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Abstract

:

Simple Summary


Hormone receptor-positive (HR+)/HER2-negative is the most frequent subgroup of metastatic breast cancer (MBC). Important therapeutic advances in the treatment of this tumor type have been observed in the last 20 years, with the approval of numerous endocrine therapies (ET) with or without target therapies (TT). To improve our current knowledge and support clinical decision-making, we conducted a systematic literature and meta-analysis focused on the most relevant/promising first-/second-line ET ± TT of the last 20 years. We observed that CDK4/6-inhibitors(i) + ET were the most effective regimens. At the same time, mTORi-based combinations proved to be a valid therapeutic option in endocrine-resistant tumors, as well as PI3Ki + ET in PIK3CA-mutant patients. Single agent ET might still be a valuable upfront treatment in endocrine sensitive and non-visceral disease.




Abstract


A precise assessment of the efficacy of first-/second-line endocrine therapies (ET) ± target therapies (TT) in clinically-relevant subgroups of hormone receptor-positive (HR+)/HER2-negative metastatic breast cancer (MBC) has not yet been conducted. To improve our current knowledge and support clinical decision-making, we thus conducted a systematic literature search to identify all first-/second-line phase II/III randomized clinical trials (RCT) of currently approved or most promising ET ± TT. Then, we performed a meta-analysis to assess progression-free (PFS) and/or overall survival (OS) benefit in several clinically-relevant prespecified subgroups. Thirty-five RCT were included (17,595 patients). Pooled results show significant reductions in the risk of relapse or death of 26–41% and 12–27%, respectively, depending on the clinical subgroup. Combination strategies proved to be more effective than single-agent ET (PFS hazard ratio (HR) range for combinations: 0.60–0.65 vs. HR range for single agent ET: 0.59–1.37; OS HR range for combinations: 0.74–0.87 vs. HR range for single agent ET: 0.68–0.98), with CDK4/6-inhibitors(i) + ET being the most effective regimen. Single agent ET showed comparable efficacy with ET+TT combinations in non-visceral (p = 0.63) and endocrine sensitive disease (p = 0.79), while mTORi-based combinations proved to be a valid therapeutic option in endocrine-resistant tumors, as well as PI3Ki + ET in PIK3CA-mutant tumors. These results strengthen international treatment guidelines and can aid therapeutic decision-making.
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1. Introduction


About 60–75% of breast tumors are hormone receptor-positive (HR+) and do not present with HER2 overexpression or amplification (HER2−) [1]. Following the introduction of multiple novel therapeutic agents into clinical practice, HR+/HER2− metastatic breast cancer (MBC) has become a more chronic and manageable disease, albeit still incurable [2,3,4,5,6,7,8,9,10,11,12,13]. Indeed, death rates decreased by an average of 1.8% annually between 2007 and 2016 [14], and a recent meta-analysis reported a median survival increase from 32 months in 1990 (95% confidence interval (CI): 23–43) to 57 (95% CI: 37–87) months [15]. Current international guidelines recommend treating HR+/HER2− MBC by administering endocrine treatment (ET), combined or not with TT, for as long as possible before changing to chemotherapy, except in the case of “visceral crisis” [16,17,18]. In fact, we previously demonstrated the absence of significant difference between ET + TT and chemotherapy and the clear superiority of ET combined with novel CDK4/6-inhibitors (CDK4/6i) or PIK3CA/mTOR axis inhibitors compared to standard ET, in terms of both response rates and progression-free survival (PFS) [19]. However, previous network meta-analyses comparing all first-/second-line treatment options [19,20,21,22] were unable to evaluate the efficacy of these novel treatment strategies in specific clinical subsets (endocrine-resistant or endocrine-sensitive patients, patients with visceral or bone-only disease, pre-menopausal patients, etc.) and did not provide overall survival (OS) data. Therefore, to support current treatment guidelines and aid therapeutic decision-making in more specific tumor subsets, we performed a meta-analysis with preplanned subgroup analyses and meta-regression to evaluate the benefit of all currently available and most promising first-/second-line ET-based treatments in clinically relevant subgroups of HR+/HER2− MBC.




2. Materials and Methods


2.1. Search Strategy and Selection Criteria


After a systematic review of the literature [19] (details in the Text S1), we selected all phase II/III RCT published between January 2000 and December 2019 that compared the effect of ET and/or ET combined with the most relevant TT in the first-/second-line treatment of HR+/HER2− MBC. The following TT were selected: CDK4/6-inhibitors (palbociclib, ribociclib and abemaciclib), mTOR-inhibitors (mTORi; everolimus and temsirolimus), PI3K-inhibitors (PI3Ki; buparlisib, pictilisib and alpelisib), AKT-inhibitors (AKTi; capivasertib) and histone deacetylase inhibitors (HDACi; entinostat). These drugs were selected because they: (i) were already approved (CDK4/6i, everolimus and alpelisib); or (ii) had shown promising results in phase II trials and were under further investigation at the time of the literature review (capivasertib and entinostat); or (iii) were of the same molecular class as the approved TT included in our study (everolimus and alpelisib) but were not approved because of drug-specific limitations (temsirolimus, pictilisib and buparlisib). As ET, we evaluated only currently approved drugs, namely tamoxifen, aromatase inhibitors (AI; anastrozole, letrozole and exemestane), progestins (megestrol acetate) and fulvestrant.




2.2. Data Extraction


Details of the study design, patient characteristics, current and previous treatment were extracted from each paper, together with hazard ratios and associated 95% confidence intervals for PFS, time-to-progression (TTP) and OS, when reported. These data had to be publicly available or computable from published paper/abstracts, otherwise studies were excluded. TTP was considered when PFS was not available, as reported elsewhere [19,21].




2.3. Study Endpoints


The primary endpoint was the pooled PFS/TTP and the secondary endpoint was the pooled OS estimated in prespecified clinically relevant subgroups of HR+/HER2− MBC when comparing all new ET, ET + TT or ET combinations versus the previous standard ET. We then used subgroup analysis and meta-regression to explore the effect on PFS/TTP and OS of the different treatment strategies and drug classes considered in prespecified clinically-relevant subgroups. The subgroups were the following: visceral, non-visceral and bone-only disease, PIK3CA-mutant/non-mutant tumors, endocrine-sensitive/-resistant tumors, primary and secondary endocrine-resistance and pre/peri- and postmenopause. Endocrine sensitivity status was defined according to ESO-ESMO breast cancer treatment guidelines (Text S1) [18]. All patients enrolled in RCT that investigated metastatic endocrine treatment lines after the first-line were considered to be affected by endocrine resistance. A distinction between primary or secondary resistance was not always feasible. We specifically selected the above-mentioned subgroups because we believed they were at the same time: (1) useful in the daily clinical practice; and (2) mostly retrievable from published RCT, or at least part of them.




2.4. Data Analysis


We generated pooled HRs using the inverse-variance weighting method. As we expected heterogeneity among studies, we selected a priori the DerSimonian and Laird random effect model [23]. Pooled data are reported in forest plots. Statistical significance was set at p < 0.05. All tests were two-sided. Inter-study heterogeneity was assessed by visual inspection of the forest plots and the I2 statistic [24]. We assessed publication bias and small study effects with funnel plots and the Egger’s test [25]. Subgroup analyses were performed if at least 3 studies comparing 2 different combinations of therapy or 2 different drug classes were available. Meta-regression was performed when at least 10 studies were available. Statistical analyses were performed using R software (R Foundation for Statistical Computing, Vienna, Austria) version 3.5.0, package meta (https://www.r-project.org (accessed on May 2018)). The risk of bias for each trial was assessed according to the criteria outlined in the Cochrane Handbook for Systematic Reviews of Interventions (available at: https://training.cochrane.org/cochrane-handbook-systematic-reviews-interventions#how-to-access (accessed on July 2019)). Internal validity of eligible studies was assessed according to the Cochrane Collaboration’s Risk of Bias tool in Review Manager (software available at: https://training.cochrane.org/online-learning/core-software-cochrane-reviews/revman/reasons-downloading-revman-5 (accessed on February 2019)). The project is registered in the Open Science Framework online repository (https://osf.io; doi: 10.17605/OSF.IO/79D4U, accessed on January 2020).





3. Results


3.1. Study Characteristics


Based on these criteria, we identified 35 randomized controlled trials (RCT) for a total of 17,595 patients [3,4,5,6,7,8,9,10,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52]. Details of the study selection are reported in the PRISMA diagram (Figure 1).



The median follow-up for the studies included was 18.8 (interquartile range (IQR): 13.0–24.2, min–max range: 4.2–87.6) months, all 35 studies were multicenter, 27 (77.1%) were phase III trials, 7 (20.0%) were phase II and 1 (2.9%) was a phase II/III trial. Sixteen studies (45.7%) included only the first-line setting, eighteen (51.4%) enrolled patients in first-line or more advanced and one trial was set in second-line or more (2.9%). Two (5.7%) studies enrolled only premenopausal patients, two (5.7%) enrolled pre- and postmenopausal patients, and thirty-one (88.6%) only enrolled postmenopausal patients. Study characteristics are detailed in Table S1. The studies were further regrouped according to treatment strategy (studies of combination treatments (ET + TT or ET combinations) compared to single agent ET vs. studies of single agent ET) and drug class (studies evaluating CDK4/6i-, mTORi-, PI3Ki-, HDCAi- and AKTi-based combinations with ET vs. single agent ET; SERD (only fulvestrant) vs. AI or SERM (only tamoxifen); SERD + AI vs. SERD; SERD + AI vs. AI and AI vs. tamoxifen).




3.2. Pooled Estimates in Clinical Subsets


New ET, ET + TT and ET combinations developed in the last two decades significantly improved PFS compared to the previous standard ET (Hazard Ratio (HR) range: 0.59–0.78, p-value range: <0.001–0.042; I2 range: 0.00–86.20%, pheterogeneity (pH) range: <0.001–0.75) (Figure 2A,C, Figure 3A,C,E, Figure 4A,C,E,F and Figure 5A,B). Heterogeneity was high in the endocrine-sensitive/resistant and postmenopausal subgroups (I2: 85.4%, 82.10% and 86.2%, respectively; pH < 0.001 for all).



A significant pooled OS improvement was also observed in almost all subgroups (HR range: 0.73–0.88, p-value range: <0.001–0.02; I2 range: 0.00–59.9%, pH range: 0.003–0.77) except in the PIK3CA-mutant and non-mutant groups (psubgroup (psub) = 0.08 and psub = 0.94, respectively) (Figure 2B,D, Figure 3B,D,F and Figure 4B,D). No high heterogeneity or publication bias was observed (Figure S1), except for the PFS endpoint in postmenopausal setting (Egger’s test p = 0.009). The results are detailed in Table 1.




3.3. Subgroup Analyses and Meta-Regressions: Combination Studies versus Single Agent Studies


In postmenopausal patients, the subgroup analysis showed that PFS was significantly better in studies comparing ET+TT or ET combinations than in RCT of single agent ET ((HR: 0.63, 95% CI: 0.56–0.71, I2: 78.8%) vs. (HR: 0.82, 95% CI: 0.69–0.97, I2: 87.9%), psub = 0.01, Figure 2A); this result was also confirmed by the meta-regression analysis (β meta-regression(m): −0.26, pm = 0.01). The result was significant also in terms of OS ((HR: 0.82, 95% CI: 0.75–0.88, I2: 10.8%) vs. (HR: 0.98, 95% CI: 0.77–1.24, I2: 74.1%), psub = 0.03, Figure 2B; βm: −0.16, pm = 0.02)



In patients with visceral disease, the pooled PFS was significantly better in combination studies than in single agent ET studies ((HR: 0.65, 95% CI: 0.57–0.74, I2: 60.7%) vs. (HR: 0.95, 95% CI: 0.79–1.15, I2: 0.0%), psub < 0.001, Figure 3A; βm: −0.30, pm = 0.028). No significant difference was observed in terms of OS (psub = 0.73). In non-visceral disease, there was no difference between the two study groups in terms of PFS (psub = 0.63) and OS (psub = 0.77). Nevertheless, individual PFS results for both treatment subgroups were significant ((HR: 0.65, 95% CI: 0.57–0.74, I2: 27.9%) vs. (HR: 0.59, 95% CI: 0.42–0.84, I2: not evaluable); Figure 3C). Similar to the visceral subgroup, in MBC patients with bone-only disease, PFS was better in combination treatment studies than in those receiving ET alone ((HR: 0.62, 95% CI: 0.50–0.77, I2: 41.8%) vs. (HR: 1.37, 95% CI: 0.83–2.26, I2: 0.0%), psub = 0.004, Figure 3E; βm: −0.79, pm = 0.03). This comparison was not possible for the OS endpoint.



With respect to the endocrine-sensitive subset, neither pooled PFS nor pooled OS differed significantly in relation to treatment strategy (psub = 0.79 and psub = 0.81, respectively). Though, individual PFS results for both treatment subgroups were significant ((HR: 0.63, 95% CI: 0.53–0.74, I2: 59.8%) vs. (HR: 0.59, 95% CI: 0.37–0.94, I2: 94.9%), Figure 4A). On the contrary, in the endocrine-resistance setting, PFS was better in combination therapy studies than in single agent ET studies ((HR: 0.60, 95% CI: 0.50–0.72, I2: 75.4%) vs. (HR: 0.92, 95% CI: 0.85–1.00, I2: 0.0%), psub = 0.001, Figure 4C; βm: −0.43, pm = 0.001). There was a similar albeit not significant (psub = 0.81) effect on OS. Progression-free survival and OS subgroup analyses for the premenopausal setting, PIK3CA-mutant and non-mutant disease and primary and secondary endocrine resistance were not feasible. We were able to conduct meta-regression for the OS endpoint only in the postmenopausal subgroup, because in the other subgroups either the number of studies was too low (<10) or subgroup analyses were not significant. PFS and OS results are detailed in Table 2 and Table S2, respectively.




3.4. Subgroup Analyses and Meta-Regressions: Drug Class Comparisons


Subgroup analysis of drug class revealed statistically significant differences in PFS in postmenopausal (psub = 0.01), visceral (psub < 0.001), non-visceral (psub = 0.008), bone-only (psub = 0.002), endocrine-sensitive (psub < 0.001), endocrine-resistant (psub < 0.001) and PIK3CA non-mutant (psub = 0.001) subgroups (Figure 5A,B and Figure S2). No difference was observed in the PIK3CA-mutant (psub = 0.38) subgroup.



Studies of CDK4/6i-based regimens served as reference for the meta-regressions. In the postmenopausal setting, the most pronounced beneficial effects were observed in CDK4/6i-containing group (HR: 0.55, 95% CI: 0.50–0.61) and in the group of AI compared to tamoxifen (HR: 0.44, 95% CI: 0.21–0.92). Meta-regression analysis revealed a significantly worse effect for AI vs. progestins (βm: 0.60, pm = 0.04), SERD + AI vs. SERD (βm: 0.61, pm = 0.03) and SERD vs. AI or tamoxifen (βm: 0.56, pm < 0.001) study groups compared to the reference group.



In patients with visceral disease, the best pooled result was found in studies of CDK4/6i–containing regimens (HR: 0.55, 95% CI: 0.49–0.61). At meta-regression analysis, the beneficial effect was significantly less pronounced in PI3Ki-containing studies (βm: 0.21, pm = 0.02), SERD + AI vs. AI (βm: 0.36, pm = 0.006) and SERD vs. AI or tamoxifen (βm: 0.55, pm = 0.001) study groups, and a significant detrimental effect was observed in the SERD + AI vs. SERD group (βm: 0.69, pm < 0.001; Figure S2). In the non-visceral setting, CDK4/6i-containing studies showed the best pooled result (HR: 0.55, 95% CI: 0.47–0.63). Compared to the latter group, the beneficial effect was significantly lower in the PI3Ki-containing studies (βm: 0.36, pm = 0.004), followed by the SERD+AI vs. AI group (βm: 0.43, pm = 0.01; Figure S2). No difference was observed in the SERD vs. AI or tamoxifen group (HR: 0.59, 95% CI: 0.42–0.84; pm = 0.67).



In bone-only disease, a numerically significant pooled PFS benefit was observed only in the CDK4/6i+ET vs. ET subgroup (HR: 0.50, 95% CI: 0.40–0.62). Meta-regression analysis revealed a statistically significant inferiority in studies investigating the combination of SERD + AI vs. SERD (βm: 0.69, pm = 0.018) and SERD vs. AI or tamoxifen (βm: 1.01, pm < 0.001%; Figure S2). In the endocrine-sensitive setting, the effect seemed to be more pronounced in the CDK4/6i+ET vs. ET group (HR: 0.52, 95% CI: 0.46–0.59; Figure S2). In the endocrine-resistance setting, the study group showing the best result was the one containing mTORi (HR: 0.47, 95% CI: 0.29–0.74). At meta-regression analysis, the beneficial effect was significantly greater in the mTORi + ET vs. ET studies (βm: −0.29, pm = 0.016) and significantly lower in the studies comparing SERD to AI or tamoxifen (βm: 0.53, pm < 0.001) and SERD+AI to SERD (βm: 0.57, pm < 0.001; Figure S2) compared to the reference group.



In PIK3CA-mutant patients, the two drug classes compared, namely CDK4/6i and PI3Ki, both resulted in a better PFS vs. standard ET (HR: 0.48, 95% CI: 0.30–0.77 and HR: 0.60, 95% CI: 0.50–0.72, respectively; Figure 5A). On the contrary, in PIK3CA wild-type patients only CDK4/6i-containing studies provided a significant PFS improvement (HR: 0.45, 95% CI: 0.31–0.65; Figure 5B) compared to PI3Ki-containing studies.



Subgroup analyses for OS were not statistically significant (Table S2). PFS and OS subgroup analyses according to drug class comparisons were not feasible for the pre/perimenopausal, primary and secondary endocrine-resistance subgroups. Meta-regression could not be performed for the OS endpoint, except in the postmenopausal setting.




3.5. Risk of Bias Analysis


The risk of bias analysis did not reveal a relevant risk of bias for five out of seven domains (Figure 6).



However, there was a 29% high risk of selective reporting bias/incomplete outcome-attrition bias, because 10 studies did not report OS outcome (Figure S3). Moreover, randomization and the methodology applied to assign patients to each treatment arm were not clear in 16 studies (47%), thus increasing the risk of selection bias (Figure S3).





4. Discussion


Based on our pooled results, we estimated that the novel ET ± TT introduced in the last 20 years, compared to the older endocrine therapeutic standards, produced a relative reduction in the risk of disease progression ranging from 41% to 26% and a relative reduction in the risk of death ranging from 27% to 12%, depending on the clinical subset.



4.1. Postmenopausal, Visceral and Endocrine-Resistant Disease Subgroups


When we compared the different treatment strategies, combination regimens appeared to be favored over single agent ET in the postmenopausal, visceral and endocrine-resistant subgroups of patients. In fact, targeted agents are expected to boost the effect of single agent ET by reverting the molecular mechanisms of endocrine resistance [53]. They usually also provide an additional intrinsic antitumor effect. When further dissecting these results according to drug class, only the group of studies containing CDK4/6i-combinations provided significant individual pooled PFS and OS results versus the other treatment groups. Nevertheless, the OS differences observed in the three subgroups did not reach statistical significance, most likely due to a lack of statistical power. In fact, significant results were obtained in almost all subgroups when all results were pooled.



In the endocrine-resistant subset, the best result was obtained in the mTORi-containing group, which was also favored over the CDK4/6i group at the meta-regression. This was not completely unexpected given the degree of benefit (60% reduction in the risk of progression) obtained with everolimus + exemestane in the BOLERO2 trial in a context of substantial endocrine resistance [2]. In fact, many pathways of resistance converge on mTOR [54]. In addition, the sensitivity to CDK4/6i requires an intact Cyclin D1/Rb/E2F axis, and many of the signaling pathways that jeopardize sensitivity to endocrine therapy also lead to CDK4/6i resistance [55]. However, concerns have arisen over a potentially significant under powerfulness of the exemestane arm of the BOLERO 2 trial, due to the post-hoc finding of ESR1 mutations that might have prevented exemestane from producing any benefit, whereas a PFS improvement was observed with everolimus irrespective of patients’ mutational status [56]. Moreover, the CDK4/6i-containing group was the only group showing an individually significant pooled OS result in this subset, concordantly with what is observed in a recently published meta-analysis on CDK4/6i OS benefit [11]. Our result was mostly driven by the MONARCH-2 abemaciclib-containing study, similar to what occurs in the setting of primary endocrine resistance. In case of secondary endocrine resistance, the overall reduction in the risk of progression of around 40% was driven by everolimus-, alpelisib- (in PIK3CA-mutant patients) and abemaciclib-containing combinations. This suggests that abemaciclib might play a relevant role in the treatment of endocrine-resistant tumors. Unfortunately, our results of primary and secondary endocrine resistance should be taken with caution, due to the very limited number of studies with available results for these subgroups. Finally, positive individual PFS results in the AKTi- and HDACi-containing groups suggest that these drug classes might play a role in early treatment lines of endocrine-resistant disease. However, negative results for the E2112 phase III trial of entinostat + exemestane vs. exemestane in AI resistant HR+/HER2− MBC have been recently presented [57]. Hence, the future of HDACi in this clinical setting is uncertain. Conversely, the phase III CAPItello-291 trial is currently recruiting patients to confirm the efficacy of capivasertib + fulvestrant combination in AI-resistant HR+/HER2− MBC (ClinicalTrials.gov Identifier: NCT 04305496).




4.2. Bone-Only, Endocrine-Sensitive and Non-Visceral Disease Subgroups


Notably, ET + TT was more effective in bone-only disease than ET alone, despite the fact that this subgroup of tumors is usually considered an indolent, slow-growing, prognostically better entity than the other clinical subgroups of breast cancer [58,59], making it more difficult, in principle, to identify an additional beneficial effect from combination strategies. This result was driven by CDK4/6i studies, because it was the only group in which there was a significant and profound PFS benefit. This result is also concordant both with a recent meta-analysis conducted in the same subset testing multiple types of ET [58], and with a recent US Food and Drug Administration meta-analysis on CDK4/6i [60]. However, a severe disproportion of RCT between single agent and combination treatment study groups (1 vs. 12) should be considered in this context. Moreover, the only study of the single agent group compared fulvestrant at a suboptimal dosage to an AI in the secondary endocrine resistance subset, with negative results. Therefore, we cannot formally exclude the possibility that single agent ET might be a valid option for bone-only disease.



In endocrine-sensitive disease, there was no difference between combination treatments and single agent endocrine therapy. However, it is important to highlight that both strategies improved PFS. The subgroup analysis according to drug class revealed that CDK4/6i-containing studies had both the greatest PFS benefit and the numerically highest OS benefit, although the subgroup analysis was not statistically significant for OS.



Similarly, treatment strategies did not differ significantly in non-visceral disease, perhaps due to the greater efficacy displayed by fulvestrant over anastrozole in the first-line FALCON phase III trial [48], which was the only study contributing to the single agent group. In the subgroup analysis according to drug class, CDK4/6i-containing studies, compared to the other classes, had the most powerful effect. This result was confirmed in the meta-regression analysis, although a comparable effect was observed with fulvestrant. In terms of OS, only CDK4/6i-based regimens retained a significant individual result, which suggests that CDK4/6i-based regimens are the best option also in patients with non-visceral disease, as also suggested elsewhere [11]. However, in endocrine-sensitive tumors without visceral involvement, fulvestrant might be a valuable first-line option for selected patients (e.g., patients with contraindications to CDK4/6i).




4.3. PIK3CA Mutational Status


In the PIK3CA wild-type setting, CDK4/6i drove the overall PFS benefit observed over ET, whereas in PIK3CA-mutant patients, PFS was significantly better in both PI3Ki- and CDKi-containing groups versus single-agent ET. Interestingly, partial results of the BYLieve trial have been recently reported, confirming the efficacy of PI3Ki + ET in PIK3CA-mutant patients, even if pre-treated with CDK4/6i [61]. At the same time, modest results have been recently observed with the PI3Ki taselisib in combination with fulvestrant in AI-pretreated HR+/HER2− MBC in the SANDPIPER phase III trial [62]. Overall, our results, put into context, indicate that the efficacy of CDK4/6i + ET is not affected by PIK3CA mutational status and can thus be used in both PIK3CA-mutant and wild-type patients, while PI3Ki + ET combinations might play a significant role in the early treatment of patients whose tumors harbor PIK3CA mutations and can be used after CDK4/6i-based combinations, without significant concerns regarding their efficacy. However, not all PI3Ki are the same and only alpelisib has thus far shown an adequate therapeutic efficacy associated to a sufficiently manageable toxicity profile.




4.4. Limitations and Strengths


Our study has several limitations. First, not being a network meta-analysis, we were unable to directly compare all drugs or combinations of drugs to one and another. Consequently, some degree of precision was lost. Moreover, we were not able to conduce separate in-depth analyses for first- and second-line, since the majority of studies included patients from both treatment lines and did not provide separate results. Additionally, our analysis did not include toxicity comparisons, as well as quality of life (QoL), being essentially focused on survival endpoints. Nevertheless, a previous work from our group comprehensively resumed main toxicities for all available single agent ET, CT and ET + TT combinations, including treatments analyzed in the present study [19]. Differently, QoL is difficult to evaluate in a meta-analyses such as ours that include numerous studies involving a high number of different drugs/regimens. In any case, although QoL was not assessed and/or not reported for 22 (62.9%) of the included RCT, we briefly resumed available results in Table S1. No differences between experimental and standard arms were the most frequently reported outcome and CDK4/6i-based combinations were the ones most frequently ameliorating patients’ QoL, compared to standard treatment arm.



We were not able to perform an individual patient data (IPD) meta-analysis, due to the lack of the necessary resources. In any case, it is worth mentioning that for meta-analyses of published time-to-event outcomes as ours, individual case studies have shown that they can produce effects that are larger than, smaller than, or similar to their IPD equivalents [63]. Moreover, hazard ratios from published aggregate patients’ data (APD) meta-analyses seem to most likely agree with those from IPD, when the information size is large [64].



Finally, we assessed the presence of publication bias through funnel plots inspection and Egger’s test (when applicable), whose use and interpretation have been controversial because of concerns about statistical validity, appropriate interpretation and low power of the tests [65,66]. However, they still represent the standard recommended and most easy-to-interpret techniques [67]. In any case, the presence of publication bias was only observed for the PFS postmenopausal pooled result, where this outcome was not completely unexpected, due to a potential “selective analysis reporting” [68]. In fact, for the scope of our study, we excluded all RCT regarding endocrine agents and combinations not used in clinical practice over the last 20 years or not sufficiently promising to be expected to be introduced into the clinical scenario within a reasonable time. Most of these drugs were investigated precisely in the postmenopausal setting.



To our knowledge, this analysis is the first to produce a comprehensive and contextualized evaluation of the impact on disease progression delay and survival increase of endocrine-based treatments developed in the last 20 years, which specifically focused on specific disease settings of clinical relevance. In this view, strengthening the efficacy of ET ± TT, especially in the visceral and endocrine resistant subgroups, two controversial subsets when considering the issue of the overuse of upfront CT [69,70,71,72], is of outmost importance to ultimately provide patients with the most efficacious treatment options. Despite numerous therapeutic advances, we were also able to identify a potentially tailored role for upfront single agent ET in the era of TT-based combinations. Heterogeneity was properly assessed by adopting a random-effect model, with subgroup analyses and metaregressions. Finally, the risk of bias analysis did not raise substantial concerns regarding the internal validity of the studies included.





5. Conclusions


Combination strategies appear to be more beneficial than single agent ET in the treatment of postmenopausal, visceral, bone-only and endocrine-resistant tumors, while single agent ET might still be considered in selected cases for the upfront treatment of endocrine-sensitive tumors and in tumors without metastatic visceral involvement. CDK4/6i+ET combinations were the most effective treatment in the first-/second-line settings irrespective of tumor metastatic distribution and PIK3CA mutational status, as well as in endocrine-sensitive tumors. In the case of endocrine-resistance, CDK4/6i-based regimens were significantly and consistently effective in prolonging both PFS and OS, however mTORi-based regimens were apparently favored over the others, although some concern remains regarding this result. PI3Ki + ET regimens were effective in PIK3CA-mutant patients. Overall, we provide strong evidence to further support the main international treatment guidelines [16,17,18] and to help clinicians in tailoring their treatment choices in specific patients’ subgroups.
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Figure 1. PRISMA diagram. 
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Figure 2. PFS and OS pooled results according to menopausal status: PFS (A) and OS (B) pooled result for the postmenopausal subgroup, overall and according to treatment strategy; and PFS (C) and OS (D) pooled result for the pre/perimenopausal subgroup. PFS, progression-free survival; OS, overall survival; ET vs. ET, studies comparing single endocrine agents therapies; ET + TTorComb. vs. ET, studies comparing endocrine therapies + target therapies or endocrine therapies combinations against single agent endocrine treatments; HR, hazard ratio; 95% CI, 95% confidence interval. 
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Figure 3. PFS and OS pooled results according to metastatic distribution: PFS pooled results for visceral (A), non-visceral (C) and bone-only disease (E) subgroups, overall and according to treatment strategy; and OS pooled results for visceral (B), non-visceral (D) and bone-only disease (F) subgroups. PFS, progression-free survival; OS, overall survival; ET vs. ET, studies comparing single endocrine agents therapies; ET + TT or Comb. vs. ET, studies comparing endocrine therapies + target therapies or endocrine therapies combinations against single agent endocrine treatments; HR, hazard ratio; 95% CI, 95% confidence interval. 
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Figure 4. PFS and OS pooled results according to endocrine sensitiveness: PFS pooled result for the endocrine sensitive (A) and resistant (C) subgroups; OS pooled result for the endocrine sensitive (B) and endocrine resistant (D) subgroups; and PFS pooled result for the primary endocrine resistant (E) and secondary endocrine resistant (F) subgroups; PFS, progression-free survival; OS, overall survival; ET vs. ET, studies comparing single agents endocrine therapies; ET+TT or Comb. vs. ET, studies comparing endocrine therapies + target therapies or endocrine therapies combinations against single agent endocrine treatments; HR, hazard ratio; 95% CI, 95% confidence interval. 
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Figure 5. PFS pooled results according to PIK3CA mutational status: PFS pooled results for PIK3CA-mutant (A) and non-mutant (B) patients, overall and according to drug classes. PFS, progression-free survival; ET, endocrine therapy; HR, hazard ratio; 95% CI, 95% confidence interval. PI3Ki, phosphatidylinositol 3-kinases inhibitors; CDK4/6i, Cyclin-dependent kinases 4/6 inhibitors. 
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Figure 6. Risk of bias analysis. 
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Table 1. PFS and OS pooled results according to each patients’ subgroup.
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PFS/TTP




	
Subset

	
N. Comparisons b

	
Pooled HR (95% CI)

	
I2 (%)

	
ppooled

	
pheterogeneity

	
Publication Bias




	
(Egger’s Test p)






	
Pre/perimenopausal

	
4

	
0.59 (0.45–0.76)

	
46.09%

	
<0.001

	
0.121

	
NE




	
Postmenopausal a

	
32

	
0.70 (0.63–0.78)

	
86.2%

	
<0.001

	
<0.001

	
0.009




	
Visceral

	
19

	
0.68 (0.60–0.77)

	
66.50%

	
<0.001

	
<0.001

	
0.47




	
Non-visceral

	
14

	
0.64 (0.57–0.72)

	
22.90%

	
<0.001

	
0.21

	
0.74




	
Bone-only

	
13

	
0.67 (0.53–0.84)

	
56.50%

	
<0.001

	
0.006

	
0.81




	
Endocrine Sensitive

	
18

	
0.62 (0.51–0.75)

	
85.40%

	
<0.001

	
<0.001

	
0.15




	
Endocrine Resistant

	
19

	
0.71 (0.62–0.82)

	
82.10%

	
<0.001

	
<0.001

	
0.09




	
Primary Resistance

	
4

	
0.63 (0.46–0.86)

	
30.90%

	
0.004

	
0.23

	
NE




	
Secondary Resistance

	
4

	
0.60 (0.51–0.71)

	
0.00%

	
<0.001

	
0.75

	
NE




	
PIK3CA-mutant

	
5

	
0.59 (0.50–0.70)

	
0.00%

	
<0.001

	
0.57

	
NE




	
PIK3CA-wild-type

	
5

	
0.74 (0.55–0.99)

	
70.90%

	
0.042

	
<0.001

	
NE




	
OS




	
Pre/perimenopausal

	
3

	
0.76 (0.60–0.96)

	
0.00%

	
0.02

	
0.41

	
NE




	
Postmenopausal a

	
21

	
0.85 (0.77–0.94)

	
55.0%

	
<0.001

	
0.003

	
0.47




	
Visceral

	
6

	
0.80 (0.71–0.91)

	
0.00%

	
<0.001

	
0.77

	
NE




	
Non-visceral

	
5

	
0.73 (0.62–0.87)

	
0.00%

	
<0.001

	
0.76

	
NE




	
Bone-only

	
4

	
0.74 (0.58–0.94)

	
0.00%

	
0.01

	
0.44

	
NE




	
Endocrine Sensitive

	
9

	
0.80 (0.68–0.93)

	
59.9%

	
0.005

	
0.01

	
0.44




	
Endocrine Resistant

	
11

	
0.88 (0.81–0.95)

	
26.7%

	
0.002

	
0.19

	
0.35




	
PIK3CA-mutant

	
2

	
0.80 (0.59–1.03)

	
0.00%

	
0.08

	
0.76

	
NE




	
PIK3CA-wild-type

	
2

	
0.99 (0.79–1.24)

	
34.70%

	
0.94

	
0.21

	
NE








PFS, progression-free survival; TTP, time-to-progression; OS, overall survival; HR, hazard ratio; 95% CI, 95% confidence interval; NE: not estimable. a Postmenopausal is here considered as only physiological or due to surgical castration before study enrollment. b The number of comparisons can be superior to the number of studies.
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Table 2. The results of PFS/TTP subgroup analyses and meta-regressions for treatment categories and drug classes.
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Subsets

	
Comparisons

	
N. Comparisons

	
Pooled HR

	
psubgroup

	
I2 (%)

	
βmeta-regression

	
pmeta-regression






	
Postmenopausal a

	
ET vs. ET

	
13

	
0.82 (0.69–0.97)

	
0.01

	
87.9%

	
Reference

	
0.01




	
ET + TTorComb. vs. ET

	
19

	
0.63 (0.56–0.71)

	
78.8%

	
−0.16




	
Postmenopausal a

	
CDK4/6i + ET vs. ET

	
7

	
0.55 (0.50–0.61)

	
0.01

	
0.0%

	
Reference

	
-




	
AI vs. Progestins

	
1

	
0.99 (0.79–1.24)

	
NE

	
0.60

	
0.04




	
AI vs. SERM

	
3

	
0.44 (0.21–0.92)

	
96.2%

	
−0.08

	
0.70




	
AKTi + ET vs. ET

	
1

	
0.58 (0.40–0.85)

	
NE

	
0.07

	
0.84




	
HDACi + ET vs. ET

	
1

	
0.73 (0.50–1.07)

	
NE

	
0.30

	
0.38




	
mTORi + ET vs. ET

	
4

	
0.58 (0.36–0.94)

	
92.1%

	
0.07

	
0.68




	
PI3Ki + ET vs. ET

	
4

	
0.73 (0.66–0.81)

	
0.0%

	
0.27

	
0.13




	
SERD + AI vs. AI

	
1

	
0.80 (0.68–0.94)

	
NE

	
0.39

	
0.17




	
SERD + AI vs. SERD

	
1

	
1.00 (0.83–1.21)

	
NE

	
0.61

	
0.03




	
SERD vs. AI/SERM

	
8

	
0.96 (0.85–1.08)

	
55.0%

	
0.56

	
<0.001




	
Visceral

	
ET vs. ET

	
2

	
0.95 (0.79–1.15)

	
<0.001

	
0.00%

	

	
0.028




	
ET+TT or ET comb. vs. ET

	
17

	
0.65 (0.57–0.74)

	
60.70%

	
−0.30




	
Visceral

	
CDK4/6i + ET vs. ET

	
8

	
0.55 (0.49–0.61)

	
<0.001

	
0.00%

	
Reference

	




	
HDACi + ET vs. ET

	
1

	
0.76 (0.47–1.22)

	
NE

	
0.36

	
0.19




	
PI3Ki + ET vs. ET

	
4

	
0.67 (0.57–0.79)

	
16.00%

	
0.21

	
0.02




	
SERD + AI vs. AI

	
1

	
0.79 (0.63–0.99)

	
NE

	
0.36

	
0.006




	
SERD + AI vs. SERD

	
1

	
1.10 (0.87–1.40)

	
NE

	
0.69

	
0.001




	
SERD vs. AI/SERM

	
2

	
0.95 (0.79–1.15)

	
0.00%

	
0.55

	
0.001




	
Non-visceral

	
ET vs. ET

	
1

	
0.59 (0.42–0.84)

	
0.63

	
NE

	
Reference

	




	
ET+TT or ET comb. vs. ET

	
13

	
0.65 (0.57–0.74)

	
27.90%

	
0.09

	
0.69




	
Non-visceral

	
CDK4/6i + ET vs. ET

	
6

	
0.55 (0.47–0.63)

	
0.008

	
0.00%

	
Reference

	




	
PI3Ki + ET vs. ET

	
4

	
0.78 (0.64–0.95)

	
0.00%

	
0.36

	
0.004




	
SERD + AI vs. AI

	
1

	
0.84 (0.61–1.15)

	
NE

	
0.43

	
0.01




	
SERD vs. AI/SERM

	
1

	
0.59 (0.42–0.84)

	
NE

	
0.08

	
0.67




	
Bone-only

	
ET vs. ET

	
1

	
1.37 (0.83–2.26)

	
0.004

	
NE

	
Reference

	




	
ET+TT or ET comb. vs. ET

	
12

	
0.62 (0.50–0.77)

	
41.80%

	
−0.79

	
0.03




	
Bone-only

	
CDK4/6i + ET vs. ET

	
7

	
0.50 (0.40–0.62)

	
0.002

	
10.70%

	
Reference

	




	
HDACi + ET vs. ET

	
1

	
0.89 (0.37–2.12)

	
NE

	
0.58

	
0.21




	
PI3Ki + ET vs. ET

	
2

	
0.79 (0.47–1.34)

	
17.70%

	
0.46

	
0.09




	
SERD +AI vs. AI

	
1

	
0.77 (0.54–1.10)

	
NE

	
0.44

	
0.07




	
SERD+AI vs. SERD

	
1

	
0.99 (0.61–1.60)

	
NE

	
0.69

	
0.018




	
SERD vs. AI/SERM

	
1

	
1.37 (0.83–2.56)

	
NE

	
1.01

	
0.001




	
Endocrine Sensitive
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