	Estrogen receptor



	FDA
	Food and drug administration



	gBRCA
	Germline breast cancer associated protein gene



	GM-CSF
	Granulocyte-macrophage colony-stimulating factor



	HER1
	Human epidermal growth factor receptor 1



	HER2
	Human epidermal growth factor receptor 2



	HER3
	Human epidermal growth factor receptor 3



	HER4
	Human epidermal growth factor receptor 4



	HLA-A2
	Human leukocyte antigen-A2



	HR
	Hormone receptor



	HRR
	Homologous recombination repair



	LKB1
	Liver kinase B1



	LumA
	Luminal-A



	LumB
	Luminal-B



	mTOR
	Mammalian target of rapamycin



	NAD+
	Nicotinamide adenine dinucleotide



	NHEJ
	Non-homologous end joining



	PAM
	PI3K/Akt/mTOR pathway



	PARP
	Poly-ADP-ribose polymerase



	PARPi
	Poly-ADP-ribose polymerase inhibitor



	PARylation
	Poly-ADP-ribosylation



	PIK3CA
	Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha gene



	PIP2
	Phosphatidylinositol-4,5-biphosphate



	PIP3
	Phosphatidylinositol-3,4,5-triphosphate



	PI3K
	Phosphoinositide 3-kinase



	PR
	Progesterone receptor



	PD-1
	Programmed cell death protein 1



	PD-L1
	Programmed cell death ligand 1



	PTEN
	Phosphatase and tensin homolog



	Rb
	Retinoblastoma protein



	RTK
	Receptor tyrosine kinase



	SERD
	Selective estrogen receptor degrader



	SERM
	Selective estrogen receptor modulator



	TAA
	Tumor-associated antigen



	T-DM1
	Trastuzumab emtansine



	T-DXd
	Trastuzumab deruxtecan



	TGF-β
	Transforming growth factor beta



	TKI
	Tyrosine kinase inhibitor



	TNBC
	Triple-negative breast cancer



	Trop-2
	Trophoblast cell-surface antigen 2
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Figure 1. The PI3K/Akt/mTOR pathway and mechanisms of inhibition. RTK: receptor tyrosine kinase; PI3K: phosphoinositide 3-kinase; PI3Ki: PI3K inhibitor; PIP2: phosphatidylinositol-4,5-biphosphate; PIP3: phosphatidylinositol-3,4,5-triphosphate; PTEN: phosphatase and tensin homolog; Akt: protein kinase B; LKB1: liver kinase B1; AMPK: adenosine monophosphate-activated protein kinase; mTOR: mammalian target of rapamycin; mTORi: mTOR inhibitor. 
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Figure 2. The HER2 signaling pathway and mechanisms of HER2 signaling inhibition. The left-most receptor signaling pathway depicts the mechanism and binding of trastuzumab monoclonal antibody. The receptor pathway second to the left depicts the mechanism and binding of the pertuzumab monoclonal antibody. The receptor pathway second to the right depicts the mechanism of TKIs. Finally, the right-most receptor pathway depicts a normal uninhibited HER2 signaling pathway upon ligand binding. HER2: human epidermal growth factor receptor 2; HER3: human epidermal growth factor receptor 3; TKIs: tyrosine kinase inhibitors; PI3K: Phosphoinositide 3-kinase; Akt: protein kinase B. 
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Figure 3. PARP proteins in DNA repair and PARP inhibitor mechanism of action. The top of the figure describes the normal DNA repair mechanism of a single-stranded break. The lower portion of the figure describes how PARP inhibitors alter normal DNA repair. ssDNA: single-stranded DNA; PARP1: poly-ADP-ribose polymerase 1; PARPi: PARP inhibitor; NAD+: nicotinamide adenine dinucleotide; PARylation: poly-ADP-ribosylation; dsDNA: double-stranded DNA; HRR: homologous recombination repair; NHEJ: non-homologous end joining; BRCA: breast cancer-associated protein. 
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Figure 4. Role of CDK4 and CDK6 in cell growth progression and CDK4/6 inhibitor mechanism of action. CDK: cyclin-dependent kinase; Rb: retinoblastoma protein. 
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Figure 5. Mechanism of immune checkpoint inhibitors pembrolizumab and atezolizumab on the PD-1/PD-L1 axis. PD-1: programmed cell death protein 1; PD-L1: programmed cell death ligand 1. 
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Table 1. Emerging and novel breast cancer drugs discussed in this article organized by breast cancer subtype target.
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Breast Cancer Subtype

	
Drug Category

	
Drug Name

	
Patient Population

	
Therapy Given






	
HR-positive

	
mTOR Inhibitors

	
Everolimus

	
HR+, HER2−

Postmenopausal

	
Everolimus + Exemestane




	
HR+, HER2−

Postmenopausal

AI-resistant

	
Everolimus + Tamoxifen




	
Temsirolimus

	
ER+, HER2+

PTEN-deficient

	
Single-agent temsirolimus




	
ER+, HER2+

	
Temsirolimus + Letrozole




	
Sirolimus

	
HR+, HER2−

	
Sirolimus + Tamoxifen




	
PI3K Inhibitors

	
Alpelisib

	
HR+, HER2−

PIK3CA mutant

Postmenopausal

	
Alpelisib + Fulvestrant




	
Taselisib

	
ER+, HER2−

PIK3CA mutant

	
Taselisib + Fulvestrant




	
Pictilisib

	
HER2+/−

PIK3CA mutant

	
Pictilisib + Trastuzumab




	
Buparlisib

	
ER−, PR−, HER2− (TNBC)

	
Single-agent buparlisib




	
HER2-positive

	
TKIs

	
Lapatinib

	
ER−, PR−, HER2+

	
Lapatinib + Capecitabine




	
HR+, HER2+

	
Lapatinib + Letrozole




	

	
HR+, HER2+

	
Lapatinib + Trastuzumab




	
Neratinib

	
HER2+

Early-stage

	
Single-agent neratinib




	
Pyrotinib

	
HER2+

	
Pyrotinib + Capecitabine




	
Tucatinib

	
HER2+

	
Single-agent tucatinib




	
Monoclonal Antibodies

	
Trastuzumab

	
HER2+

	
Single-agent trastuzumab




	
Pertuzumab

	
HER2+

	
Pertuzumab + Trastuzumab




	
Margetuximab

	
HER2+

	
Margetuximab + chemotherapy




	
Antibody-drug Conjugates

	
Trastuzumab Emtansine

(T-DM1)

	
HER2+

Early-stage residual disease

Post-neoadjuvant tx

	
Single-agent T-DM1




	
Trastuzumab Deruxtecan

(T-DXd)

	
HER2+

Tx with at least two prior HER2-targeted therapies

	
Single-agent T-DXd




	
HER2-negative

	
PARP Inhibitors

	
Olaparib

	
HER2−

Deleterious gBRCA mutant

	
Single-agent Olaparib




	
Talazoparib

	
HER2−

Deleterious gBRCA mutant

	
Single-agent talazoparib




	
Veliparib

	
HER2−

gBRCA mutant

	
Veliparib + platinum-based chemotherapy




	
Niraparib

	
HER2−

gBRCA mutant

	
Niraparib as neoadjuvant chemotherapy




	
Rucaparib

	
gBRCA mutant

	
Single-agent rucaparib




	
gBRCA mutant

or TNBC

	
Rucaparib + anticancer agent




	
Pamiparib

	
TNBC, gBRCA muant

or HER2−, gBRCA mutant

	
Single-agent pamiparib




	
CDK4/CDK6 Inhibitors

	
Palbociclib

	
HER2−

	
Palbociclib + Letrozole




	
HR+, HER2−

Postmenopausal

	
Palbociclib + Fulvestrant




	
Ribociclib

	
HR+, HER2−

Post/premenopausal

	
Ribociclib + Letrozole




	
HR+, HER2−

Postmenopausal

	
Ribociclib + Fulvestrant




	
Abemaciclib

	
HR+, HER2−

	
Abemaciclib + AI




	
HR+, HER2−

	
Single-agent abemaciclib




	
Antibody-drug Conjugates

	
Sacituzumab

Govitecan (IMMU-132)

	
TNBC

Hx of two prior metastatic tx

	
Single-agent IMMU-132




	
TNBC

	
Immune Checkpoint Inhibitors

	
Atezolizumab

	
TNBC

	
Atezolizumab + chemotherapy




	
Pembrolizumab

	
TNBC

	
Pembrolizumab + chemotherapy




	
Cancer Vaccines

	
E75

	
HER2+

	
E75 + GM-CSF




	
GP2

	
HER2+

	
Single-agent GP2




	
Other

	
LKB1-AMPK Pathway Activator

	
Honokiol

	
Endocrine-resistant BC

	
Honokiol + rapamycin








HR: hormone receptor; ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2; TNBC: triple-negative breast cancer; mTOR: mammalian target of rapamycin; PI3K: phosphoinositide 3-kinase; TKI: tyrosine kinase inhibitor; PARP: poly-ADP-ribose polymerase; CDK: cyclin-dependent kinase; LKB1: liver kinase B1; AMPK: adenosine monophosphate-activated protein kinase; T-DM1: trastuzumab emtansine; T-DXd: trastuzumab deruxtecan; IMMU-132: sacituzumab govitecan; PTEN: phosphatase and tensin homolog; PIK3CA: phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha gene; tx: treatment; hx: history; gBRCA: germline breast cancer-associated protein; BC: breast cancer; AI: aromatase inhibitor; GM-CSF: granulocyte-macrophage colony-stimulating factor.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Trastuzumab Pertuzumab

HER2 HER2 HER2 HER3

Tyrosine Kinase
Inhibitors

HER2 HER3 HER2 HER2

¥
i

g

k¢

vy

il
|
<l
-

Y

Targets involved in:
* Survival
* Proliferation

* Cell-cycle progression






nav.xhtml


  ijms-23-02288


  
    		
      ijms-23-02288
    


  




  





media/file2.png
v

—— mTORI

— Activation
——1 Inhibition Cell growth and proliferation






media/file5.jpg
Recnimentof oA
Tepan poians
PaRyaton

e A e

N
S T e B

enca mitroren Forced enty o NHED repaic
Py —] maRCAmated col i
sononR ONA damage nd ncreased
‘enome mtabiy
Repalied dsoNA
ek |

catdeaty






media/file3.jpg
Eﬁ;

W e

o
e
L

S5 g
i 1_'._...

N






media/file1.jpg
o) —» () ——1 (o)

l:— mTORi

—» Activation

—1 Inhi Cell growth and proliferation






media/file7.jpg
TR MV&N ‘Transcription and protein
— ‘synthesis of D-type cyclins

.y
—+ ctation - \

—— Inhibition
CDK4/6 inhibitor

o

— b L]
N ?

s E2F activates transcription of
genes for cell cycle progression
from G1 10§ phase






media/file10.png
Immune checkpoint inhibits T-cell activation Anti-PD-1/PD-L1 antibodies permit T cell activation

Immune attack
Activated T cell Breast Cancer

/_\ Cell Death

T cell Breast Cancer
Cell

Antigen Presentation

{At

Pembrolizumab

ezolizumab

A






media/file9.jpg
Immunecheckpoln iis ol activation






media/file0.png





media/file8.png
mitogens ® e Transcription and protein

synthesis of D-type cyclins

—— Activation
—— Inhibition

CDK4/6 inhibitor

Gophase
(resting)

G,

\
e

rodox )
L

S E2F activates transcription of
genes for cell cycle progression
from G1 to S phase

' 3






media/file6.png
ssDNA break

. PARP1
WOV ——— YNNG

PARPI

BRCA1T multiprotein
scaffold

Recruitment of DNA
repair proteins

PARylation

Repaired dsDNA
break

genomic instability

l

Cell death

Repaired ssDNA
break

— YORNORIOVIOVIOVON

— Activation
—— Inhibition

PARPI
NZNYZ P 7\7 OO0 —  YONOTONK
dsDNA break dsDNA break
PARP trapping leading to
‘ replication fork collapse |
HRR »  NHEJ
Forced entry into NHEJ repair
x. l in BRCA-mutated cells l
AYZuNYZ,NVZ,N DNA damage and increased






