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Abstract

Triple-negative breast cancer (TNBC) is a pathological term used to identify invasive breast
cancers that lack expression of estrogen and progesterone receptors and do not have pathologic
overexpression of the HER2 receptor or harbor ERBBZ gene amplification. TNBC includes a
collection of multiple distinct disease entities based upon genomic, transcriptomic and phenotypic
characterization. Despite improved clinical outcomes with the development of novel therapeutics,
TNBC still yields the worst prognosis among all clinical subtypes of breast cancer. We

will systematically review evidence of the genomic evolution of TNBC, as well as potential
mechanisms of disease progression and treatment resistance, defined in part by advances

in next-generation DNA sequencing technology (including single cell sequencing), providing

a new perspective on treatment strategies, and promise to reveal new potential therapeutic

targets. Moreover, we review novel therapies aimed at homologous recombination deficiency,

P13 kinase/ AKT/PTEN pathway activation, androgen receptor blockade, immune checkpoint
inhibition, as well as antibody-drug conjugates engaging novel cell surface targets, including
recent progress in pre-clinical and clinical studies which further validate the role of targeted
therapies in TNBC. Despite major advances in treatment for TNBC, including FDA approval

of 2 PARP inhibitors for metastatic TNBC, the crossing of the superiority boundary in a phase

3, placebo-controlled study of adjuvant olaparib in early-stage patients with germline BRCA-
mutated high-risk HER2-negative early breast cancer, the FDA approval of 2 PD-(L)1 checkpoint
antibodies for metastatic TNBC, and the FDA approval of the first antibody drug conjugate

for TNBC, significant challenges remain. For example, despite the dawn of immunotherapy in
metastatic TNBC, durable responses are limited to a small subset of patients, definitive biomarkers
for patient selection are lacking, and the Oncology Drug Advisory Committee to the FDA
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has recently voted against approval of an anti-PD-1 checkpoint antibody high risk early-stage
TNBC in the neoadjuvant setting. Also, despite early positive randomized phase 2 studies of
AKT inhibition in metastatic TNBC, a recent phase 3 registration trial failed to validate earlier
phase 2 data. Finally, we note that level one evidence for clinical efficacy of androgen receptor
blockade in TNBC is still lacking. To meet these and other challenges, we will catalogue the
ongoing exponential increase in interest in basic, translational, and clinical research to develop
new treatment paradigms for TNBC.
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INTRODUCTION

Triple-negative breast cancer (TNBC) is a pathological term used to identify invasive breast
cancers that lack the expression of estrogen and progesterone receptors (ER/PR) and do

not harbor pathologic overexpression of the human epidermal growth factor receptor 2
(HER2) or amplification of the ERBBZ gene. TNBC, accounting for approximately 15%

of all invasive breast cancersl!], is a rising burden globally[23]: although the cutoffs

used to define “positive” vs. “negative” expression of steroid hormone receptors and
ERBB2 amplification/overexpression have changed over timel#3]. Clinically, patients with
TNBC are more likely to have higher grade tumors, earlier age of disease onset, and

worse prognosis in terms of disease-free survival (DFS) and overall survival (OS)[6-91.
Moreover, TNBC shows a remarkable diversity of prognosis and clinical response to
cancer treatment. A majority of the metastasis from TNBC occurs within the first three
years following diagnosis[1l, but patients who have not recurred during this time have
similar survival rates as patients with ER-positive breast cancers. Numerous historical
neoadjuvant systemic treatment trials have shown that approximately 33% of TNBC patients
achieve a pathological complete response (pCR) following neoadjuvant chemotherapy[1].
Indeed, even higher rates of pCR have been reported for patients with TNBC treated with
platinum-based neoadjuvant chemotherapy regimens, 53.2% and 54% for the GeparSixto
(NCT01426880), and CALGB 40603 (NCT00861705) clinical trials, respectively[12.13],
TNBC patients who experienced pCR at the time of surgery have significantly improved
long-term outcomes compared to patients with residual invasive diseasel!!], and have similar
prognosis to those with non-TNBCI8l. However, for TNBC patients with residual disease
after neoadjuvant chemotherapy, significantly worse survival and higher rates of relapse
within the first three years after treatment are observed(’].

Using cDNA microarray analysis for gene expression profiling (GEP), Perou et

alll unveiled a distinctive “molecular portrait” of breast cancer representing five

intrinsic subtypes with distinct clinical outcomes, i.e., luminal A, luminal B, HER2
overexpression, basal and normal-like tumors. Subsequently, Herschkowitz er a/[14]
identified a new intrinsic subtype, termed “Claudin-low”, which is characterized by the low
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to absent expression of luminal differentiation markers, high enrichment for epithelial-to-
mesenchymal transition (EMT) markers, immune response genes and cancer stem cell-like
featurest2®]. Clinically, the majority of claudin-low tumors are TNBC with a high frequency
of metaplastic and medullary differentiation and an intermediate response rate to standard
neoadjuvant chemotherapy, between that of basal-like and luminal tumors. When molecular
classification based upon GEP was applied to TNBC, Prat et a/.[16] were able to identify a
group of clinically “mixed” tumor phenotypes: 49% of TNBC were basal-like, 30% claudin-
low, 9% HER2-enriched, 6% luminal B, 5% luminal A and 1% normal breast-like. These
results shed light upon the complex heterogeneity of TNBC at the molecular level, and has
inspired further research into subtyping of breast cancers which are clinically defined as
TNBC6],

TRIPLE-NEGATIVE BREAST CANCER SUBTYPING

Using gene expression analyses from 386 tumors, Lehmann et a/[17] originally identified

6 distinct TNBC subtypes, each displaying unique biology. The TNBC molecular subtypes
consist of 2 basal-like (BL1 and BL2), an immunomodulatory (IM), a mesenchymal (M),

a mesenchymal stem-like (MSL), and a luminal androgen receptor (LAR) subtype [Table
1]. The BL1 subtype has features of highly activated cell division pathway components

and DNA damage response (ATR/BRCA) pathways. The BL2 subtype is enriched for
growth factor signaling (EGF, NGF, MET, Wnt/p-catenin and IGF1R pathways), glycolysis
and gluconeogenesis, and the expression of myoepithelial markers (TP63 and MME).

Gene ontologies of the IM subtype are mainly focused on immune cell processes and
immune signal transduction pathways. The M and MSL subtypes are enriched in motility,
extracellular matrix interactions, cell differentiation pathways and genes associated with
EMT. A unique feature of the MSL subtype which distinguishes it from the M subtype

is that it expresses low levels of proliferation genes and claudin 3, 4, 7 and has elevated
expression for mesenchymal stem cell-associated genes. Interestingly, the LAR subtype
displays an enrichment of hormonally regulated pathways such as steroid synthesis,
porphyrin metabolism, and androgen/estrogen metabolism, even though TNBC is defined
as ER/PR negative. Genes including AR and its downstream signaling targets/co-activators
are highly expressed as well. Moreover, Lehmann et a/l17] categorized commonly-used
TNBC cell lines into different representative subtypes by GEP and targeted predicted
“driver” signaling pathways pharmacologically /n vitro as a proof of concept that molecular
classification of TNBC may be exploited clinically. Indeed, a retrospective clinical study
showed TNBC subtype was an independent predictor of pCR status (£ = 0.022) - the

BL1 subtype had the highest pCR rate (52%); BL2 and AR had the lowest (0% and

10%, respectively)[8l. It is hypothesized that granularity in classification of TNBC explains
clinical heterogeneity of response and prognosis, and provides insights into novel treatment
paradigms informed by molecular analysis.

In 2016, Lehmann et a/[19] refined the TNBC molecular subtypes from 6 into 4
(TNBCtype-4) tumor-specific subtypes (BL1, BL2, M and LAR) after taking into
consideration that IM and MSL subtypes were primarily impacted by contamination
from normal stromal and immune cells in the tumor environment instead of tumor cells
per se. The 4 TNBC subtypes demonstrated distinguishable clinicopathological features,

Cancer Drug Resist. Author manuscript; available in PMC 2021 December 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zong and Pegram

Page 4

including age at diagnosis, histopathology, tumor grade, and disease progression. However,
TNBCtype-4 subtyping did not predict pCR for neoadjuvant chemotherapy in TNBC
patients. The latter classification was also supported by a similar transcriptional analysis

of 198 previously uncharacterized TNBCs using mRNA expression and DNA profiling,
which identified 4 stable TNBC subtypes with distinct clinical prognosis: luminal AR
(LAR), mesenchymal (MES), basal-like immunosuppressed (BLIS), and basal-like immune-
activated (BLIA)[20]. Between the 2 studies, there is evident overlap between MSL and
MES, IM and BL1 with BLIA, M with BLIS, and the 2 LAR subtypes. The prognosis
analysis showed that disease-free survival (DFS) was in the order of BLIA> M > LAR >
BLIS (P=0.019) and disease-specific survival (DSS) showed the order of BLIA > M > LAR
> BLIS (P=0.07). We can conclude from the aforementioned studies that transcriptional
profiling is a reliable and reproducible method to subtype TNBC, and that subtype-specific
somatic alterations have been employed as treatment targets for preclinical and clinical drug
development, which may enlighten future treatment paradigms.

UNDERSTANDING THE DYNAMICS OF TRIPLE-NEGATIVE BREAST
CANCER DISEASE PROGRESSION

Tumor progression is now recognized as an evolutionary process which provides a
foundation for studying the dynamics of tumor growth and resistance. The revolution

in next-generation sequencing technology has provided a wealth of new data uncovering
the immense genomic complexity of cancer evolution[?1]. To decipher the narratives of
TNBC encrypted in the genetic alterations, we must not only focus on a single time

point (for example, the breast cancer genome within the primary tumor site at the time

of diagnosis), but also deconstruct underlying clonal dynamics and measure changes in
tumor composition across time (for example, primary vs. metastatic) and space (both intra-
tumoral spatial heterogeneity, as well as geographic variation in genomic profiles in different
metastatic sites) via proper mathematical models. Understanding the complexity of TNBC
clonal dynamics imposed by intrinsic evolutional pressure and by selection pressure from
various systemic therapies will help us identify, and hopefully exploit the drug resistance
mechanisms that evolve through time and anatomical (including intratumoral) location.

In 2012, Shah et a/.[2%] described a broad and continuous spectrum of mutational content
and clonal composition in primary TNBC clinical samples. Genome aberrations at all scales
from 104 primary TNBC patients were enumerated by single-nucleotide polymorphism
(SNP) array, RNA sequencing (RNA-seq) and genome/exome sequencing. As expected,

the distribution of somatic mutations and copy number aberrations (CNAS) varied among
patients, but different clonal frequencies of mutations were observed within individual
tumors, indicating distinct clonal genotypes.

The advent of single-cell sequencing has enabled researchers to explore genomic diversity
at single-cell resolution. Wang et a/[23] performed population (bulk) sequencing of tumor
(72x) and matched normal tissue (74x) in one treatment-naive primary TNBC case, followed
by whole-genome and exome sequencing of 16 single tumor nuclei from the G2/M peaks
and 16 single normal nuclei. Hierarchical clustering and multi-dimensional scaling were
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based on nonsynonymous point mutations. Three classes of mutations were identified in

this study: (1) clonal mutations, detected in the bulk tumor sample and most single tumor
cells; (2) subclonal mutations, identified in more than 2 single cells, but not in the bulk
tumor; and (3) de novo mutations, recognized only in one tumor cell (which were difficult to
distinguish from technical errors). Hence, targeted deep-sequencing was then performed

to verify the mutations identified by single-cell sequencing and assess the mutational
frequencies in the bulk tumor. Interestingly, the results demonstrated that no 2 single

tumor cells are genetically identical. In all, 374 clonal nonsynonymous mutations identified
by bulk sequencing were also detected in most single tumor cells at high frequencies.
Moreover, single-cell sequencing also identified 145 additional subclonal mutations and

de novo mutations not seen by bulk sequencing. These findings proved that despite

being less prevalent (even rare), these mutations were real biological variants occurring

at low frequencies (instead of technical misinterpretation) and may play a central part in
broadening the phenotypes of TNBC, and allow them to survive intrinsic selective pressures.
According to the mathematical model developed with single-cell mutation frequencies, the
TNBC cells produced about 8 mutations per cell division, 13 times more than normal

breast cells, which enabled the accumulation of a large number of diverse mutations and
contributed to the emergence of major clones and tumor evolution in the primary TNBC
even before the introduction of any therapy[23],

Thus, there were 2 opposite theories regarding the formation of clonal diversification
involving mutations. Yates et a/[24] applied multi-region sequencing to 303 breast cancer
samples and no strict temporal order was perceived in subclonal diversification across breast
cancer subtypes, suggesting commonly seen point mutations (clonal mutations) such as
PIK3CA, TP53, PTEN, BRCAZ (somatic) and MY C may take place any time in tumor
initiation and progression. However, it was not consistent with the fundamental sequencing
work of TNBC by Shah et a/[22], in which clonality analysis demonstrated that known
driver mutations such as 7P53, PIK3CA and PTEN possessed the highest clonal frequencies
(suggesting that they were early events in tumorigenesis), whereas mutations involved in cell
shape/motility and extracellular matrix-signaling pathways occur at lower clonal frequencies
and later on the cancer evolution time scale.

In contrast to the diversity of point mutations in TNBC, copy number profiles were shown
to be surprisingly similar, raising the question how CNAs were acquired in TNBC tumor
evolution. Gao er a/[2%] explored the copy number evolution in treatment-naive TNBC
using a highly multiplexed single-nucleus sequencing method. One thousand single cells
from 12 TNBC cases were sequenced, and 1-3 major clonal subpopulations in each tumor
that shared a common evolutionary lineage were identified. The single cells had highly
conservative CNA profiles within each subpopulation, representing stable clonal expansions
(clonal stasis) during tumor growth. Meanwhile, it was also seen that subclonal CNAs

were related to increased genotype frequencies of the individual clones, indicating that
TNBC can continue to acquire CNAs during tumor progression in addition to stable clonal
expansions, causing the increased prevalence of emerging subpopulations. Phylogenetic
tree construction and mathematical modeling supported that in TNBC, most CNAs were
acquired at the earliest phases of tumor evolution in short bursts of crisis, followed by stable
clonal expansions with tumor outgrowth. The punctuated copy humber evolution hypothesis
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challenges the conceptual foundation of gradual evolution for tumor growth, and supports
the “Big Bang” model in which clonal diversification accumulated at the earliest phases (i.e.,
subclinical) of tumor formation, followed by stable expansion of specific clones26:271,

Extensive studies of primary breast cancer have provided clear evidence of clonal evolution
and have helped to identify a collection of pathogenic driver gene mutations and passenger
events. Clinically, metastases derived from primary cancer are the leading cause of mortality,
instead of the primary breast cancer itself. Hence, in-depth genomic analysis focusing

on TNBC metastases could decipher the active molecular processes in the more deadly
form of the disease. De novo stage 1V breast cancer provides a valuable testing ground

to explore differences in the genetic alterations without the selective pressures imposed

by systemic therapies. Any alteration observed would be an intrinsic property of the

cancer and not due to treatment effects. Ng et a/[28] collected synchronous primary and
metastasis samples from 9 de novo stage 1V, treat-naive breast cancer patients, including 2
TNBC cases. Somatic mutations and CNA profile data were characterized by whole-exome
sequencing with an average depth of 200x. After comparing the somatic mutations and
copy number profiles in the paired primary and synchronous metastatic lesions, a median of
60% (ranging from 6% to 95%) of somatic mutations, 62% (29/47) of focal amplifications
and homozygous deletions were detected in both primary and metastatic samples. The
amount of somatic mutations was significantly increased in the metastatic lesions when
compared to the primary tumors. The most commonly mutated genes in breast cancer
(considered as driver mutations) including 7P53, PIK3CA, and GATA3 were detected in
both the primary and metastatic lesions, most of which were indeed clonal in both lesions.
The heterogeneity observed between primary and metastatic lesions was more prominent in
subclonal (“passenger”) genetic alterations. For instance, mutations involving EMT-related
genes, such as SMAD4, TCF7L2, and TCF4 (ITF2), were restricted to the metastatic
lesions. To note, the emerging subclonal genetic aberrations (mutations and/or CNAs) were
irrespective of breast cancer subtype. Therefore, this study supported the hypothesis that

an evident temporal order should be expected in the TNBC clonal evolution when driver
mutations emerged before the tumor metastasis and were passed on with clonal expansion
and domination. With the continuous accumulation model of somatic mutations during
disease progression, synchronous breast cancer metastasis had a rather different repertoire of
somatic genetic alterations from its primary lesions[28],

More recently, Bertucci er a/[29] conducted a study with a much larger sample size,
comparing the frequency of alterations integrated with somatic mutations, CNAs, mutational
signatures, and tumor mutational burden (TMB) in metastatic breast cancer to early breast
cancer using data from the Cancer Genome Atlas (TCGA). Whole exome sequencing was
performed in 617 metastatic breast cancers, 182 of which were TNBC. Even though for 9
common cancer driver genes (7P53, ESR1, GATA3, KMTZ2C, NCOR1, AKT1, NF1, RIC8A
and RB1I), no further enrichment was observed in metastatic TNBC when compared to early
TNBC, and increased TMB and clonal diversity were observed in metastatic TNBC. In
addition, a whole-genome sequencing study involving 442 metastatic breast cancer patients
reported by Angus et a/[3%] concurred that mutation frequency of 21 potential driver genes
was equivalent in metastatic TNBC and in early breast cancer cases from BASIS cohort!31],
whereas TMB was significantly higher in metastatic breast cancer irrespective of breast
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cancer subtypes. Hence, we can infer that activation of mutational processes may drive
genome evolution from primary to metastatic breast cancer and contribute to the genetic
complexity of the metastatic tumors, suggesting that therapeutics targeting early mutational
events may need to be included in the treatment strategy as early as possible.

In addition to the intrinsic evolutional drive in TNBC, anti-cancer treatment serves

as the other source of selection pressure. To this date, it still remains controversial

whether chemotherapy resistance emerges from the selection and expansion of rare
pre-existing subclones (adaptive resistance) or through the induction of new mutations
(acquired resistance). Several studies have approached this conundrum using neoadjuvant
chemotherapy (NAC) as an ideal testing ground. Early evidence was provided by a

study employing targeted sequencing of oncogenes, tumor suppressor gene exons and
frequently rearranged introns in 20 pairs of pre- and post-NAC residual TNBC samples[32].
After adjustment for regional sampling/tumor purity bias between the matched specimens,
targeted sequencing data did not identify any significant changes in genomic alterations

as a result of NAC, suggesting most alterations may not be selected for or against by
chemotherapy. Another early study employing /n situ hybridization methods also described
consistent genetic diversity pre- and post-NAC in a cohort of 47 primary breast cancer
patients (12 TNBC) at a single-cell basis[33]. Immunofluorescence /n situ hybridization
(iFISH) was subjected to detect gain/loss of chromosomal regions with probes for genomic
loci 8924.3, 10p13, 16p13.3, and 20g13.31 and the corresponding centromeric probes.
Consistent with the previous study, no significant differences regarding amplification of
selected chromosomal regions were detected in any pre- and post-NAC paired samples,
while phenotypic shift illustrated by the decreased proportion of CD44*CD24- cells, which
possess tumorigenic, stem cell-like features[34 and features of EMTI3%], was observed
post-NAC by immunofluorescence (IF) staining. Both studies suggested that the genetic
alterations were persistent despite cytotoxic treatment.

A limitation of the above-mentioned studies is evident in that both studies were based

on targeted markers and lack the ability to reconstruct clonal evolution during and after
chemotherapy. Using whole-genome sequencing, Yates er a/[24] sequenced 18 breast cancers
with both diagnostic biopsies and residual invasive disease specimens following NAC (with
the mean depth of 166x). In 6 cases, subclonal mutations were detected in both samples
prior to and following NAC, whereas in 5 cancers, one subclone was only identified in the
residual tumor after NAC. Detailed phylogenies generated in 3 pairs of pre- and post-NAC
samples suggested both subclones pre- and post-NAC had a similar “molecular age”. Further
mutational signature profiles also suggested that chemotherapy-induced mutagenesis had

a minimal contribution to genetic heterogeneity observed in pre- and post-NAC breast
cancer. Therefore, the authors inferred that subclonal mutations detected only in post-NAC
samples were rare pre-existing subclones in the primary breast cancer but not captured in the
pre-NAC biopsy most likely due to spatial heterogeneity[24].

Kim et a/[36] used single-cell DNA whole-exome sequencing and RNA-seq to enable
phylogenetic reconstruction of tumor lineages in 20 primary TNBC patients treated with
anthracycline and taxane-based NAC. An exciting insight provided by this work is that
compared to previous studies only working with residual TNBC, the authors included
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2 distinct groups of patients: clonal extinction vs. clonal persistence patients defined

by whether somatic mutations (nonsynonymous mutations and indels) were detectable
following NAC. This classification was also supported by the analysis of ploidy - for clonal
extinction patients, aneuploidy clusters were found exclusively in the pre-NAC samples,
whereas the diploid clusters were more likely to be detected in the post-NAC samples.
This classification mirrored 2 clinical outcomes of TNBC patients after NAC, those who
achieved pCR and those with residual disease. In clonal persistence patients, the vast
majority of mutations identified in post-NAC samples indeed existed in the pre-NAC tumor,
but at low frequencies, they were adaptively selected. Most subclones shared CNAs and
shared common evolutionary ancestors, indicating CNAs detected after NAC were also
pre-existing. The pre-existence of the chemo-resistant genetic aberrations again supported
the hypothesis of adaptive resistance in TNBC. Interestingly, it was also observed that a
small fraction of phenotypic features by transcriptional profiles were only existent in the
post-treatment samples, which could not simply be explained by adaptive resistance theory.

Collectively, TNBC displays a complex spectrum of genetic heterogeneity and dynamic
clonal evolution. Current evidence supports that the formation of TNBC clonal
diversification happens early in the tumor initiation and progression, probably driven

by increased mutation rate, with ongoing mutational shaping in the subclones. Clonality
analysis demonstrated that while common driver mutations could be early events in tumor
evolution (even founder events), other rarer mutations may play an important role in
shaping phenotypes of cancer cells, enabling them to survive selection pressure in tumor
microenvironments. Moreover, the pre-existence of chemo-resistant genomic alterations
identified before the evolutional challenges imposed by anti-cancer therapies not only
answers the question of how drug resistance is derived, but may also emphasize the
importance of early detection of clonal alterations prior to treatment administration, some of
which may represent ideal therapeutic targets to prevent the emergence of drug resistance.

CONSIDERATION OF KEY NOVEL THERAPEUTIC TARGETS CURRENTLY
BEING EXPLORED IN TRIPLE-NEGATIVE BREAST CANCER

BRCA1/2 mutation and homologous recombination deficiency

The prevalence of a germline BRCA mutation ranges from 1.2 to 8.8% in unselected
breast cancer patient populations(37] and 15% in unselected patients with TNBC[38I.
BRCAIand BRCAZ genes encode proteins critically involved in the pathway of DNA
double-strand break repair by the process of homologous recombination (HR). Poly
(ADP-ribose) polymerase (PARP) enzymes play an essential role in the maintenance of
genomic stability for resolving stalled replication forks, detecting DNA double-strand
breaks, and mediating the recruitment of additional DNA repair factors to damaged

DNA lesions[39]. Targeting DNA damage response pathways may therefore be exploited
clinically as an attractive strategy to destabilize tumor genomic integrity and trigger genomic
catastrophe and cell death. Breast cancer patients with BRCA1/2 germline mutations
respond favorably to therapies that target DNA repair pathways, such as platinum salts and
PARP inhibitorst49-42], Indeed, the first positive randomized phase 111 clinical trial results
for PARP inhibition in BRCA-mutant high risk early-stage breast cancer have just been
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announced[43]. Moreover, it is recognized that some sporadic TNBC biologically resembles
breast cancers harboring germline BRCA mutations and may show comparable sensitivity
to DNA-damaging agents[44]. It has been estimated that up to 40% of familial and sporadic
breast cancers are HR deficient[4]. Hence, different approaches are being investigated to
identify BRCA1/2wild-type tumors that can benefit from DNA-damaging agents and PARP
inhibitors based on the presence of homologous recombination deficiency (HRD), including
genomic alteration such as mutations and CNAs[31:46] genome instability!4"=4%] mutational
signatures[31:50] and epigenetic modification51-531,

One of the most widely investigated assays is the HRD score, defined by a combination

of 3 DNA-based metrics of structural rearrangements including telomeric allelic imbalance
(TAI), large-scale transition (LST), and loss of heterozygosity (LOH) detected by SNP
profiling[47=49] also known as “genomic scars”. A numeric sum of 3 scores was found

to be more efficient in identifying BRCA1/2 defects than individual scores®4l. However,
cutoffs used to define HRD scores are not consistent among all of the published clinical
trial datasets - an HRD score = 42 was used in early retrospective studies, including

the GeparSixto trial (NCT01426880) and the TNT trial (NCT00532727). In contrast, an
HRD score > 33 was used in the TBCRC 030 trial (NCT01982448)[5%] after improved
sensitivity to predict responders to additional carboplatin and PARP inhibitors was observed
in BrighTNess trial (NCT02032277)561. When defined as HRD score greater than defined
cutoffs and/or presence of tumor BRCA mutations, HRD was detected in about 40%

-70% TNBC patients[3942.57-591 About 60% of patients with high HRD scores did

not carry tumor BRCA mutations. Currently, the predictive value of HRD score for
pathological response after NAC is still controversial. Both the GeparSixto trial (paclitaxel
and non-pegylated liposomal doxorubicin + carboplatin, pCR 50% vs. 24.6%, P< 0.001)
and BrighTNess trial (paclitaxel + carboplatin/veliparib followed by doxorubicin and
cyclophosphamide, higher pCR across all treatment groups) supported that patients with
HRD had higher pCR rates compared to non-HRD patients, whereas in TBCRC 030 trial
HRD score was not predictive of pathologic response (cisplatin or paclitaxel, RCB-0/1)[5].
Cumulative evidence from all current clinical trials does not yet support using HRD score
routinely in the clinic as a predictor for platinum response. Indeed, in contrast to data from
early-stage breast cancer, in the TNT trial HRD score in the metastatic setting failed to
demonstrate its predictive value for response to platinum-based chemotherapy[#2]. Notably,
archival tissue blocks from the primary tumors were used for HRD score detection in

the TNT trial, and thus it has been suggested that such analysis from the primary tumor
may not have necessarily reflected the status of the HR pathway in the metastatic tumor
compartment.

More recently, a different approach has emerged to define HRD by utilizing mutational
signature analysis. Somatic mutational signatures (patterns of mutations and rearrangement)
record DNA damage and DNA repair processes during tumorigenesis and reflect past/
ongoing exposures to environmental insults (for example UV radiation), endogenous
biochemical degradation, and DNA damage due to deficient HR pathways. A landmark
study of 560 whole genomes revealed 12 base substitutions, 6 rearrangement signatures, and
3 signatures associated with defective HR-based DNA repair - one signature corresponded
to absence of BRCAL function, another correlated with BRCAZ2 deficiency, while another
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signature was related to BRCAI mutations/promoter hypermethylation and BRCA2
mutations[3l. Based on this theory, Davies er a/5% selected 6 distinct mutational signatures
that predicted BRCA1/2 dysfunction including microhomology-mediated deletions, a
base-substitution signature, rearrangement signatures, HRD index and a base-substitution
signature, and integrated them into a weighted model, called HRDetect. An HRDetect

score may be generated for each tumor based on the probability of BRCA1/2 deficiency
with a probabilistic cutoff set at 0.7. When applied in a cohort of 560 breast cancer

patients with 22 germline BRCA1/2 mutation carriers as the positive control, HRDetect
detected additional 33 tumors with a germline BRCA1/2 mutation, 22 tumors with a somatic
BRCA1/2mutation, and 47 samples with high HRDetect scores (> 0.7) without harboring
BRCA1/2 mutations, increasing the predicted BRCA1/2-deficiency rate to 22% (124/560)
with the sensitivity of 98.7%. This new model was recently validated in a Swedish cohort

of 254 primary TNBC patient samples[8%]. Using defined cutoffs, 59% of patients were
classified as HRDetect-high (> 0.7), of which 67% displayed germline/somatic mutations
of BRCA1/2, BRCA1 promoter hyper-methylation, RAD51C hyper-methylation or biallelic
loss of function PALBZ, 35.9% were identified as HRDetect-low (< 0.2) and 5.5% as HRD-
intermediate (0.2-0.7). With HRDetect used as a reference, the previously described HRD
score has a sensitivity of 87% and specificity of 84%, suggesting that mutational signature
assessment might be more accurate in identifying HR deficient tumors that are responsive
to platinum-based chemotherapy or PARP inhibition. Multivariable Cox regression analysis
showed that in patients treated with adjuvant chemotherapy (fluorouracil, epirubicin and
cyclophosphamide + docetaxel), HRDetect classification was an independent prognostic
factor with significantly improved invasive disease-free survival (HR = 0.42, 95%CIl: 0.20-
0.87) and distant relapse-free interval (HR = 0.31, 95%CI: 0.13-0.76) in HRDetect-high
patients than in HRDetect-low patients, whether or not a genetic/epigenetic BRCA1/2
aberration was identified. Moreover, HRDetect-low cancers were enriched for PI3 kinase/
AKT1 pathway abnormalities, indicating potentially actionable targets for further treatment.
Reassuringly, similar results were also reported by Chopra et a/[61], employing 26 untreated
primary TNBC samples from the RIO trial (EudraCT 2014-003319-12), a phase 2 clinical
trial to identify predictive markers for PARP inhibitor response in TNBC. Seventy percent
of patients were identified as HRDetect positive (> 0.7), the majority of which could be
explained by inactivating mutations and promoter methylation of HR genes. The ad foc
analysis suggested that HRDetect was more specific to detect cancers with deficient HR than
HRD scorel®1l. Other mutational signature assays such as Signature Multivariate Analysis
(SigMA\) have also been reported to accurately detect a mutational signature associated with
HRD from targeted gene panels instead of whole-genome data. The predictive value of
SigMA for platinum response has been determined in ovarian cancer patients[62].

In addition to the significant efforts that have been made to accurately identify patient
populations with “BRCAness” phenotypes that will benefit significantly from PARP
inhibitors and platinum treatment, researchers are also trying to extend the indication of
DNA damaging treatments by provoking BRCAness even in non-HRD cancers. Quereda ef
al163] developed a selective dual CDK12/CDK13 inhibitor, SR-4835, which was reported
to reduce the expression of core DNA damage response genes by increasing intronic
polyadenylation site cleavage and result in provoking lethal accumulation of chemotherapy-
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induced DNA damage and augmenting the anticancer activity of cisplatin, irinotecan
and olaparib even in an HR-competent TNBC mouse model. Such provocative treatment
paradigms could be piloted in future early-phase clinical trials for further validation in
translational fashion.

Inhibition of the PIBK/AKT/mTOR pathway in triple-negative breast cancer

The PI3K/AKT signaling pathway plays an essential role in carcinogenesis by promoting
cell survival and proliferation[®4]. The large-scale comprehensive molecular landscape of
breast cancer carried out by The Cancer Genome Atlas Network demonstrated a clear
picture of PI3BK/AKT/mTOR signaling pathway in TNBC, more precisely, in the basal-

like breast cancer subtype. PIK3CA was the second most commonly mutated gene (9%)
next to 7P5385]: and PI3K/AKT/mTOR pathway in basal-like cancers can be activated
through PIK3CA or AKT1 activating mutations and/or PTEN loss[®5:66]. Moreover,
targeted sequencing measurements of allelic abundance for 2414 somatic mutations and
clonality analysis emphasized that frequent P/IK3CA (10.2%) and PTEN (7.7%) somatic
mutations seemed to be clonally dominant, consistent with their putative roles in early
tumorigenesis[?2]. This assumption was supported by the clinical observation that in one
study the incidence of PIK3CAIAKTI1/PTEN alterations was generally similar in primary
breast cancer and TNBC metastasis samples87] (some temporal discordance between
PIK3CA sequence in primary vs. metastasis in a small fraction of hormone receptor positive,
HER2-negative breast cancers, notwithstanding[®.6]). Alternative means of activating the
PI3K pathway in basal-like cancers probably include loss of PTEN and /NPP4B and/or
amplification of PIK3CAI®]. Molecular heterogeneity of PI3K pathway activation among
molecular subtypes of TNBC has also been noted - BL1 subtype showed frequent PIK3CA
amplification as well as PIK3CA, AKT2and AKT3overexpression; LAR tumors displayed
significantly enriched P/3KCA (55%) and AK 71 (13%) mutations[70].

The high prevalence of PI3K pathway alterations in TNBC led to major investment in
preclinical and clinical drug development targeting multiple components of the pathway,
particularly AKT. Two phase 2, randomized, placebo-controlled clinical trials provided pilot
clinical evidence that TNBC patients might benefit from AKT inhibition. The PAKT trial
(NCT03997123)[67] and LOTUS trial (NCT02162719)l7 identified approximately 25% and
41% of patients with PIK3CAIAKT1/PTEN alterations, respectively. The differences in
pathway alteration rate between the 2 trials were possibly due to different NGS assays,
variant calling and ethnicity disparity. The LOTUS trial showed that adding ipatasertib,

a highly selective small-molecule AKT inhibitor, to paclitaxel as first-line treatment in
metastatic TNBC patients could significantly improve progression-free survival (PFS)
compared with that for placebo plus paclitaxel (intent-to-treat, ITT population, PFS 6.2
months vs. 4.9 months, HR = 0.60, A= 0.037), more so in predefined PIK3CAIAKTI/
PTEN-altered patients characterized by next-generation sequencing (PFS 9.0 months vs. 4.9
months, non-stratified HR = 0.44, £=0.041), but not in PTEN-low patients defined by
immunohistochemistry (IHC) staining[?l. The most common grade = 3 adverse events were
diarrhea (23% of ipatasertib group vs. 0% of placebo group), neutrophil count decreased
(8% vs. 6%), and neutropenia (10% vs. 2%) - the latter two preferred terms are synonymous,
but were recorded separately in the safety database. Surprisingly, the confirmatory phase
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3 IPATunity130 trial (NCT03337724) failed to confirm significant PFS improvement with
the addition of ipatasertib to first-line paclitaxel in a larger cohort of 255 patients with
PIK3CAIAKTI1 PTEN-altered locally advanced unresectable or metastatic TNBC (median
PFS 7.4 months vs. 6.1 months, HR = 1.02, 95%CI: 0.71-1.45)[72]. Further biomarker
analyses are to be conducted to evaluate why the pivotal phase 3 trial failed to recapitulate
the randomized phase 2 data. Meanwhile, the results from the randomized phase 2 PAKT
trial were consistent with the LOTUS study[®7]. Untreated metastatic TNBC patients were
randomized to receive paclitaxel plus the highly selective pan-AKT inhibitor capivasertib
or paclitaxel plus placebo. Statistically significant and clinically meaningful prolonged
PFS from adding capivasertib was only observed in PIK3CAIAKT1/ PTEN-altered patients
(9.3 months vs. 3.7 months, HR = 0.30, 2= 0.01), but neither in the ITT population

nor in the PIK3CAIAKTI1 PTEN-non-altered subgroup. Patients who received capivasertib
plus paclitaxel had significantly longer OS than those with placebo plus paclitaxel in the
ITT population (19.1 months vs. 12.6 months, HR = 0.6, Z=0.04). The most common
severe adverse events in capivasertib group vs. placebo group were diarrhea (13% vs. 1%),
infection (4% vs. 1%), neutropenia (3% vs. 3%), rash (4% vs. 0%), and fatigue (4% vs.
0%), respectively. Taken together, prospectively planned biomarker analyses support the
selection of patients with PIK3CAIAKTI1/PTEN alterations for future studies. Capivasertib
is under further investigation for metastatic TNBC patients in a phase 3 randomized trial
(NCT03997123).

Targeting cell surface targets in triple-negative breast cancer by antibody-drug conjugates

Antibody-drug conjugates (ADCs) are a novel class of complex cancer therapeutics

that consist of an antibody, a linker and a cytotoxic payload. The antibody backbone
typically targets a cell surface protein expressed by tumor cells (and/or in the tumor
microenvironment, TME). Over the past decade, with advanced technological development,
ADCs have achieved substantial progress in antibody design, linker chemistries, and payload
selection. At the time of this writing, three antibody-drug conjugates have been approved by
the United States Food and Drug administration (FDA) for breast cancer: ado-trastuzumab
emtansine (T-DM1) for metastatic and early stage HER2-amplified or overexpressing breast
cancer (2013, 2019)[73.74] fam-trastuzumab deruxtecan-nxki (DS-8201) for metastatic
HER2-positive breast cancer (2019)[75] and sacituzumab govitecan (SG, IMMU-132) for
metastatic TNBC following = 2 prior lines of therapy in the metastatic setting (2020)[76].

SG targets Trop-2, a transmembrane calcium signal transducer detected in all breast cancer
subtypes, particularly in TNBCI?7]. The cytotoxic payload, SN-38 (a potent topoisomerase

I inhibitor) is coupled to the humanized anti-Trop-2 monoclonal antibody hRS7 1gG1x
through a cleavable CL2A linker, allowing for the delivery of therapeutic concentrations

of the drug in both targeted cells and bystander cells. The FDA-registrational phase 1/2
single-arm IMMU-132-01 clinical trial (NCT01631552) enrolled 108 TNBC patients who
have received at least two prior lines of therapyl”®l. Single-agent 10 mg/kg SG intravenously
on days 1 and 8 of each 21-day cycle was administrated to all participants until disease
progression or unacceptable toxicity with an objective response rate (ORR) of 33.3%
(95%CI: 24.6-43.1) and median duration of response of 7.7 months (95%CIl: 4.9-10.8). The
most frequent serious adverse reactions of SG (reported in > 1%) include febrile neutropenia
(6%), vomiting (5%), nausea (3%), dyspnea (3%), diarrhea (4%), anemia (2%), pleural
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effusion (2%), neutropenia (2%), pneumonia (2%) and dehydration (2%)L771. The durable
objective response in heavily pretreated metastatic TNBC patients prompted the FDA’s
accelerated approval of SG in early 2020. More recently, as presented at 2020 European
Society of Medical Oncology meeting, results of the phase 3 confirmatory ASCENT study
(NCT02574455) met its primary endpoint of PFS with statistical confidence and confirmed
the initial observations in the phase 1/2 study[78l. In this open-label trial, 468 patients

with brain metastasis-negative TNBC who previously received at least 2 prior therapies

for metastatic disease were randomized 1:1 to receive SG or single-agent chemotherapy
treatment per physician’s choice (TPC, capecitabine, eribulin, vinorelbine or gemcitabine).
When compared with the TPC control arm, patients who received SG achieved significantly
increased median PFS (5.6 months vs. 1.7 months, HR = 0.41, £< 0.0001), OS (12.1
months vs. 6.7 months, HR = 0.48, A< 0.0001) and ORR (35% vs. 5%, £< 0.0001),
respectively. Severe adverse events with SG (vs. TPC) were neutropenia (51% vs. 33%),
diarrhea (10.5% vs. < 1%), anemia (8% vs. 5%), and febrile neutropenia (6% vs. 2%). No
grade > 3 neuropathy, interstitial lung disease, or treatment-related deaths were reported
with SG. Notably, pre-specified exploratory analysis showed that clinical benefit with SG
vs. TPC (PFS, OS, ORR) was irrespective of tumor Trop-2 expression level or BRCA

1/2 germline mutation statusl’l. Other ADCs with a similar design (a widely expressed
tumor surface antigen as target and antimicrotubule payload) such as ladiratuzumab vedotin
targeting LIV1 (NCT04032704, NCT03310957) are still under early clinical development in
TNBC. Preliminary efficacy data have shown to encourage clinical activity of ladiratuzumab
vedotin in addition to pembrolizumab as first-line therapy in metastatic TNBC patients[80],

Trastuzumab deruxtecan (T-DXd) is a novel HER2-targeted ADC that was designed

to deliver a potent topoisomerase | inhibitor payload to HER2-expressing cancer cells

with limited systemic toxicity[82]. On December 20, 2019, the FDA granted accelerated
approval to T-DXd to metastatic HER2-positive breast cancer based on its extraordinary
efficacy results and manageable safety profiles from the DESTINY-Breast01 clinical trial
(NCT03248492)[75]. In preclinical studies, the potent antitumor activity of T-DXd was
observed in low HER2-expressing breast cancer cells, probably due to bystander effects and
high drug-to-antibody ratio of T-DXd[81:82]. Thus, T-DXd was then explored in early phase
clinical trials in metastatic breast cancers defined as “HER2-low” (i.e., IHC 1-2+ and HER2
non-amplified, some of which were TNBC). A dose-escalation and expansion phase 1 study
(NCT02564900) evaluated the safety and activity of T-DXd in patients with advanced HER2
low-expressing solid tumors including 47 hormone receptor-positive breast cancer patients
and 7 TNBC patients!83]. After receiving T-DXd 5.4 or 6.4 mg/kg intravenously once every
3 weeks, patients with low HER2 expression achieved ORR of 20/54 (37.0%, 95%CIl: 24.3%
-51.3%) in the overall population and 1/7 (14.3%, 95%CI: 0.4%-57.9%) in the TNBC
subgroup. A phase 3, randomized, multicenter study (DESTINY-Breast04, NCT03734029)
has been initiated to confirm this observation, and will include a fraction of TNBC patients
whose tumors are HER2-low (although the protocol-defined primary endpoint population

is in hormone receptor positive patients). Likewise, SYD985, another trastuzumab-based
ADC consisting of trastuzumab and a duocarmazine payload was also reported to achieve
ORR of 40% and median PFS of 4.9 months in 17 HER2-low expressing TNBC patients
(NCT02277717) in a phase 1 clinical triall®4]. If the ongoing and/or future phase 3 studies
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confirm the early-phase trial results reported here, HER2-targeting ADCs may provide a
future novel treatment option for advanced “HER2-low” breast cancer (including TNBC)
patients.

In addition to looking for suitable targets and improving the linkers’ chemistry, the evolution
of ADC:s also broadens the spectrum of payloads beyond antimicrotubule agents. Small
payload such as molecularly targeted agents and immunostimulant agents with normal tissue
toxicity or shown to be unsafe when administrated systemically as single agents, can be
efficiently delivered to antigens (either on tumor cells or on stromal cells in the TME) with
limited toxicities[®]. A select number of ADCs with promising payloads of either targeted
therapies or immune stimulants are entering clinical trials[8°].

Targeting androgen receptor in triple-negative breast cancer

AR-expressing TNBC cell lines and /n vivo models have demonstrated that AR stimulation
enables tumor growth while AR antagonists could inhibit tumor growth[86-891 Hence,
TNBC patients with abundant AR expression may benefit from pharmacologic inhibition

of androgen signaling pathway. To date, very modest antitumor activity has been observed
in three phase 2 clinical trials of AR inhibitors - enzalutamide, bicalutamide and abiraterone
acetate (NCT00468715, NCT01842321, NCT01889238)[90-92]. However, due to the lack of
a control arm, the clinical benefit observed in these trials could merely be derived from

the better prognosis of AR-expressing TNBC patients. To address this concern, at least

one randomized, phase 3 clinical trial is currently underway (NCT03055312) comparing
bicalutamide vs. chemotherapy of physicians’ choice in first-line metastatic TNBC.

LESSONS LEARNED FROM CURRENT IMMUNOTHERAPY STUDIES OF
TRIPLE-NEGATIVE BREAST CANCER

Tumor neoantigens are accumulated during tumor evolution and continued mutational
processes, which are recognized by T cells, leading to activation of antitumor immune
responsel®3l. However, by the time tumors are clinically detectable, they have developed
mechanisms to escape the immune surveillance through the attenuation of immune detection
(for example, cGAS-STING pathway signaling[®4]), and of T cell responses (for example,
via immune checkpoint perturbationl®3]). Cancer immunotherapy impedes the tumor’s
evasion mechanisms, breaks the tolerance acquired by tumors and vitalizes the immune
system to attack cancer.

Immunogenicity and the tumor immune microenvironment

The importance of immune surveillance in determining the prognosis of various tumor
types is increasingly recognized. More than 70% of TNBCs contain at least 1% tumor-
infiltrating lymphocytes (TILs)[?€]. The immune microenvironment strongly influences
clinical outcomes in TNBC; indeed, the presence of TILs correlates with better prognosis in
patients with early stage TNBCI%I. Despite more prevalent enrichment of TILs, meaningful
clinical responses of immunotherapy harnessing CTLA-4 and PD(L)-1 have only been
observed in a subset of TNBC patients, in contrast to practice-changing findings in
melanoma, lung cancer and kidney cancerl®7]. Two possible explanations include low
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immunogenicity of a sizable fraction of TNBCs, and the lack of understanding of the
complexities of the immune repertoire as well as their spatial/geographic distribution and
dynamic temporal trafficking of infiltrating immune cells.

By extracting immune metagene expression values, histologic lymphocyte counts and
prognosis data from The Cancer Genome Atlas (TCGA) breast cancer database, Karn et
al198] identified an immune-rich (7= 25) cohort and an immune-poor (7= 168) in primary
TNBC patients. Clonal heterogeneity, somatic total mutational load, neoantigen load, and
somatic copy number alteration were compared between cohorts. High immune infiltration
was frequently observed in primary TNBC with lower clonal heterogeneity, fewer somatic
CNAs, and lower somatic mutation and neoantigen loads, challenging the hypothesis that
cancers with greater genomic instability (such as TNBC) generate more neoantigens, leading
to more significant immune infiltration. The authors inferred that high immune infiltration
may reflect effective immune surveillance that continuously eliminates immunogenic clones,
resulting in less clonal heterogeneity, “simpler” genomes in the surviving cancers, and

lower “immunogenicity” than the corresponding primary tumor (even though causal-effect
relationships cannot be established based on this observation)[%8l.

Moreover, elucidating the complexity of immune cell phenotypes in the TME is essential
for understanding the mechanisms of cancer progression and immunotherapy response.

In breast cancer, significant heterogeneity in the immune composition is observed

across tumor subtypes and patientsl®®]. Recent single-cell RNA sequencing and mass
cytometry studies provided a glimpse into immune cell phenotypic diversity in the

breast cancer microenvironment, or “ecosystem”, serving as an immune atlas in breast
carcinomas[100-1021 Azizi er a/1190] profiled 45,000 immune cells with single-cell RNA-seq
from 8 breast carcinomas samples including TNBC, as well as matched normal breast tissue,
blood, and lymph nodes and revealed continuous activation and differentiation states of T
cells specific to the TME, challenging the conventional theory that TME is shaped only

by few discrete states of T cell differentiation or activation. Along with a large-scale mass
cytometry study from Wagner et a/[102], both studies revealed lymphoid and myeloid cell
lineages, with significantly increased intra-tumoral heterogeneity, were continuously shaped
by the tumor cells and immune cells in the surrounding microenvironment, which was
typically not associated with cancer immunogenicity. To better bridge the gap between more
easily-accessed animal models and human clinical data, Kim et a/[103] characterized the
tumor immune infiltrate composition in TNBC mouse models and validated the results in

a human breast cancer dataset. Using flow cytometry to profile the quantity of immune

cells in tumors and the neutrophil-to-macrophage ratio, Kim et a/[193] were able to

identify 3 main immune subtypes: (1) a macrophage-enriched subtype (MES), in which
abundant macrophage and few neutrophils infiltrate in the tumors, but lack systemic immune
response; (2) a neutrophil-enriched subtype (NES), with rich neutrophil infiltration in the
tumor and increased systemic immunity; and (3) an immunological cold subtype, with

scant immune cell infiltration. The authors demonstrated that MES tumors responded to
immunotherapeutic approaches (with varied sensitivity) whereas cold and NES tumors
were immunotherapy-resistant. Emergence of acquired resistance to immunotherapy in

the MES tumors was associated with a phenotypic shift from MES to NES. However,

an attempt of reversing immunotherapy resistance in NES tumors with sole neutrophil
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elimination failed due to a surprising increase of monocytes, the precursors of macrophages.
Therefore, the authors inferred that dual blockade of both neutrophils and monocytes may be
warranted in NES tumor treatment. This study suggested that TNBC is able to establish an
immunosuppressive microenvironment to evade immune surveillance and that the immune
microenvironment may be shaped by tumors to adapt to therapeutic attacks. Hence, the
studies supporting co-evolution of the tumor and tumor immune microenvironment before
and during immunotherapy provide a new perspective to better understand immunotherapy
resistance in TNBC treatment.

Other than focusing on the compasition and functionality of tumor immune
microenvironments, some researchers observed that lactic acidosis in the TME imposed by
nutrient depletion during tumor progression could alter the function of anti-tumor immune
cells and serve as a major driver for immune evasion in TNBC[104]. Two concepts emerged
to potentially reverse the negative impacts of TME on anti-tumor immune cells. First,
targeting the metabolism of TME may have the potential to improve cancer treatment. For
example, pre-clinical evidence suggested that buffering intra-tumoral pH by oral bicarbonate
therapy could inhibit tumor growth with increased CD8+ T cell infiltration in murine
melanoma and pancreatic tumor models*%%] and could improve NK cell infiltration and
IFN-y production in a murine lymphoma model[19]. Efforts have also been made to
generate metabolic preconditioning immune cells by adoptive T cell treatment to enhance
their persistence and effector function within the glycolytic TME[107],

Another intriguing observation about checkpoint inhibition treatment in TNBC is that it
appears to be less effective in heavily pretreated TNBC than in untreated patients. Single-
agent immune checkpoint inhibition elicits a much lower response rate (5%—-6%) in the
late-line setting compared with response rates of 19%—24% when administered as first-line
treatment[108.109] Emerging data suggest shifts of immune phenotype and abundance of
tumor-infiltrating immune cells between primary and metastatic TNBC might bend the
evolution of immune microenvironments in breast cancer during disease progression and
lead to treatment resistance.

Szekely et a/[110] compared TIL counts, programmed death-ligand 1 (PD-L1) protein
expression by IHC, and immune gene expression profiles in paired primary and metastatic
cancer samples. Seven hundred and thirty immune-related genes were grouped into 14
immune cell type metagenes and 22 immune functions. TIL counts and PD-L1 protein
expression in either tumor or stromal cells were substantially lower in metastatic tumors
than in primary tumors. Expression of 6 of 14 immune-cell metagene clusters and

13 of 29 potential immunotherapy targets such as PD1, PD-L1, and CTLA4 was also
significantly decreased in metastatic breast cancer samples, suggesting an immune-cell-
depleted and immunosuppressive microenvironment in metastasis via downregulation of
chemotactic and immune-activating cytokines, and decreased antigen presentation. More
recently, Hutchinson er a/[111] applied targeted exome sequencing and whole-transcriptome
sequencing to paired primary and metastatic TNBC samples, and integrated mutational
information with gene expression. Overall, 50% or more of mutations were shared between
primary and metastatic TNBC pairs. No significant changes in copy-number aberration

or tumor mutational burden were observed between primary and metastatic TNBC pairs.
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In contrast to few mutational shifts observed, transcriptomic and IHC analyses revealed
significantly reduced immune-activating gene expression signatures and TILs in recurrent
TNBCs, which is consistent with the work from Szekely et a/[11%]. Both studies support
early intervention with immune checkpoint inhibition in primary TNBC or first-line
metastatic settings.

Currently, there are no approved immune checkpoint inhibitors for early-stage TNBC.

To address this shortcoming, the 1-SPY2 study (NCT01042379) is a phase 2 platform

trial designed to rapidly screen therapeutics that are likely to succeed in phase 3 trials

for high-risk early breast cancer patients. In an anti-PD-1 antibody (pembrolizumab)

study, 181 early TNBC patients were randomized to receive conventional NAC (paclitaxel
followed by anthracycline and cyclophosphamide) and 69 to receive 4 cycles of neoadjuvant
pembrolizumab in addition to NAC[!12]. Final estimated pCR rates were 60% in the
pembrolizumab arm and 22% in the control arm, indicating a high probability of success

in a phase 3 confirmatory trial. Indeed, preliminary results from the phase 3 KEYNOTE
522 study (NCT03036488) and IMpassion 031 trial (NCT03197935) provide further support
for this approach. In the KEYNOTE 522 trial, patients with previously untreated stage
[1-111 TNBC were randomized 2:1 to receive NAC with 4 cycles of pembrolizumab, or
placebo plus paclitaxel and carboplatin followed by 4 cycles of pembrolizumab or placebo,
plus anthracycline/cyclophosphamidel112]. After definitive surgery, the patients continued
to receive adjuvant pembrolizumab (or placebo) every 3 weeks for up to 9 cycles. Two
co-primary endpoints included the pCR rate at the time of definitive surgery, and event-free
survival (EFS) in the intention-to-treat population. At the first interim analysis, adding
pembrolizumab to standard NAC significantly increased pCR rate from 51.2% in the
placebo group to 64.8% in the pembrolizumab group (95%ClI: 5.4-21.8, £< 0.001),
irrespective of PD-L1 expressionl113]. However, according to the recently-released results
of the third planned interim analysis, the pCR difference between treatment arms has
decreased to just 7.5% (63.0% vs. 55.6%, estimated difference 7.5%, 95%Cl: 1.6-13.4),
and was considered to be the most accurate estimate since it involved all patients who were
randomized in KEYNOTE 522[114]. At the time of writing, the EFS endpoint had not met
its pre-specified threshold for statistical significance and remained immature with 53% of
targeted EFS events that had occurred. Considering the questionable clinical meaningfulness
of the pCR rate improvement after adding pembrolizumab to conventional neoadjuvant
chemotherapy, and immaturity of the EFS data, on February 9, 2021, the FDA’s Oncology
Drugs Advisory Committee deferred the approval of pembrolizumab in combination with
chemotherapy as neoadjuvant therapy for high-risk, early-stage TNBC, citing need for
longer follow-up to capture time-to-event datal114].

In the IMpassion 031 trial, previously untreated stage I1-111 TNBC patients were randomly
assigned (1:1) to receive atezolizumab (a monoclonal antibody targeting PD-L1) or placebo
with NAC comprised of nab-paclitaxel followed by anthracycline/cyclophosphamide[11].
Patients in the atezolizumab group were unmasked post-operatively and continued to receive
11 more cycles of atezolizumab in the adjuvant setting. Atezolizumab in combination

with NAC yielded a significantly improved pCR rate of 58% when compared to the

placebo group of 41% (95%Cl: 6-27, P=0.0044), irrespective of PD-L1 status. A

tolerable safety profile from all 3 trials noted above is consistent with the known risks
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of the individual component study drugs!:15l. A recent update of patient-reported outcome
of the IMpassion031 trial showed that adding atezolizumab to chemotherapy improved
pCR without adding treatment burden or compromising quality of life metrics for study
patients[116]. Of note, the Neo TRIP (NCT002620280) trial, a phase 3 study that included
208 early-stage TNBC patients and compared adding atezolizumab to neoadjuvant nab-
paclitaxel and carboplatin regimen, did not show a significant benefit in pCR [pCR 43.5%
vs. 40.8%, odds ratio (OR) = 1.11, 95 %Cl: 0.69-1.79, P= 0.66]117]. Thus, it has

been speculated that anthracyclines may be important to obtain the greatest benefit from
immunotherapy as measured by pCR[117.118],

In the GeparNuevo study (NCT02685059)[119] a high proportion of patients with early-
stage disease was enrolled (45% cT1 and 68% cNO0) and pCR rate with durvalumab (an
anti-PD-L1 antibody) was not significantly improved compared to the placebo arm of
neoadjuvant nab-paclitaxel followed by anthracycline/cyclophosphamide (pCR 53.4% vs.
44.2%, OR = 1.45, 95%CIl: 0.80-2.63). This raised the possibility that the GeparNuevo
trial may be underpowered for TNBC patients with high-stage and node-positive disease,
who might benefit most from immunotherapy. Despite negative findings in the general
treatment population, the investigators reported an additional potentially important angle
to look at the timing of immunotherapy. They found that a “run-in” period of durvalumab
prior to NAC improved the pCR rate compared to concomitant therapy (pCR 61.0% vs.
41.4%, OR = 2.22, 95%Cl: 1.06-4.64, £=0.035, interaction 2= 0.048). Further studies
are warranted to reveal whether there are true immunological interactions caused by upfront
single-agent immunotherapy and whether this treatment schedule could lead to improved
clinical outcomes.

Does the chemotherapy backbone matter for checkpoint inhibition in triple-negative breast

cancer?

It has been shown in the early clinical trials of immune checkpoint inhibition that the
majority of TNBC patients do not benefit from single-agent immune checkpoint inhibitors
with ORR 5%-20% and median PFS of only 2 months[108:109.120.121] ‘thys highlighting
the need for combination with other chemotherapy drugs or targeted therapies to increase
the efficacy of PD(L)-1 blockade. The selection of chemotherapy backbone for novel
combinatorial immunotherapy regimens is one potentially important controllable clinical
variable. Currently, a growing body of evidence shows that the efficacy of conventional
chemotherapy agents is derived from both direct cytotoxic activity and the (re)activation
of tumor-targeting immune responses!122l. To investigate the theory that conventional
radiation or chemotherapy may enhance the potency of checkpoint inhibitor via inducing
T cell priming, the phase 2 TONIC (NCT02499367) study was conducted to characterize
immunomodulatory effects of hypo-fractionated irradiation, low-dose cyclophosphamide,
cisplatin and doxorubicin in metastatic TNBC patients[118]. Sixty-seven patients were
randomized to receive 1 of 4 induction treatments for 2 weeks (the treatment cohort) or

a 2-week waiting period (the waiting cohort) followed by nivolumab, a PD-1 inhibitor.
The majority of responses were observed in the doxorubicin (ORR 35%) and cisplatin
(ORR 23%) cohorts. After doxorubicin and cisplatin induction, an upregulation of immune-
related genes involved in PD(L)-1 and T cell cytotoxicity pathways were also detected. A
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trend towards increased T cell infiltration and TCR diversity appeared more strongly in

the doxorubicin cohorts after nivolumab treatment than in the waiting cohort. Based on a
Simon two-stage statistical design, the doxorubicin cohort is currently under expansion in
stage Il of the trial. Another example comes from the IMpassion 130 trial (NCT02425891)
and the IMpassion 131 trial (NCT03125902). Atezolizumab, combined with nab-paclitaxel,
is the first immunotherapy for breast cancer that received accelerated approval from the
United States FDA in March 2019, for patients with advanced PD-L1-expressing TNBC.

A statistically significant improvement of median PFS (7.5 months with atezolizumab

and nab-paclitaxel and 5.0 months with placebo and nab-paclitaxel, HR = 0.62, 95%CI:
0.49-0.78, P< 0.001) was observed in the patients with PD-L1 expression on tumor-
infiltrating immune cells (PD-L1 positive subgroup)!123l. More recently, a final median
overall survival improvement of 7.5 months was also reported in the PD-L1 positive
subgroup (25.4 months vs. 17.9 months, HR = 0.67, 95%CI: 0.53-0.86)[124]. However,

in the “confirmatory” phase 3 trial (IMpassion 131) with identical patient inclusion criteria
and trial design but different chemotherapy formulation as the backbone (i.e., cremophor-
formulated paclitaxel as opposed to albumin-formulated nab-paclitaxel), surprisingly, neither
PFS nor OS improvement was observed in the intention-to-treat population or in the PD-
L1 positive subgroup when atezolizumab plus paclitaxel was compared to placebo plus
paclitaxel[12%]. We can speculate that cremophor-based paclitaxel may not induce tumor-
targeting immune responses as much as nab-paclitaxel does as a result of the requirement
for steroid premedication. However, this notion is not supported by the KEYNOTE 355
pembrolizumab phase 3 study (NCT02819518), in which subgroup analysis indicated that
both cremophor-paclitaxel and nab-paclitaxel appeared similarly efficacious when combined
with pembrolizumabl128], In November 2020, the FDA granted accelerated approval to
pembrolizumab in combination with chemotherapy to treat patients with locally recurrent
unresectable or metastatic TNBC, whose tumors express PD-L1 [using a different PD-L1
detection antibody and different scoring criteria - combined positive score (CPS) = 10, as
compared to the PD-L1 reagents used for the atezolizumab TNBC trials]. The approval
was based on KEYNOTE-355 triall127] a phase 3 randomized, placebo-controlled clinical
trial conducted in previously untreated locally recurrent or metastatic TNBC patients.
Patients were randomized 2:1 to pembrolizumab plus chemotherapy vs. placebo plus
chemotherapy. The chemotherapy backbone in this trial included nab-paclitaxel, paclitaxel,
or gemcitabine plus carboplatin. In the PD-L1 positive subgroup (CPS = 10, cf. below),
adding pembrolizumab to chemotherapy of choice extended median PFS from 5.6 to

9.7 months (HR = 0.65, 95%CI: 0.49-0.86, A= 0.0012), meeting one of the protocol-
defined primary endpoints. Results for the key secondary endpoints of ORR, duration of
response and disease control rate all favored the pembrolizumab-randomized group, with
the treatment effect increasing as CPS increased[127]. However, the trial was not adequately
powered to critically compare efficacy among treatment groups by different chemotherapy
regimens.

Predictive biomarkers for response to PD-(L)1 checkpoint inhibition in triple-negative
breast cancer

Until now, PD-L1 is the only FDA-approved predictive biomarker for immune checkpoint
inhibitors treatment in metastatic TNBC. As pointed out above, different commercial
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diagnostic assays, scoring systems and definitions of PD-L1 positivity were applied in
various immune checkpoint inhibitor clinical trials. Two commercially available diagnostic
assays, the VENTANA PD-L1 (SP142) assay and the PD-L1 IHC 22C3 pharmDx assay
have been approved as companion diagnostics for selecting TNBC patients to receive
atezolizumab and pembrolizumab, respectively. In the neoadjuvant KEYNOTE 522 trial,
the benefit of pembrolizumab-chemotherapy in terms of pCR was generally consistent
across subgroups, including PD-L1 positive subgroups. In this trial, PD-L1 expression

was assessed by the PD-L1 IHC 22C3 pharmDx assay and was determined with CPS,
defined as the number of PD-L1-positive tumor cells, lymphocytes, and macrophages
divided by the total number of tumor cells multiplied by 100; specimens with a CPS

> 1 were considered PD-L1-positivel113]. In contrast, in the metastatic KEYNOTE 355
trial, using the same diagnostic assay and scoring system, the boundary for a statistically
significant benefit of pembrolizumab-chemotherapy in patients with CPS = 1 tumor

was not met (but was met when CPS > 10)[127], These findings differed from the

results of the IMpassion 130 trial, which showed the benefit of atezolizumab only held

in patients with PD-L1 positive metastatic TNBC defined as the expression on tumor-
infiltrating immune cells = 1% by SP142 assay. Collectively, the predictive value of PD-L1
expression for checkpoint inhibitors remains controversial given the variable IHC antibodies,
absence of a unified scoring system, and discordance for scoring PD-L1 expression on
different cell compartments (summarized in Table 2). Moreover, discordance of PD-L1
expression between results from SP142 assay and 22C3 assay has been reported via
head-to-head comparisons in TNBC patient specimens(128.129] despite earlier published
data suggesting these two assays were analytically concordant, indicating that they may
even be interchangeablel3%], Finally, since PD-1/PD-L1 interaction is only one of many
pathways exploited by anti-tumor immunity, it seems unlikely that one sole biomarker could
sufficiently predict clinical response to immune checkpoint inhibitors in different treatment
settings!23], particularly in the neoadjuvant setting where efficacy signals from checkpoint
inhibition in TNBC appear to be irrespective of PD-(L)1 immunostaining status.

Also, some studies with limited sample sizes have suggested an association between high
TMB and improved clinical benefit of CTLA-4 and PD-(L)1 inhibitors in multiple cancers.
Samstein et a/[132] analyzed the clinical and genomic data of 1662 advanced cancer patients
treated with immune checkpoint inhibitors and 5371 non-immune checkpoint inhibitors-
treated patients. TMB was identified via targeted next-generation sequencing. Among this
large cohort, 45 breast cancer patients were included, yet TMB did not predict OS in
breast cancer patients treated with immune checkpoint inhibitors. More recently, Barroso-
Sousa et a/[133] applied targeted WES to 62 metastatic TNBC samples from patients who
were treated with anti-PD(L)-1 therapies. In this study, high TMB was associated with
improved PFS (12.5 months vs. 3.7 months, 2= 0.04) but not OS. Future studies need

to be conducted in larger datasets. Given small sample sizes and inconsistent results of
predictive markers studies across different cancer types, Lu et a/[134] performed a meta-
analysis to examine a range of biomarkers such as IHC expression of PD-L1 (PD-L1

IHC), TMB, GEP, and multiplex immunohistochemistry/immunofluorescence (mIHC/IF)
assays, alone or combined, and determine their relationships with objective response

to anti-PD-(L)1therapies. In all, 8135 patients covering 10 tumor types were analyzed
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in this meta-analysis. TMB, PD-L1 IHC, and GEP showed comparable sensitivity and
specificity in predicting response to immunotherapy, whereas mIHC/IF and multimodality
biomarker strategies demonstrated better predictive values; however, these findings need
future prospective validation.

Given the lack of definitive biomarkers to predict clinical benefit from immune checkpoint
inhibition, Keren er a/[135] used multiplexed ion beam imaging by time-of-flight (MIBI-
TOF) to simultaneously quantify 7n situ expression of 36 proteins covering identity, function,
and immune regulation at sub-cellular resolution in 41 TNBC patients [Figure 1A]. In this
investigation, spatial enrichment analysis showed immune mixed and compartmentalized
tumors, coinciding with expression of PD1, PD-L1, and IDO in a cell-type- and location-
specific manner. Remarkably, in this small pilot study, spatial organization of immune
phenotypes within triple-negative breast tumors was linked to survival [Figure 1B]. The

data demonstrate organization in the tumor-immune microenvironment that is structured

in cellular composition, spatial arrangement, and regulatory-protein expression, providing

a framework to apply multiplexed imaging to immune oncology. CO-Detection by

indexing (CODEX) technology, where each detection antibody is labeled with a unique
oligonucleotide barcode, is another platform which allows simultaneous visualization of up
to 40 (or more) antigens in a single tissue section, resolves the relative expression and
abundance at the spatial level, thereby enabling a systems-level approach to the analysis of
tissue architecture, including tumor-infiltrating immune repertoires13¢l. Application of such
technologies to characterize complete intra-tumoral immune repertoires, including how they
may change dynamically before and following immunotherapeutic manipulation, will further
enlighten understanding of immune biomarkers predictive for anti-tumor immune response
in TNBC.

Serial analysis of liquid biopsies harnessing circulating tumor DNA (ctDNA) measurements
in peripheral blood plasma allows us to look into cancer-specific somatic mutations without
undergoing repetitive tissue biopsies. It has been reported that serial personalized ctDNA
analysis targeting 16 variants selected from whole-exome data of individual primary tumors
could predict clinical cancer relapse in primary breast cancer patients with the sensitivity

of 89% and specificity of 100%, and a median lead time of 8.9 months[37]. Bratman

et al[138] then conducted the INSPIRE trial (NCT02644369), a phase 2 study evaluating
response of pembrolizumab in patients with advanced solid tumors (including TNBC),

and using personalized ctDNA analysis to determine tumor burden. In this study, baseline
ctDNA concentration was correlated with PFS, OS, ORR and clinical benefit in TNBC.

An early reduction in ctDNA after 2 cycles of pembrolizumab treatment and on-treatment
ctDNA clearance were effective predictive factors for good prognosis, irrespective of tumor
type, TMB or PD-L1 status. This study provides a new perspective on cancer surveillance
and treatment response evaluation in cancer patients treated with immunotherapy. Finally,
noncoding RNAs, including microRNA (miRNA) and long-noncoding RNA (IncRNA),

are considered as novel sources of prognostic and predictive biomarkers in TNBC and

have been evaluated in both tissue specimens and as circulating miRNAs[139]. Certain
circulating miRNAs were reported to be interacting with checkpoint genes involved in the
immune response, which could be assessed in TNBC patients treated with immunotherapy
as response predictive factorsl140l. Moreover, subtypes based on immune-functional INcRNA
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signatures were shown to have strong prognostic value in bladder cancer and melanoma
patients receiving immunotherapy[X41]. Future studies could evaluate the use of immune-
functional IncRNA as predictive biomarkers for PD-(L)1 checkpoint inhibition in TNBC
patients.

CONCLUSION

TNBC is merely an operational term (hopefully soon to be replaced) to define cohorts of
human breast cancers based upon what they are not, rather than what they actually are -
which is clearly a collection of multiple distinct disease entities based upon genomic and
transcriptomic characterization, each with prognostic as well as predictive implications for
response to a variety of therapeutic drug classes, ranging from DNA damaging agents,

to PARP inhibition, to immunotherapeutic agents, to ADCs, and potentially to hormonal
manipulation of the androgen receptor. Advances in genomics and molecular profiling have
helped better define subtypes of TNBC with distinct phenotypes and biologic drivers, which
still largely awaits implementation into the current clinical therapeutic armamentarium. The
advent of next-generation sequencing has revealed the genomic evolution during TNBC
disease progression, as well as underlying clonal dynamics and resistance mechanisms.

In theory, early identification of pre-existing aggressive treatment-resistant subclones and
constraining evolutionary trajectory with targeted therapeutics may impede the evolution

of tumor cells with the potential for future clinical relapse and disease progression.

A rich body of evidence has dissected novel biomarkers in TNBC, identified several
druggable targets, and facilitated new drug development and clinical trial design. There

is an ongoing exponential increase in interest in basic, translational, and clinical research

in immunotherapy for TNBC. Despite the dawn of immunotherapy in TNBC, durable
responses are limited to a small subset of patients, for which definitive predictive biomarkers
are still lacking. Thus, the success of future clinical trials will depend on the use of new
technologies such as MIBI-TOF and CODEX to decipher the heterogeneity of TNBC and its
complex tumor-tumor immune microenvironment interactions.
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Figurel.
Automated image analysis pipeline delineates ordered immune composition in TNBC,

using MIBI-TOF. A: Top: Pseudo-coloring of tumor-infiltrating immune cells in a patient
with TNBC. Bottom: Expression of 7 markers demonstrating the repertoire of infiltrating
immune cells as well as their spatial location, including cell-cell contacts; B: Top: Cartoon
depicting 3 archetypes of tumor-immune composition and organization in TNBC. Cold
tumors have few immune cells, mainly macrophages. Mixed tumors have an admixture of
tumor and immune cells. IDO and PD-L1, if expressed, are expressed primarily on tumor
cells and PD-1 on CD8+ T cells. In compartmentalized tumors, the immune and tumor
cells are spatially segregated. Neutrophils are enriched near the border, whereas B cells
form secondary lymphoid structures further away. IDO and PD-L1 are expressed primarily
on immune cells and PD-1 on CD4+ T cells. Bottom: Kaplan-Meier analysis showing
survival as a function of time for patients with compartmentalized or mixed tumor-immune
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organizations. This figure is adapted with permission from Keren et a/[13%].Copyright 2018
by Elsevier.
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Table 1.

Molecular subtypes of triple-negative breast cancer by Lehmann et a/[17]

Page 32

Therapeutic targets/

TNBC subtype Gene Ontologies Differential gene expression drugs
Basal-like 1 Cell cycle pathway DNA damage response genes Cisplatin
DNA damage response (ATR/BRCA PARP inhibitor
pathway)
Basal-like 2 Growth factor signaling pathway Myoepithelial markers Cisplatin

Immunomodulatory

Mesenchymal-like

Mesenchymal stem-like

Luminal androgen receptor

Glycolysis/ Gluconeogenesis

Immune cell signaling pathway
Cytokine signaling

Antigen processing and presentation
Signaling through core immune signal
transduction pathways

Cell motility
ECM receptor interaction
Cell differentiation pathways

Cell motility
Cell differentiation pathways
Growth factor signaling pathways

Hormonally regulated pathways

Immune signal transduction
Immune cell-surface antigens
Cytokine signaling
Complement cascade
Chemokine receptors ligands
Antigen presentation

TGF-B, EMT-associated, growth
factors signaling pathway components

Enriched MSC-specific markers
Low expression of claudins 3, 4, 7

AR and downstream AR targets and
coactivators

PARP inhibitor

Immune checkpoint
inhibitors

PI3K/mTOR inhibitor
Src inhibitor

PI3K/mTOR inhibitor
Src inhibitor

AR antagonist
PI3K/mTOR inhibitor

AR: Androgen receptor; ATR: ATM and Rad3-related; ECM: extracellular matrix; EMT: epithelial mesenchymal transition; MSC: mesenchymal
stem cell; PARP: poly ADP ribose polymerase; TGF-B: transforming growth factor beta; TNBC: triple-negative breast cancer.
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Summary of Phase 3 clinical trials of immune checkpoint inhibition for triple negative breast cancer in the
neoadjuvant and metastatic settings

Early-stage TNBC
Neoadjuvant clinical trials

Metastatic TNBC
Metastatic clinical trials

Assay used for PD-L1
expression detection

Scored area

Definition of PD-L1
positivity

Experimental immune
checkpoint antibody

Chemotherapy
backbone

Premedication with
corticosteroids

Primary endpoint
(Experimental group
vs. Control group)

Primary clinical
outcome dependent
upon PD-L1
expression

KEYNOTE 522113]; 223
IMpassion 031[115]: SP142

KEYNOTE 522: TC, lymphocytes, and
macrophages
IM passion 031: tumor-infiltrating I1C

KEYNOTE 522: CPS = PD-L1 + cells
(TC+IC)/TC*100 = 1

IMpassion 031: PD-L1 + IC/tumor area (IC%)
> 1%

KEYNOTE 522: Pembrolizumab
IMpassion 031: Atezolizumab

KEYNOTE 522: PCh-EC/AC
IMpassion 031: nab-paclitaxel-AC

KEYNOTE 522: Yes
IM passion 031: No

KEYNOTE 522: pCR (ypT0/Tis ypNO)

ITT population: 64.8% vs. 51.2%, rate
difference 13.6 (95%CIl: 5.4-21.8), £< 0.001
PD-L1 + subgroup: 68.9% vs. 54.9%, rate
difference 14.2 (95%Cl: 5.3-23.1)
IMpassion 031: pCR (ypTO/Tis ypNO)

ITT population: 58% vs. 41% rate difference
17 (95%Ci: 6-27), one-sided £=0.0044
(significance boundary 0-0184)

PD-L1 + subgroup: 69% vs. 49%, rate
difference 20 (95%Cl: 4-35), interactive P=
0.52

KEYNOTE 522: No
IM passion 031: No

KEYNOTE 355[127]: 22C3
IMpassion 13011231, | M passion 131[1%5]: SpP142

KEYNOTE 355: TC, lymphocytes, and macrophages
IMpassion 130, IMpassion 131: tumor-infiltrating IC

KEYNOTE 355: CPS 21, CPS =2 10
IMpassion 130, IMpassion 131: IC% = 1%

KEYNOTE 355: Pembrolizumab
IMpassion 130, |Mpassion 131: Atezolizumab

KEYNOTE 355: nab-paclitaxel; paclitaxel; or GCh
IM passion 130: nab-paclitaxel
IMpassion 131: paclitaxel

KEYNOTE 355: Yes in the paclitaxel arm
IM passion 130: No
IMpassion 131: Yes

KEYNOTE 355: PFS

ITT population: 7.5 months vs. 5.6 months, HR = 0.82 (95%Cl:
0.69-0.97), Pvalue not available

CPS = 10 subgroup: 9.7 months vs. 5.6 months, HR = 0.65
(95%Cl: 0.49-0.86), A= 0.0012 (significance boundary 0.00411)
CPS = 1 subgroup: 7.6 months vs. 5.6 months, HR = 0.74,
(95%ClI: 0.61-0.90), A= 0.0014 (significance boundary 0.00111)
IM passion 130: PFS

ITT population: 7.2 months vs. 5.5 months, HR = 0.80 (95%Cl:
0.69-0.92), £=0.002

PD-L1 + subgroup: 7.5 months vs. 5.0 months, HR = 0.64
(95%Cl: 0.51-0.80), A< 0.001

IMpassion 131: PFS

ITT population: 5.7 months vs. 5.6 months, HR = 0.86 (95%Cl:
0.70-1.05), Pvalue not available

PD-L1 + subgroup: 6.0 months vs. 5.7 months, HR = 0.82
(95%Cl: 0.60-1.12), »=0.20

KEYNOTE 355: CPS 2 1, No; CPS = 10, Yes
IMpassion 130: Yes
IMpassion 131: No

TNBC: Triple negative breast cancer; TC: tumor cells; IC: immune cells; CPS: combined positive score; PCh: paclitaxel plus carboplatin; AC:
doxorubicin plus cyclophosphamide; EC: epirubicin plus cyclophosphamide; GCb: gemcitabine plus carboplatin; pCR: pathological complete
response; Cl: confidence intervals; PFS: progression-free survival; ITT: intention-to-treat; HR: hazard ratio; PD-L1: programmed death-ligand 1.
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