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Immunotherapy has emerged as the fifth pillar of cancer treatment alongside surgery,
radiotherapy, chemotherapy, and targeted therapy. Immune checkpoint inhibitors are the
current superheroes of immunotherapy, unleashing a patient’s own immune cells to Kill
tumors and revolutionizing cancer treatment in a variety of cancers. Although breast
cancer was historically believed to be immunologically silent, treatment with immune
checkpoint inhibitors has been shown to induce modest responses in metastatic breast
cancer. Given the inherent heterogeneity of breast tumors, this raised the question
whether certain breast tumors might benefit more from immune-based interventions
and which cancer cell-intrinsic and/or microenvironmental factors define the likelihood of
inducing a potent and durable anti-tumor immune response. In this review, we will focus
on triple negative breast cancer as immunogenic breast cancer subtype, and specifically
discuss the relevance of tumor mutational burden, the plethora and diversity of tumor
infiltrating immune cells in addition to the immunoscore, the presence of immune
checkpoint expression, and the microbiome in defining immune checkpoint blockade
response. We will highlight the current immune checkpoint inhibitor treatment options,
either as monotherapy or in combination with standard-of-care treatment modalities such
as chemotherapy and targeted therapy. In addition, we will look into the potential of
immunotherapy-based combination strategies using immune checkpoint inhibitors to
enhance both innate and adaptive immune responses, or to establish a more immune
favorable environment for cancer vaccines. Finally, the review will address the need for
unambiguous predictive biomarkers as one of the main challenges of immune checkpoint
blockade. To conclude, the potential of immune checkpoint blockade for triple negative
breast cancer treatment could be enhanced by exploration of aforementioned factors and
treatment strategies thereby providing promising future prospects.

Keywords: triple negative breast cancer, immune checkpoint blockade, predictive biomarkers, tumor mutational burden,
tumor infiltrating lymphocytes, combination therapy, programmed death-1 (PD-1), programmed death ligand-1 (PD-L1)
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INTRODUCTION

Breast cancer constitutes a major health problem worldwide,
accounting for 30% of all female cancer cases and 15% of female
cancer-related deaths (1). Clinically, breast tumors are
categorized into hormone receptor positive (HR+) tumors
expressing the estrogen (ER) and/or progesterone (PR)
receptors, Human Epidermal Receptor 2 (Her2)-enriched
tumors with overexpression of Her2 in the absence of HR
expression, and triple negative tumors lacking expression of all
three receptors. Standard treatment of these clinical subtypes
consists of surgery, radiotherapy, chemotherapy, hormonal
therapy, anti-Her2 targeted therapy or a combination thereof.
In recent years, with -omics based profiling becoming more
accessible and affordable, molecular profiling of tumors has
started to enter clinical routine such as the multigene
OncotypeDX, Mammaprint and ProSigna tests (2-4). Each of
these assays uses distinct gene signatures to predict the risk of
recurrence of early stage, hormone receptor positive (and
negative) breast cancer. In addition, the OncotypeDX test helps
to predict the likely benefit of adjuvant chemotherapy in early
stage HR+ cancer. The more recent Prosigna test not only
provides a 10-year risk of recurrence score but also classifies
breast tumors into distinct prognostic molecular subtypes based
on the Prediction Analysis of Microarray 50 (PAMS50) gene
signature. This signature forms the basis of the PAMS50
classifier that has provided major insights into the molecular
heterogeneity of breast tumors (5, 6). More specifically, the
classifier categorizes breast tumors into four distinct molecular
subtypes with different response to treatment and clinical
outcome: luminal A (LA), luminal B (LB), Her2-enriched
(Her2+), and basal-like (BL). Furthermore, stratification of
breast tumors based on the presence of tumor infiltrating
lymphocytes (TILs) and differential expression of immune-
related genes revealed further heterogeneity with prognostic
significance (6-9). Using a gene signature composed of
immune-regulatory genes, chemokine ligands and genes
involved in T helper 1 (Thl) signaling and effector immune
functions, approximately 30% of basal-like and Her2-enriched
breast tumors can be classified as tumors with an immune
favorable phenotype as compared to 5-10% of luminal type
tumors (9). In this review, we will look into cancer cell-intrinsic
and/or microenvironmental factors that have a likely effect on
shaping the tumor immune phenotype, and will discuss the
emerging potential of immune checkpoint inhibitors (ICIs) in
triple negative breast cancer treatment in particular.

POTENTIAL OF IMMUNOTHERAPY IN
(TRIPLE NEGATIVE) BREAST CANCER:
PARAMETERS TO BE CONSIDERED

Cancer immunotherapy is considered the new pillar of cancer
treatment, shifting the focus from the tumor to the tumor
microenvironment and was awarded the Nobel Prize for
physiology or medicine in 2018. Numerous immunotherapy

approaches have proven effective in generating durable clinical
responses, with the greatest success stories to date coming from
treatment with immune checkpoint inhibitors (10-13). It is well
known that tumors adopt various mechanisms to evade
detection and eradication by the immune system, including the
activation of inhibitory pathways governed by immune
checkpoints. Treatment with ICIs releases the immune system
from these inhibitory signals and reinvigorates the anti-tumor
immune response as demonstrated by numerous studies and
clinical trials using monoclonal antibodies against cytotoxic T-
lymphocyte associated antigen-4 (CTLA-4), programmed death-
1 (PD-1), and programmed death ligand-1 (PD-L1) (14-18). In
breast cancer, especially triple negative breast cancer, treatment
with ICIs has been found to improve clinical outcome (18).
Overall, immune checkpoint inhibition is well tolerated and is
associated with a relatively mild toxicity profile. However,
immune-related adverse events may develop and need to be
closely monitored, including the development of colitis, thyroid
dysfunction, hypophysitis, skin rash, pneumonitis, and
inflammatory arthritis (19).

The success of immunotherapy largely depends on the
immunogenic nature of the tumor, exemplified by the higher
response rates in malignant melanoma and non-small cell lung
carcinoma (20, 21). Traditionally, breast cancer has been
considered an immune silent cancer type that is less likely to
benefit from immunotherapy. Increasing evidence, however,
indicates that breast cancer constitutes a varied spectrum of
tumors with different degrees of immunogenicity whereby triple
negative breast cancer is believed to be a more immunogenic
subtype (7-9, 22, 23). Moreover, multiple factors derived from
tumor cells or from within the tumor micro- or macro-
environment dictate the immune contexture of a tumor and
hence responsiveness to immunotherapy, including the tumor
mutational burden (TMB) and neoantigen load, diversity of the
immune infiltrate and the microbiome.

Tumor Mutational Burden and

Neoantigen Load

The tumor mutational burden is defined as the total number of
somatic nonsynonymous mutations in the coding region of
genes that may result in the generation of abnormal proteins
or neoantigens (24, 25). A high TMB and number of predicted
neoantigens has been associated with a better response to
immune checkpoint inhibitor therapy in various cancer types
(26-30). In breast cancer, most tumors harbor a low TMB
(Imut/Mb) and only 5% of all tumors are characterized by a
high tumor mutational burden (= 10 mut/Mb) of which most are
metastatic (31, 32). More specifically, TNBCs have a higher TMB
compared to Her2-enriched and HR+ tumors (33, 34). Analysis
of the TCGA and METABRIC breast cancer datasets
demonstrate an improved overall survival (OS) for patients
with tumors featuring a high TMB and favorable immune-
infiltrate disposition (FID), irrespective of the type of
treatment. Luminal A tumors with a high TMB/FID phenotype
were associated with the best survival rates, whereas TNBCs with
a high TMB and poor immune-infiltrate disposition were
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associated with the worst prognosis (25). Conversely, immune-
rich TNBC tumors with lower mutation and neoantigen counts
have been associated with better prognosis, likely due to a reduced
clonal heterogeneity as a result of immunosurveillance (35).
Furthermore, tumors with somatic or germline BRCAI/2
mutations are believed to be more immunogenic due to the
dysregulation of homologous recombination-based DNA repair,
leading to increased genomic instability and higher mutational
burden (36). However, BRCA1/2 mutation-associated breast
tumors display a great variability in immunogenicity with
approximately 50% of tumors displaying an absent or mild tumor
lymphocyte infiltrate and moderate neoantigen load, suggesting that
only a subset of BRCA1/2 breast tumors may benefit from immune-
based therapy (37). In line with this, at best 1 out of 5 patients with
triple negative breast cancer, the most common form of BRCAI
mutation-associated breast cancer, has been shown to benefit from
single agent PD-1 blockade (38-40). Interestingly, genomic analysis
of 115 BRCAI/2 breast tumors revealed an inverse association
between homologous recombination deficiency (HRD) and
immunogenicity despite a higher mutational burden and
neoantigen load (41). Moreover, hormone receptor status further
stratified BRCAI/2 breast tumors with low-HRD TNBC tumors
being more immunogenic than high-HRD HR+ tumors (41). This
unexpected inverse correlation of high TMB, resulting from
homologous recombination deficiency, and immunogenicity is
supported by a pan-cancer analysis that demonstrated that large
somatic copy number alterations are associated with reduced
immunogenicity, possibly due to disruption of genes involved in
the regulation of immune cell recruitment (42). In accordance,
PTEN, another important regulator of DNA damage repair and
hence mutational burden, is frequently impaired in tumors and loss
of PTEN has been associated with poor response to PD-1 blockade
(43, 44). For instance, patients with metastatic TNBC (mTNBC)
who carry PTEN mutations had a significant lower response rate to
PD-1/PD-L1 inhibitors (45). Moreover, in the absence of PTEN-
mediated inhibition of the PI3K-Akt pathway, the use of an Akt
inhibitor combined with chemotherapy and PD-L1 blockade
significantly improved the overall response rate of metastatic
TNBC patients compared to combination treatments of
chemotherapy with PD-L1 blockade or Akt inhibition (46).
Together, these findings suggest that in a proportion of breast
tumors ICI response is not dictated by TMB per se but rather by
specific genomic events that disrupt a functional immune response.

Diversity of Immune Infiltrate

In addition to cancer cell-intrinsic features, the tumor
microenvironment plays a prominent role in determining anti-
tumor immunity and response to immunotherapy. Understanding
the complexity of the interplay between tumor cells and
components of the immune system offers a unique opportunity to
explore combination treatments that can help to reshape the tumor
microenvironment into an immune favorable phenotype.
Immunohistochemical analyses of tumor immune infiltrates has
resulted in the classification of tumors into distinct immune
phenotypes: “hot”, “cold-immune desert”, and “cold-excluded”
tumors (47-49). Immunological “hot” tumors often have a high

TMB and number of neoantigens, and have a high likelihood of
provoking an anti-tumor immune response. They are also called
“inflamed tumors” as they are characterized by a considerable
infiltration of T cells although these are not fully functional.
Overall, hot tumors are associated with a better response to ICIs
through the activation of the present immune infiltrate (50) and
examples include melanoma, non-small cell lung cancer, head and
neck cancer, kidney, liver, and bladder cancer. Immunological
“cold” tumors either exhibit a lack or paucity of a T cell infiltrate,
the so-called “immune desert” tumors, or feature a phenotype
whereby T cells have been excluded from the tumor core and
aggregate at the tumor boundaries, the so-called “immune
excluded” tumors. Tumors with an “immune excluded”
phenotype reflect the ability to induce a T cell- mediated immune
response, however, the response is impaired by the inability to
penetrate the tumor tissue. The presence of immunosuppressive
immune cell subsets within the tumor or tumor microenvironment
can alter both the infiltration and functional status of the T cell
infiltrate and hence reduce the potential benefit from ICI therapy
(48). Many studies are looking into ways to turn “cold” tumors into
“hot” tumors to achieve higher responsiveness to immune
checkpoint blockade. Here, we will discuss some of the factors to
be considered in addition to the density and localization of the
immune infiltrate such as the cellular composition and functional
orientation of the immune cell infiltrate and of tertiary lymphoid
structures (TLS), the expression of immune checkpoints, and the
enrichment of prognostic immune gene signatures.

Tumor infiltrating lymphocytes or TILs represent the major
infiltrating immune cell subpopulation defining a favorable
immune microenvironment in tumors. The density of TILs is
indicative of the magnitude of anti-tumor immunity and is
emerging as a prognostic and predictive biomarker for
immunotherapy response in a wide range of cancers (51-53).
The seminal work by Galon et al. introduced the immunoscore
concept in colorectal cancer, an immunohistochemically-based
scoring system of CD8+ TILs in the center and invasive margin of
a tumor with independent prognostic connotation (47).
Subsequent work consolidated the prognostic value of the
immunoscore in colorectal cancer and multiple other cancers
(53-56). A recent study on the predictive value of the
immunoscore in colorectal cancer patients suggests that patients
with a low immunoscore do not benefit from a longer treatment
with oxaliplatin-based chemotherapy as opposed to patients with
intermediate or high immunoscore values (55). This observation
seems counterintuitive as one could argue that patients with low
immunoscore and higher risk of recurrence would more likely
benefit from longer treatment. However, it is important to
consider the interactions of the chemotherapeutic agents with
the immune response. Oxaliplatin is known to elicit bona fide
immunogenic cell death and 5-fluorouracil decreases the number
of myeloid derived suppressor cells (MDSCs) while enhancing the
cytotoxic T cell function, however, these effects depend on the
presence of an active tumor immune microenvironment.
Therefore, tumors with a low immunoscore and weak cytotoxic
T cell activity may not experience additional benefit from
increasing the treatment duration. More studies are needed to
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validate these findings as the follow-up time of the current study
was rather short with 4.3 years. In breast cancer, the immunoscore
has not yet been established as a prognostic and/or predictive
biomarker, however, a plethora of studies supports the importance
of the tumor immune microenvironment in defining breast cancer
clinical outcome. Numerous studies have demonstrated an
association of breast tumor infiltration by cytotoxic T
lymphocytes with better survival (57-60). In particular, TNBC
and Her2-enriched tumors feature high TIL counts, which are
associated with better clinical outcome, and suggest greater
immunogenicity and likely benefit from immune-based
interventions (61, 62). Higher densities of TILs have also been
associated with greater response rates to chemotherapy (62-65).

In line with the immunoscore concept, spatial distribution of
lymphocytes beyond intratumoral lymphocytes could provide
added value for predicting survival and treatment response in
breast cancer. High densities of stromal T lymphocytes have been
associated with improved breast cancer specific survival of
patients with TNBC and Her2-enriched tumors (66).
Moreover, one study expanded the immunoscore concept by
quantifying the density of immunosuppressive FoxP3 T
regulatory cells (Treg) in addition to CD3+ and CD8+ T cells
(67). Interestingly, they were able to develop a prognostic scoring
system that could distinguish molecular breast cancer subtypes.
Joint analysis of immunosuppressive CD163+ tumor associated
macrophages (TAMs) with cytotoxic CD8+ T lymphocytes
resulted in a novel immune infiltrate scoring model with
favorable prognosis, as defined by high CD8+ and low CD163+
cell counts in the tumor center and low CD8+ and high CD163+ in
the invasive tumor margin (68, 69). These findings highlight the
importance of capturing a complete picture of the tumor immune
microenvironment, accounting for both cytotoxic T cells and
immunosuppressive immune cell populations. This notion is
further supported by the ongoing discussion on the prognostic
value of tertiary lymphoid structures within the tumor or tumor
microenvironment. Several studies in a range of cancer types have
reported a favorable outcome for patients with a high number of
TLS, irrespective or in addition to a high TIL count (70, 71). In
TNBC, high TIL counts in combination with moderate to high TLS
counts have been associated with improved disease free survival
(DES) (70). On the other hand, a number of studies have reported
conflicting data that do not support a favorable prognostic value for
TLS (69). Notably, TLS can exert a dual effect on anti-tumor
immunity, serving as an in situ niche of cytotoxic T cells as well
as of immunosuppressive cells such as T regulatory cells and hence
high TLS counts can be associated with better or worse prognosis
(72). High TLS counts have been associated with better DFS in
patients with Her2-enriched tumors whereas no prognostic value
was observed in Her2-negative breast cancer patients. Therefore, it
is clear that the current definition of the tumor immune
microenvironment needs to be revisited in order to account for
TLS cellular composition and functional orientation.

This brings us to the pivotal role of the activation status of the
tumor immune infiltrate which is partly controlled by the
expression of immune checkpoints. The presence of infiltrating
T lymphocytes has been associated with elevated expression of

PD-L1 (73-75), corroborating the therapeutic potential of
immune checkpoint blockade in tumors with a high T cell
immune infiltrate density. In accordance, high TIL scores in
patients with TNBC and Her2-enriched tumors predict a better
response to PD-1 inhibitors, counteracting the increased PD-L1
expression (51, 76, 77). In a study involving more than 3,000
breast cancer patients, the relevance of TILs for chemotherapy
response and prognosis in patients of different breast cancer
subtypes was assessed (78). Increased TIL counts were associated
with a survival benefit and better response to neoadjuvant
chemotherapy in Her2-enriched breast cancer and TNBC. In
contrast, a different role for TILs was observed in luminal breast
cancer where an increase in TILs was associated with adverse
prognostic effects. Furthermore, combined analysis of TIL
density and PD-L1 tumor expression indicated that the DFS of
TNBC patients with low-TIL tumors (< 30% stromal) was
significantly worse compared to patients with high-TIL tumors,
with the most unfavorable DES and OS for patients with low-TIL
and high PD-L1 (> 50%) (75). Furthermore, the presence of
specifically tissue resident memory T cells in the TIL infiltrate of
TNBC tumors has been associated with better response rates and
overall survival in patients who received chemotherapy or PD-1
inhibition (51, 79, 80). Interestingly, characterization of TILs
after treatment with PD-1/PD-L1 inhibitors revealed an increase
in expression of various immune checkpoints including PD-1,
CTLA-4, T cell immunoglobulin and mucin domain-containing
protein 3 (Tim3) and Lymphocyte-activation gene 3 (Lag3) in
CD4+ T cell subsets suggesting the presence of a compensatory
inhibitory mechanism mediated by CD4+ T regulatory cells (81).
These findings underscore the need to identify, quantify, and
phenotype all components of the immune microenvironment
including immunosuppressive regulators. Great efforts are
expended to develop strategies to deplete immunosuppressive
cells from the tumor microenvironment, to impede their
infiltration and to impair their functionality, or to induce
cytotoxic T cell expansion, survival and function by
modulating cytokine levels (82-84). Importantly, any of these
strategies could be combined with immune checkpoint
inhibitors. In this context, it is important to note that PD-1
and CTLA-4 are not only expressed on activated T cells, but also
on T regulatory cells. Hence, treatment with anti-PD-1 and/or
anti-CTLA4 antibodies may result in the additional release of
Treg-mediated suppression of T cell activation, strengthening the
anti-tumor immunity (85-88). Of note, additional factors besides
immune checkpoint expression probably affect ICI response and
clinical outcome as for instance, only a small proportion of
metastatic PD-L1 positive TNBC patients (8-20%) respond to
PD1/PD-L1 therapy (76).

In an attempt to comprehensively capture the immune
contexture of a tumor, numerous immune gene signatures
have been developed. The first prognostic immune signature
describing the functional orientation of the tumor immune
microenvironment was established in colorectal cancer and
was composed of genes involved in Thl and cytotoxic T cell
function, including interferon- y (IFN-Y), granulysin (GNLY),
perforin (PRF1), and granzymes (GZMs) (47). This signature
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was subsequently validated in other cancer types including breast
cancer (89, 90). In addition, Hendrickx et al. demonstrated that
the Immunologic Constant of Rejection (ICR) 20-gene signature
can differentiate immune favorable and immune unfavorable
breast cancer subtypes, and recently refined and validated its
prognostic value in a pan-cancer study (9, 91) Furthermore, they
showed that MAPK pathway regulation could modulate the
intratumoral response in breast cancer (9). A meta-analysis of
approximately 18,000 human tumors identified complex
associations between 22 distinct leukocyte subsets and cancer
survival (92). Using the CIBERSORT algorithm for relative
immune cell abundance, the authors demonstrated that tumor-
associated neutrophil and plasma cell signatures are significant
but opposite predictors of survival in breast cancer. Further, a T
cell- inflamed gene expression profile exhibited predictive value
to identify pan-cancer patients that will more likely benefit from
PD-1 inhibition (93). Paradoxically, subsets of breast cancer
patients with high expression of immune-associated signatures
have been identified to experience poor outcome (94), suggesting
the presence of additional complexity beyond the current
information provided by bulk tumor immune signatures.
Moreover, some studies have demonstrated differences in
spatial distribution of immune gene signatures (95). For
instance, integration of CD8+ T cell localization and matched
stromal and epithelial tumor gene expression signatures revealed
distinct, spatial, tumor immune microenvironment-subtypes of
treatment-naive TNBC tumors, each characterized by a specific
metagene signature (96).

Gut and Breast Microbiome

The gut microbiome is a recognized master modulator of the
development and maintenance of a healthy immune system (97,
98). Perturbation of the normal microbiota—dysbiosis—is often
observed in disease and changes the interactions between the gut
microbiota, intestinal epithelium, and host immune system (99).
Many studies have shown that gut microbiota shape the immune
system and the host metabolism. In addition to regulating local,
intestinal immune responses, changes in gut microbiota can have
systemic effects on the innate and adaptive immunity. While the
encounter of microbial molecules by Toll-like receptors provoke
a local immune response in the gut, the escape of microbial
factors from the gut can modulate immune function, causing
systemic infection or inflammation which favors the
development of immune-mediated and metabolic diseases
(100). Thus, understanding how the gut microbiota impact
anti-tumor immunity could provide insight into how it might
influence tumor development, progression and treatment
response. In breast cancer, a collection of microbial genes
known as the estrobolome has been shown to affect estrogen
metabolism, resulting in higher circulating levels of estrogen and
hence an increased risk of hormone-dependent breast cancer
(101). Furthermore, the gut microbiome has been found to be
involved in the regulation of tumor progression and the response
to anticancer therapies (102-106). For instance, gut microbiome
dysbiosis has been shown to promote cancer cell dissemination
in a HR+ breast cancer mouse model through increased fibrosis
and collagen deposition (107). Several studies have identified

distinct microbial signatures in breast cancer patients, however,
further studies are needed to define their diagnostic and
therapeutic implications (108-110). Furthermore, few studies
demonstrated that the composition of the gut microbiota could
influence the response to immunotherapy, including immune
checkpoint. For instance, comparing the gut and oral
microbiome of melanoma patients treated with anti-PD-1
immunotherapy revealed significant differences in the diversity
and composition of gut microbiota in patients that responded to
treatment versus non-responders (103, 105). Furthermore,
exposure to broad-spectrum combination antibiotics
(fluoroquinolones, R-lactam ™" or macrolides) during anti-PD1/
PD-L1 treatment has been shown to significantly decrease
progression-free survival (PFS) and OS of patients with
advanced non-small cell lung, renal cell carcinoma, and
urothelial carcinoma, suggesting that the overall diversity of
the microbiota and the presence of specific clades determines
the responsiveness to immunotherapy (104).

Historically, breast tumor tissue has been considered a sterile
environment, however, recent studies suggest the existence of a
local, breast microbiome. Indeed, the composition of breast
tissue with abundance of fatty tissue, extensive vasculature, and
lymphatic drainage makes it a favorable environment for the
growth of bacteria (111). Comparison of microbial signatures
across multiple cancer types revealed cancer type specific
microbial signatures that differ between the respective tumors
and adjacent normal tissues whereby breast cancer was
associated with a particularly rich and diverse microbiome.
Furthermore, the breast microbiome has been shown to differ
from normal to benign to malignant tissues, as well as between
breast cancer subtypes, and in relation to response to
immunotherapy (112, 113).

IMMUNE CHECKPOINT INHIBITION IN
TRIPLE NEGATIVE BREAST CANCER

ICI therapy has become the most successful immune-based
intervention to generate durable responses in a variety of
tumors. Monoclonal antibodies against PD-1/PD-L1 and
CTLA-4 have emerged as powerful tools to release the
inhibitory regulation of T cell activation (114, 115). To date,
multiple blocking monoclonal antibodies have been approved by
the US Food and Drug Administration (FDA) including the anti
CTLA-4 antibody ipilimumab, anti-PD1 antibodies
pembrolizumab, nivolumab and cemiplimab and anti-PD-L1
antibodies atezolizumab, avelumab and durvalumab (116, 117).
Treatment response to immune checkpoint inhibitors varies
greatly with only a small proportion of patients experiencing
better survival rates (118, 119). Hence, there is a growing need
for predictive biomarkers of ICI response. Furthermore, few
preclinical studies are investigating the benefit of targeting
multiple immune checkpoints including PD-1, CTLA-4, Tim3,
and Lag3 (120). Currently, the majority of breast cancer studies
focus on inhibition of the PD1/PD-L1 pathway. A single-arm
pilot study investigating the combination of PD1/PD-L1
blockade with CTLA-4 inhibition reported an objective
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response rate (ORR) of 43% in patients with metastatic TNBC,
whereas no responses were observed in patients with HR+ breast
cancer (121). We will focus our discussion on anti-PD1/PD-L1
mono- and combination therapy in TNBC (Figure 1) given that
it is the most immunogenic breast cancer subtype and hence will
more likely benefit from treatment with IClIs.

PD1/PD-L1 Antibody Monotherapy

PD1/PD-L1 monotherapy has demonstrated promising durable
responses in patients with advanced, metastatic TNBC (Table 1).
The safety profile and clinical activity of the anti-PD1 inhibitor
pembrolizumab was first studied in heavily pretreated patients
with advanced, PD-L1 positive triple negative breast cancer, head
and neck cancer, urothelial cancer or gastric cancer in the
KEYNOTE-012 (NCT01848834) clinical trial. Interim analysis
revealed an overall response rate of 18.5% in mTNBC patients
with the median duration of response ranging from 15.0 to 47.3
weeks (38). In a subsequent phase II clinical trial, KEYNOTE-
086 (NCT02447003), PD-L1 positive mTNBC patients who
received no prior systemic treatment for metastatic disease
showed the highest ORR of 21.4% with a median duration of
response of 10.4 months at data cut-off, and PFS and OS of 2.1
and 18.0 months, respectively (80). In comparison, heavily

pretreated, PD-L1 positive mTNBC patients experienced an
ORR of 5.7% with median PFS and OS of 2.0 and 9.0 months,
respectively (122). Both studies demonstrated a manageable
safety profile and durable clinical activity of single agent
pembrolizumab treatment in PD-L1 positive mTNBC, in
particular in the first-line setting. Next, the randomized phase
3 KEYNOTE-119 trial (NCT02555657) investigated the efficacy
of pembrolizumab monotherapy versus chemotherapy
(capecitabine, gemcitabine, eribulin, vinorelbine) in pretreated,
PD-L1 positive mTNBC. Initial results revealed no significant
improvement in PFS (HR = 1.35) nor in OS (HR = 0.86) for
patients receiving pembrolizumab, although there was a trend for
better survival with higher PD-L1 score (123). At the date of data
cut-off (11"™ April 2019), the median follow-up time was 9.9
months for the pembrolizumab cohort and 10.9 months for the
chemotherapy cohort, hence, differential survival outcomes may
become more apparent as the study matures. However, these
findings may also suggest that pembrolizumab monotherapy is
more effective as first line treatment in mTNBC.

In addition to blocking PD-1, antibodies have been developed
that target PD-L1, thereby disrupting PD-L1/CD80 binding in
addition to PD-L1/PDI1 and resulting in an augmented anti-
tumor immune response by both T cells and antigen presenting
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TABLE 1 | PD1/PD-L1 antibody monotherapy in metastatic TNBC.

NCT Number Other IDs

NCT01848834 KEYNOTE-012/MK-3475-012, 2012-005771-14, 1424583, 3475-012
NCT02447003 KEYNOTE-086/MK-3475-012, 3475-086, 2015-000294-13, 152987
NCT02555657 KEYNOTE-119/MK-3475-119, 3475-119, 2015-001020-27, 153082
NCTO01375842 PCD4989g, 2011-001422-23, GO27831

NCT01772004 JAVELIN/EMR 100070-001, 2013-002834-19

NCT02926196 A-Brave, 2016-000189-45

Intervention Trial status/interim results Ref

pembrolizumab completed (38)
ORR 18.5%

pembrolizumab completed (80, 122)
ORR 5.7%

PFS 2.0 mths, OS 9.0 mths
first line setting:

ORR 21.4%

PFS 2.1 mths, OS 18.0 mths
pembrolizumab vs chemotherapy — active (123)

no difference in PFS and OS
atezolizumab completed (124)

ORR 6% (12 vs 0%%)
OS (10.1 vs 6.0 mths*)
first line setting:

ORR 24%
OS 17.6 mths

avelumab completed (40)
ORR 5.2% (22.2 vs 2.6%*)

avelumab recruiting

ORR, overall response rate; OS, overall survival; PFS progression free survival.
*PD-L1 cutoff 1%, **PD-L1 cutoff 10%.

cells (125). In breast cancer, studies have investigated the safety
profiles and efficacy of two anti PD-L1 antibodies, atezolizumab
and avelumab. The clinical activity of single agent atezolizumab
treatment was evaluated in a multi-cohort phase I study
(NCT01375842) involving patients with locally advanced or
metastatic solid malignancies or hematologic malignancies. In
mTNBC, the ORR in first line atezolizumab treatment reached
24% with a median OS of 17.6 months compared to 6% in
pretreated patients (124). PD-L1 expression in at least 1% of
tumor infiltrating immune cells was associated with higher ORR
(12 versus 0%) and better OS (10.1 versus 6.0 months). Further,
higher levels of PD-L1 positivity (> 10%) were associated with
better ORR and OS, albeit not significantly. The phase 1b
JAVELIN trial (NCT01772004) on avelumab reported an ORR
of 3.0% in metastatic breast cancer, and an ORR of 5.2% in
mTNBC (40). In line with previous reports, higher response rates
were observed in PD-L1 positive versus negative patients (16.7 vs
1.6%) using a PD-L1 cutoff of 10%, in particular in TNBC
patients (22.2 vs 2.6%). To conclude, although the response
rates of single agent ICIs in mTNBC may be modest, the
durable responses of a subset of PD-L1 positive patients
suggest that combination treatment of immune checkpoint
blockade with other treatment modalities may provide a
favorable outcome.

PD1/PD-L1 Antibody-Chemotherapy
Combination Treatment

Chemotherapy has been shown to increase tumor cell antigen
release, induce the expression of MHC Class I molecules,
neoantigens and PD-L1, and promote dendritic cell activation
thus potentially augmenting the released immune response
following or during ICI treatment (126-128). In line with this
rationale, combination regimens of PD1/PD-L1 inhibitors with
chemotherapy have shown promising results in metastatic,
locally advanced and early stage TNBC (Table 2).

The majority of studies on PD1 inhibition in TNBC has
investigated the safety profile and clinical activity of
pembrolizumab. Interim analysis of the phase 3 KEYNOTE-
355 (NCT02819518) study reveals a significant improvement of
PES (5.6 vs 9.7 months) in strong PD-L1 positive, untreated
mTNBC patients who received pembrolizumab in addition to
chemotherapy (nab-paclitaxel, paclitaxel, gemcitabine/
carboplatin) (129). Results from the phase 2 BR-076
(NCT02755272) clinical trial on pembrolizumab in
combination with gemcitabine/carboplatin in mTNBC are
pending. The KEYNOTE-150/ENHANCE 1 (NCT02513472)
trial of pembrolizumab plus the microtubule inhibitor eribulin
mesylate demonstrated an ORR of 25.6% with a median PFS of
4.1 months (130). The phase 2 TONIC trial (NCT02499367)
evaluated the efficacy of PD1 blockade with nivolumab in pre-
treated mTNBC (cyclophosphamide, cisplatin, doxorubicin). Of
note, nivolumab therapy preceded by doxorubicin resulted in an
ORR of 35 compared to 23% for cisplatin and 17% for patients
without preceding chemotherapy, suggesting that pretreatment
with chemotherapy can induce an inflamed tumor
microenvironment (117). In comparison with metastatic
TNBC, significant more studies have been conducted in locally
advanced or early stage TNBC. In the phase 2 I-SPY 2
(NCT01042379) study the addition of pembrolizumab to
taxane- and anthracycline-based neoadjuvant chemotherapy
doubled the estimated pathological complete response (pCR)
rates of early stage patients with Her2-negative breast cancer
including triple negative breast cancer (131). These promising
results provided the rationale for the phase 1 KEYNOTE-173
(NCT02622074) trial to investigate the toxicity and anti-tumor
activity of adding pembrolizumab to six commonly used
neoadjuvant chemotherapy regimens in untreated, locally
advanced TNBC. The toxicity profile of the combination
treatments were similar to what has been observed for the
individual treatments, suggesting a manageable safety profile.
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TABLE 2 | PD1/PD-L1 antibody chemotherapy combination treatment in TNBC.

NCT Number Other IDs Intervention Disease setting Trial status/interim results Ref
NCT02819518 KEYNOTE-355/MK-3475-355, pembrolizumab + nab-paclitaxel or metastatic active (129)
3475-355, 2016-001432-35, paclitaxel or gemcitabine/carboplatin first line setting:
163422 PFS 9.7 mths
NCTO02755272 BR-076 pembrolizumab + gemcitabine/ metastatic recruiting
carboplatin
NCT02513472 KEYNOTE-150, ENHANCE 1, pembrolizumab + eribulin mesylate metastatic active (130)
E7389-M001-218 ORR 25.6%
PFS 4.1 mths
NCT02499367 TONIC, N15TON cyclophosphamide, cisplatin or metastatic active (117)
doxorubicin followed by nivolumab ORR 35% (doxorubicin)
first line setting:
ORR 17%
NCT01042379 I|-SPY 2, 097517 neoadjuvant pembrolizumab + locally advanced recruiting (131)
paclitaxel, followed by AC
NCT02622074 KEYNOTE-173/MK-3475-173, neoadjuvant pembrolizumab + locally advanced completed (132)
3475-173, 2015-002405-11 chemotherapy combination (nab- first line setting:
paclitaxel, paclitaxel, doxorubicin, pCR 60%
cyclophosphamide, carboplatin)
NCT03036488 KEYNOTE-522/MK-3475-522, neoadjuvant pembrolizumab + locally advanced active (133)
3475-522, 2016-004740-11, paclitaxel-carboplatin followed by first line setting:
173567 adjuvant pembrolizumab pCR 64.8%
NCTO01633970 GP28328, 2012-001422-10 atezolizumab + nab-paclitaxel locally advanced, metastatic active (134)
ORR 39.4%
PFS 5.5 mths
NCT02425891 [Mpassion130, W029522, 2014- atezolizumab + nab-paclitaxel metastatic active (135)
005490-37 first line setting:
ORR 53%
OS 25 mths
NCT03125902 IMpassion131, MO39196, 2016- atezolizumab + paclitaxel locally advanced, metastatic active
004024-29 first line setting
NCT03371017 Impassion132, MO039193, 2016- atezolizumab + gemcitabine/carboplatin  locally advanced, metastatic recruiting
005119-42 or capecitabine
NCT02685059 GeparNuevo, GBG89 neoadjuvant durvalumab + nab- early stage unknown (136)
paclitaxel + EC pCR 53%
NCT02620280 NeoTRIPaPDL1, FM-14-B02, 2014- neoadjuvant atezolizumab + nab- early high risk, locally advanced active (137)
005017-23 paclitaxel + carboplatin, followed by AC
or EC or FEC
NCT03197935 Impassion031, WO39392, 2016- neoadjuvant atezolizumab + nab- early stage active (138)
004734-22 paclitaxel, followed by AC pCR 57.6%
NCT03281954 NSABP B-59/GBG 96-GeparDouze, neoadjuvant atezolizumab + paclitaxel + early stage recruiting
2017-002771-25, MO39875 carboplatin, followed by adjuvant
atezolizumab + AC or EC
NCT03498716 |Impassion030, WO39391, 2016- atezolizumab + paclitaxel, followed by locally advanced recruiting
003695-47, BIG 16-05, AFT-27, atezolizumab + AC or EC
ALEXANDRA

AC, doxorubin + cyclophosphamide; EC, epirubicin + cyclophosphamide; FEC, fluorouracil + epirubicin + cyclophosphamide; ORR, overall response rate; OS, overall survival; pCR,

pathological complete response; PFS, progression free survival.

Furthermore, combination treatment showed promising clinical
activity with pCR rates of 60% across all treatment cohorts (132).
In accordance with other studies, higher pre-treatment PD-L1
expression was associated with better outcome. Similarly, interim
analysis of the phase 3 KEYNOTE-522 trial (NCT03036488)
demonstrated that addition of pembrolizumab to paclitaxel-
carboplatin chemotherapy in the neoadjuvant setting, followed
by adjuvant pembrolizumab increased the pCR rates from 51.2 to
64.8% in untreated, locally advanced TNBC patients (133). Of
note, the trial design does not allow the comparison of adjuvant
pembrolizumab versus placebo treatment following neoadjuvant
chemotherapy alone.

In addition to PDI1 blockade, several clinical trials aim to
study the safety and efficacy of PD-L1 inhibition in combination

with chemotherapy, in particular in metastatic TNBC patients.
The phase 1b clinical study NCT01633970 reported an ORR of
39.4% with a median PFS of 5.5 months for locally advanced or
metastatic TNBC patients treated with atezolizumab plus nab-
paclitaxel (134). PD-L1 positive mTNBC patients showed a non-
significant higher ORR (41.4 vs 33.3%), PES (6.9 vs 5.4 months)
and OS (21.9 vs 11.4 months), irrespective of treatment history.
Furthermore, although not statistically significant, patients who
received the treatment regimen in first line setting experienced a
higher ORR (53.8 vs 30.0%), longer PES (8.6 vs 5.1 months) and
OS (24.2 vs 12.4 months), providing evidence for a more
favorable outcome compared to atezolizumab monotherapy
where an ORR of 24% and median PFS of 1.6 months was
observed (124, 134). The phase 3 randomized IMpassion130 trial
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(NCT02425891) supports these findings, demonstrating a
clinically meaningful improvement in OS of 7 months (25.0 vs
18.0 months) for PD-L1 positive mTNBC patients who received
first line atezolizumab plus nab-paclitaxel treatment (135).
Interim results show that addition of pembrolizumab increased
the ORR from 33 to 53% (128). In 2019, the FDA and European
Medicines Agency (EMA) granted accelerated approval for the
use of atezolizumab plus nab-paclitaxel as first line treatment of
PD-L1-positive, unresectable, locally advanced or metastatic
TNBC. The subsequent phase 3 IMpassionl31 trial
(NCT03125902) will evaluate the safety and efficacy of
atezolizumab plus paclitaxel as a first-line therapy in patients
with either locally advanced or metastatic TNBC. The
IMpassion132 trial (NCT03371017) will investigate whether
atezolizumab plus chemotherapy (gemcitabine/carboplatin,
capecitabine) may benefit pretreated, inoperable locally
advanced or metastatic TNBC patients who were not eligible
for the IMpassion130 trial. So far, limited information is
available on the effect of PD-L1 blockade in combination with
chemotherapy for early stage TNBC. Results from the
randomized phase 3 GeparNuevo study (NCT02685059)
suggest that combining durvalumab with taxane-anthracycline
based neoadjuvant chemotherapy provides clinical benefit in
early TNBC with an increase in pCR from 44 to 53% (136). As
of July 2020, no interim results are available for the phase 3
NeoTRIPaPDL1 (NCT02620280) clinical trial that aims to
evaluate the anti-tumor activity of neoadjuvant atezolizumab
plus carboplatin and nab-paclitaxel, followed by adjuvant
chemotherapy in early stage high risk or locally advanced
TNBC. Preliminary results were presented at the San Antonio
Breast Cancer Symposium 2019 and revealed slightly higher pCR
rates with pembrolizumab addition (137). The phase 3 NSABP
B-59 (NCT03281954) trial of neoadjuvant chemotherapy
(paclitaxel plus carboplatin) with atezolizumab, followed by
adjuvant atezolizumab and chemotherapy is currently in the
recruiting stage. A recent study released interim results from the
Impassion031 (NCT03197935) trial on the combination
treatment of neoadjuvant atezolizumab with sequential nab-
paclitaxel and anthracycline-based chemotherapy in early stage

TNBC. Patients who received atezolizumab plus chemotherapy
showed a pathologic complete response rate of 57.6 versus 41.1%
in patients who received chemotherapy plus placebo (138). In
PD-L1 positive patients, the pathologic complete response
reached 69% for patients who received atezolizumab plus
chemotherapy and 49% for patients treated with chemotherapy
plus placebo. Of note, there are two ongoing studies in locally
advanced TNBC that evaluate the effect of chemotherapy with
PD-L1 blockade in adjuvant setting. The Impassion30
(NCT03498716) trial will study the efficacy of atezolizumab in
combination with adjuvant chemotherapy, while the A-Brave
(NCT02926196) study focuses on avelumab.

PD1/PD-L1 Antibody-Targeted Therapy
Combination Treatment

Triple negative tumors feature a higher tumor mutational
burden and extensive genomic instability with defects in the
DNA damage response (139). As such, combination therapy
strategies targeting distinct oncogenic pathways in conjunction
with immunotherapy could offer a promising approach for
TNBC treatment. The current clinical trials exploring such
combination therapies are summarized in Table 3. For
instance, Poly (ADP-Ribose) Polymerase inhibitors (PARPi)
that target the homologous recombination repair pathway and
induce synthetic lethality in BRCA1/2 mutation carriers have
been approved for the treatment of TNBC patients with germline
mutations in BRCA1/2 (143). The use of PARPi in combination
with immune checkpoint blockade in this subset of TNBC
patients has the potential to trigger a stronger anti-tumor
immune response as a result of the activation of infiltrating
T cells following the release of tumor antigens by PARPi-
induced cell death. Furthermore, PARPi have been shown to
upregulate PD-L1 expression in cell line and animal models
providing further rationale for combining treatment with PD1/
PD-L1 inhibitors (144). The KEYNOTE-162/TOPACIO
(NCT02657889) study reported an ORR of 29% in mTNBC
patients treated with a combination of pembrolizumab and the
PARPi niraparib. The presence of BRCA mutations was
associated with a higher ORR of 67% (140). Of note, the ORR

TABLE 3 | PD1/PD-L1 antibody-targeted therapy combinations in locally advanced or metastatic TNBC.

NCT Number Other IDs Intervention Trial status/interim Ref
results
NCT02657889 TOPACIO/KEYNOTE-162 pembrolizumab + niraparib active
ORR 29% (67%) (140)
NCT03167619 DORA, 3000-PN162-01-001 durvalumab + olaparib recruiting
NCT03801369 STUDY00018504, NCI-2019-00388, STUDY00018504 durvalumab + olaparib recruiting
NCT02849496 NCI-2016-01130, 1608018258, 10020, UM1CA186644/86/88/89/91, atezolizumab + olaparib recruiting
UM1CA186709
NCT02484404 150145, 15-C-0145 durvalumab + olaparib + recruiting
VEGFRI
NCT02734004 MEDIOLA, D081KC00001, 2015-004005016 durvalumab + olaparib +/- active
VEGFRI (141)
NCT02322814 COLET, W029479, 2014-002230-32 atezolizumab + taxanes + active
MEKi ORR 29-34% (142)
NCT03106415 MC1632, NCI-2017-00496, P30CA015083 pembrolizumab + MEKi recruiting
NCT03971409 187519, NCI-2019-01531, TBCRC 047, BRE16-279, avelumab + MEKi recruiting

MEKIi, MEK inhibitors; ORR, overall response; VEGFRI, VEGFR inhibitors; *BRCA mutant.
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was higher than what has been reported for anti-PD1
monotherapy in similar patient populations (122, 124).
Additionally, several clinical trials have been designed to
evaluate the combination of PD-L1 inhibition with PARPi in
mTNBC, including two phase 2 studies combining durvalumab
with the PARPi olaparib (DORA/NCT03167619 and
NCT03801369), and a phase 2 study on atezolizumab plus
olaparib (NCT02849496). Furthermore, triplet combination
treatments of PD-L1 inhibition with PARPi and VEGF
inhibitors are currently on the way. For instance, the doublet
or triplet combination of durvalumab with olaparib and the
VEGEFR inhibitor cediranib is the focus of a phase 1/2 study
(NCT02484404) in advanced or recurrent solid cancer.
Preliminary results show that the recommended dose was
tolerable and yielded a 67% clinical benefit rate in nine women
with pretreated recurrent solid tumors of which 1 TNBC (141).
Results from the MEDIOLA (NCT02734004) clinical trial are
pending. This open basket study aims to compare the safety and
efficacy of durvalumab in combination with the PARPi olaparib
or in combination with olaparib plus the VEGF inhibitor
bevacizumab in patients with advanced solid tumors including
BRCA1/2-deficient breast cancer. Furthermore, it would be of
interest to study the clinical benefit of combining PARPi, PD1/
PD-L1 blockade and cyclin dependent kinase (CDK) inhibitors.
Cyclin dependent kinases are well known master regulators of
cell cycle progression and DNA repair pathways, and CDK
inhibitors have been shown to sensitize breast cancer cells to
PARPi which may further augment the treatment response to
immune checkpoint blockade (145). Furthermore, CDK4/6
inhibitors have been found to promote anti-tumor immunity
through the stimulation of effector T cell activity, inhibition of
proliferation of immunosuppressive regulatory T cells, induction
of fibroblast-derived pro-inflammatory cytokines and increased
cell surface antigen presentation (146, 147). Another strategy to
combine immune checkpoint blockade with targeted therapy
involves the inhibition of the MAPK pathway, which is often
dysregulated in TNBC and is associated with increased cell
proliferation and resistance to apoptosis (148). The phase 2
COLET (NCT02322814) study evaluated the added benefit of
combining the MEK1/2 inhibitor cobimetinib with atezolizumab
and paclitaxel/nab-paclitaxel as first line treatment in locally
advanced or metastatic TNBC. Interim analysis reveals an ORR
of 34% in combination with paclitaxel and 29% with nab-
paclitaxel (142). In addition, clinical trials using the MEK
inhibitor binimetinib in combination with pembrolizumab

(NCT03106415) or avelumab (InCITe/NCT03971409) in
locally advanced or metastatic TNBC are currently ongoing.

PD1/PD-L1 Antibody-Vaccine

Combination Treatment

The use of peptide vaccines for the treatment of metastatic
cancer patients has been challenged by low response rates,
however, using a multi-peptide vaccine approach the response
rates have increased to 9.9% in different cancer types (149, 150).
Moreover, combining cancer vaccines with immune checkpoint
inhibitors may enhance the anti-tumor immune response elicited
by the vaccine. The current clinical trials using PD/PD-L1
antibody-vaccine combination treatments are summarized in
Table 4. Few ongoing trials are investigating the efficacy of
combining cancer vaccines with pembrolizumab, using either
the multi-peptide vaccine PVX-410 (NCT03362060), or specific
vaccine targeting p53 (NCT02432963) or WT1 (NCT03761914)
in advanced TNBC. Additionally, there are few clinical trials
exploring the efficacy of combining durvalumab with the multi-
peptide vaccine PVX-410 (NCT02826434) or with a neoantigen
vaccine (NCT03199040, NCT03606967), and of atezolizumab
with a neoantigen vaccine (NCT03289962).

PD1/PD-L1 Antibody-Natural Killer

Cell Combination Treatment

Natural killer (NK) cells form the first line natural defense
against abnormal cells and infection with a wide range of
pathogens. However, tumor cells have found ways to escape
NK cell-mediated immunosurveillance such as the shedding of
stress-inducible ligands MHC class I polypeptide-related
sequence A (MICA) and MICB, which are exclusively
expressed in stressed or transformed cells (151, 152). This
results in downregulation of the activating Natural killer group
2 member D (NKG2D) receptor and reduced susceptibility to
NK cytotoxicity due to reduced cell surface density of the ligands.
NK-based immunotherapy studies are investigating the use of
vast numbers of ex vivo expanded autologous NK cells, strategies
to boost NK cell activity or target inhibitory NK receptors, and
the development of genetically engineered NK cells to overcome
the immunosuppressive environment (153-155). NK-based
immunotherapy in combination with PD-1/PD-L1 immune
checkpoint blockade is relatively less studied, with only two
clinical trials in TNBC as shown in Table 5. The combination of
avelumab with iPSC-derived NK cells (FT-516) expressing a
high-affinity, non-cleavable variant of the NK activating receptor

TABLE 4 | PD1/PD-L1 antibody-vaccine combination treatment in locally advanced or metastatic TNBC.

NCT Number Other IDs Intervention Trial status
NCT03362060 17-328 pembrolizumab + PVX-410 recruiting
NCT02432963 15002, NCI-2015-00653 pembrolizumab + p53-specific vaccine active
NCT03761914 SLS17-201/MKB475-770 pembrolizumab + WT1-specific vaccine recruiting
NCT02826434 16-132 durvalumab + PVX-410 active
NCT03199040 201710109, 1R01CA240983-01 durvalumab + neoantigen DNA vaccine recruiting
NCT03606967 NCI-2018-01581, 10146, UM1CA186704 durvalumab + Nab-paclitaxel+ neoantigen vaccine unknown
NCT03289962 GO39733, 2017-001475-23 atezolizumab + neoantigen vaccine recruiting

PVX-410, multi-peptide vaccine (XBP1 US;g4.-192; XBP1 SP367.375, CD138260.268; @and CS1239.247).
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TABLE 5 | PD1/PD-L1 antibody-NK cell combination treatment in advanced or metastatic TNBC.

NCT Number Other IDs Intervention Trial status Ref

NCT04551885 FT516-102 Avelumab + FT-516 Recruiting

NCT03387085 QUILT-3.067 Avelumab + haNK + IL-15 + Active (156)
vaccine + chemoradiation ORR 67%

PFS (13.7 mths)

FT-516, iPSC-derived NK cells with hnCD16; IL-15, interleukin 15; NK, natural killer cell; ORR, overall response rate; PFS, progression free survival.

CD16 (hnCD16) is currently under investigation in multiple
advanced solid cancers, including TNBC (NCT04551885).
Furthermore, the ongoing landmark trial QUILT-3.067
(NCT03387085) evaluates the safety and efficacy of NK cell
combination immunotherapy in patients with refractory,
metastatic or unresectable TNBC tumors. The study is unique
in design as it combines the use of immune checkpoint inhibition
(avelumab) with high-affinity NK (haNK) cell therapy, IL-15
cytokine administration, cancer vaccines and metronomic
chemoradiation to stimulate both the innate and adaptive
immune system. Interim results of nine patients demonstrate
an overall response rate of 67% with a disease control response
rate of 78% and complete response rate of 22% (156). Notably,
the duration of the treatment responses with a median PES of
13.7 months is very promising in comparison to the historical
PFES of 3 months.

PREDICTIVE BIOMARKERS IN IMMUNE
CHECKPOINT INHIBITION

Immune checkpoint blockade has entered clinical practice as first- or
second-line treatment for a number of cancers, however, it remains a
challenge to select patients that will benefit the most. PD-L1
expression is widely used as predictive biomarker due to its
association with better response rates to PD1/PD-L1 blockade for
patients with mTNBC. As described above, stronger PD-L1 positivity
has been associated with better overall response rates, progression-
free, and overall survival in metastatic TNBC patients treated with ICI
monotherapy or in some cases with a chemotherapy combination
(40, 124, 129, 134). Routine clinical testing of PD-L1 expression is
currently conducted using five distinct FDA-approved companion
diagnostic immunohistochemistry tests (157). Nevertheless, the use of
different antibody clones (22C3 for pembrolizumab, 28-8 for
nivolumab, SP263 for durvalumab, SP142 for atezolizumab, and
73-10 for avelumab), biomarker staining platforms, scoring systems
and cut-off values for PD-L1 positivity makes it very difficult to
consolidate the predictive value of PD-L1 expression across tumor
types and across studies. Moreover, some assays define PD-L1
positivity solely based on tumor cell surface expression while others
quantify cytoplasmic plus cell surface PD-L1 expression of tumors
and immune cells. The prospective multi-institutional Blueprint study
compared the performance of all five PD-L1 antibody clones in non-
small cell lung cancer specimens (158). They reported good
concordance among three antibodies (22C3, 28-8, and SP263),
while the fourth antibody clone (73-10) demonstrated superior
sensitivity and the fifth clone (SP142) underperformed with lower

sensitivity. Similarly, high concordance has been reported between
clones 22C3, 28-8, and SP142 in primary and metastatic urothelial
carcinomas with the lowest sensitivity again being associated with
SP142 (159). PD-L1 scoring of head and neck squamous cell
carcinoma, urothelial carcinoma and breast cancer revealed a
higher inter-observer variability for clone SP142 as compared to
clones SP263 and 22C3 (160). In TNBC, few studies compared the
performance of the FDA-approved assays and corroborated the
previous findings in which SP142 detected significant less PD-L1
positivity compared to SP263 and 22C3 (161-163). A recent study
involved 19 pathologists from 14 different institutions to evaluate the
sensitivity and reproducibility of SP142 and SP263 staining in
advanced TNBC (164). This study reported PD-L1 positivity in
58% of cases using SP142 and in 78% with SP263, with decreased
observer agreement of 41% at eight observers for SP142 and 46% at
10 observers for SP263. Despite the lower performance of SP142, the
SP142-based Ventana test currently remains the companion
diagnostic test for the first FDA-approved immunotherapy regimen
of atezolizumab plus nab-paclitaxel treatment of patients with
metastatic, locally advanced or unresectable tumors, based on the
results from the Impassion130 trial (128, 135). Of note, soluble PD-L1
(sPD-L1) has been detected in the peripheral blood of patients with
advanced non-small cell lung cancer, multiple myeloma, diffuse large
B-cell lymphoma, and renal cell carcinoma whereby high levels are
associated with poor prognosis (165-168). High pre-treatment sPD-
L1 levels were associated with worse outcome in melanoma patients
treated with ipilimumab or pembrolizumab, which could possibly
reflect a larger tumor burden and/or an exhausted immune response
that cannot be reinvigorated by immune checkpoint blockade (168).
In contrast, an increase in post-treatment sPD-L1 was associated with
partial response. These findings highlight the need for less ambiguous,
more reproducible predictive biomarkers for immune
checkpoint inhibition.

Two emerging predictive biomarkers are the number of
tumor infiltrating lymphocytes and the tumor mutational
burden. Increased number of TILs have been associated with
better overall survival in TNBC patients treated with ICI
monotherapy or in combination with chemotherapy (117,
136). The relative importance of intratumoral TILs (iTILs)
versus stromal TILs (sTILs) has not clearly been defined yet
and might differ between tumor types. In breast cancer, both
iTILs and sTILs have been correlated with clinical outcome and
chemotherapy response (59, 60, 63, 78, 169). Moreover, in
metastatic TNBC sTILs have been correlated with treatment
response to pembrolizumab, atezolizumab, and nivolumab (117,
124). Thus, the International Immuno-Oncology Biomarker
Working Group published guidelines for the assessment of
stromal and intra-tumoral TILs in a wide range of solid tumor
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types (170). However, robust scoring of sTILs is hindered by
differences in relative iTIL and sTIL distribution, inaccurate
delineation of tumor boundaries, small areas of intratumoral
stroma, presence of necrosis and extracellular mucin (171).
Furthermore, tumor mutational burden has been correlated
with higher objective response rates to anti-PD1 or anti-PD-L1
monotherapy across 27 solid tumor types (29). Interestingly, in
breast cancer lower response rates were observed than expected
based on TMB suggesting that TMB might not be a good
predictive biomarker in these tumors. We believe that a
combination of predictive biomarkers such as PD-L1
expression, iTIL and sTIL density together with TMB, TCR
diversity and immune gene signatures will more likely yield
improved performance over each of these biomarkers alone,
therefore warranting further investigation.

CONCLUSION

To conclude, the results of immune checkpoint blockade clinical
trials in TNBC are promising, in particular in metastatic setting.
The FDA-approval of atezolizumab plus nab-paclitaxel for
metastatic TNBC marks the first licensed immunotherapy
regimen for breast cancer. Combining immune checkpoint

REFERENCES

. Ferlay J, Ervik J, Lam F, Colombet M, Mery L, Pifieros M, et al. Global
Cancer Observatory: Cancer Today. Lyon Fr Int Agency Res Cancer (2018).
doi: 10.1051/0004-6361/201016331

. Kim HY, Choi HJ, Lee JY, Kong G. Cancer target gene screening: A web
application for breast cancer target gene screening using multi-omics data
analysis. Brief Bioinform (2020) 21(2):663-75. doi: 10.1093/bib/bbz003

. Parsons J, Francavilla C. ‘Omics Approaches to Explore the Breast Cancer
Landscape. Front Cell Dev Biol (2020) 7:395. doi: 10.3389/fcell.2019.00395

4. Kalita-De Croft P, Al-Ejeh F, Reed AEMC, Saunus JM, Lakhani SR. ‘Omics
Approaches in Breast Cancer Research and Clinical Practice. Adv Anat
Pathol (2016) 23(6):356-67. doi: 10.1097/PAP.0000000000000128

. Perou CM, Serile T, Eisen MB, Van De Rijn M, Jeffrey SS, Ress CA, et al.
Molecular portraits of human breast tumours. Nature (2000) 406
(6797):747-52. doi: 10.1038/35021093

. Serlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene
expression patterns of breast carcinomas distinguish tumor subclasses with
clinical implications. Proc Natl Acad Sci USA (2001) 98(19):10869-74.
doi: 10.1073/pnas.191367098

. Ali HR, Chlon L, Pharoah PDP, Markowetz F, Caldas C. Patterns of
Immune Infiltration in Breast Cancer and Their Clinical Implications: A
Gene-Expression-Based Retrospective Study. PLoS Med (2016) 13(12):
€1002194. doi: 10.1371/journal.pmed.1002194

. Bense RD, Sotiriou C, Piccart-Gebhart MJ, Haanen JBAG, Van Vugt
MATM, De Vries EGE, et al. Relevance of tumor-infiltrating immune cell
composition and functionality for disease outcome in breast cancer. J Natl
Cancer Inst (2017) 109(1):djw192. doi: 10.1093/jnci/djw192

. Hendrickx W, Simeone I, Anjum S, Mokrab Y, Bertucci F, Finetti P, et al.
Identification of genetic determinants of breast cancer immune phenotypes
by integrative genome-scale analysis. Oncoimmunology (2017) 6(2):
€1253654. doi: 10.1080/2162402X.2016.1253654
Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et al.
Pembrolizumab for the treatment of non-small-cell lung cancer. N Engl J
Med (2015) 372(21):2018-28. doi: 10.1056/NEJMoal501824

—

[S5]

w

v

f=}

~

el

o

10.

inhibition with chemotherapy, PARP inhibitors, cancer
vaccines or NK cell therapy holds great potential to increase
the clinical benefit in TNBC. Nevertheless, we highlight here that
the selection of patients with the highest likelihood of benefit
from these treatments requires reliable predictive biomarkers as
well as a better understanding of cancer cell-intrinsic and/or
microenvironmental factors that define a potent and durable
anti-tumor immune response.

AUTHOR CONTRIBUTIONS

RT drafted the manuscript. GA-K designed the figure and tables
and critically revised the manuscript. JD conceived and critically
revised the manuscript and tables. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by grants from the Qatar Biomedical
Research Institute (#VR94), awarded to JD, and the Qatar National
Research Fund (QRLP10-G-1803024), awarded to GA-K.

11. Cheng W, Fu D, Xu F, Zhang Z. Unwrapping the genomic characteristics of
urothelial bladder cancer and successes with immune checkpoint blockade
therapy. Oncogenesis (2018) 7(1):2. doi: 10.1038/s41389-017-0013-7

Polk A, Svane IM, Andersson M, Nielsen D. Checkpoint inhibitors in breast
cancer — Current status. Cancer Treat Rev (2018) 63:122-34. doi: 10.1016/
j.ctrv.2017.12.008

Darvin P, Toor SM, Sasidharan Nair V, Elkord E. Immune checkpoint
inhibitors: recent progress and potential biomarkers. Exp Mol Med (2018) 50
(12):1-11. doi: 10.1038/s12276-018-0191-1

Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB,
et al. Improved survival with ipilimumab in patients with metastatic
melanoma. N Engl ] Med (2010) 363(13):1290. doi: 10.1056/NEJMoa
1003466

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott
DF, et al. Safety, activity, and immune correlates of anti-PD-1 antibody in
cancer. N Engl ] Med (2012) 366(26):2443-54. doi: 10.1056/NEJMo0a1200690
Rosenberg JE, Hoffman-Censits J, Powles T, Van Der Heijden MS, Balar AV,
Necchi A, et al. Atezolizumab in patients with locally advanced and
metastatic urothelial carcinoma who have progressed following treatment
with platinum-based chemotherapy: A single-arm, multicentre, phase 2 trial.
Lancet (2016) 387(10031):1909-20. doi: 10.1016/S0140-6736(16)00561-4
Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Cs6szi T, Filop A, et al.
Pembrolizumab versus Chemotherapy for PD-L1-Positive Non-Small-Cell
Lung Cancer. N Engl ] Med (2016) 375(19):1823-33. doi: 10.1056/
NEJMoal606774

Heimes AS, Schmidt M. Atezolizumab for the treatment of triple-negative
breast cancer. Expert Opin Investig Drugs (2019) 28(1):1-5. doi: 10.1080/
13543784.2019.1552255

Naidoo J, Cappelli LC, Forde PM, Marrone KA, Lipson EJ, Hammers HJ,
et al. Inflammatory Arthritis: A Newly Recognized Adverse Event of
Immune Checkpoint Blockade. Oncologist (2017) 22(6):627-30.
doi: 10.1634/theoncologist.2016-0390

Franklin C, Livingstone E, Roesch A, Schilling B, Schadendorf D.
Immunotherapy in melanoma: Recent advances and future directions. Eur
J Surg Oncol (2017) 43(3):604-11. doi: 10.1016/j.€js0.2016.07.145

12.

13.

14.

15.

16.

17.

18.

19.

20.

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 10 | Article 600573


https://doi.org/10.1051/0004-6361/201016331
https://doi.org/10.1093/bib/bbz003
https://doi.org/10.3389/fcell.2019.00395
https://doi.org/10.1097/PAP.0000000000000128
https://doi.org/10.1038/35021093
https://doi.org/10.1073/pnas.191367098
https://doi.org/10.1371/journal.pmed.1002194
https://doi.org/10.1093/jnci/djw192
https://doi.org/10.1080/2162402X.2016.1253654
https://doi.org/10.1056/NEJMoa1501824
https://doi.org/10.1038/s41389-017-0013-7
https://doi.org/10.1016/j.ctrv.2017.12.008
https://doi.org/10.1016/j.ctrv.2017.12.008
https://doi.org/10.1038/s12276-018-0191-1
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1016/S0140-6736(16)00561-4
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1080/13543784.2019.1552255
https://doi.org/10.1080/13543784.2019.1552255
https://doi.org/10.1634/theoncologist.2016-0390
https://doi.org/10.1016/j.ejso.2016.07.145
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Thomas et al.

Immune Checkpoint Blockade in BC

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Davies M. New modalities of cancer treatment for NSCLC: Focus on
immunotherapy. Cancer Manag Res (2014) 6:63-75. doi: 10.2147/
CMAR.S57550

Netanely D, Avraham A, Ben-Baruch A, Evron E, Shamir R. Expression and
methylation patterns partition luminal-A breast tumors into distinct
prognostic subgroups. Breast Cancer Res (2016) 18(1):74. doi: 10.1186/
$13058-016-0724-2

Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al.
The Immune Landscape of Cancer. Immunity (2018) 48(4):812-30.
doi: 10.1016/j.immuni.2018.03.023

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin
AV, et al. Signatures of mutational processes in human cancer. Nature
(2013) 500(7463):415-21. doi: 10.1038/nature12477

Thomas A, Routh ED, Pullikuth A, Jin G, Su J, Chou JW, et al. Tumor
mutational burden is a determinant of immune-mediated survival in breast
cancer. Oncoimmunology (2018) 7(10):e1490854. doi: 10.1080/
2162402X.2018.1490854

Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al.
Mutational landscape determines sensitivity to PD-1 blockade in non-small
cell lung cancer. Science (80- ) (2015) 348(6230):124-8. doi: 10.1126/
science.aaal348

Ott PA, Bang YJ, Piha-Paul SA, Abdul Razak AR, Bennouna J, Soria JC, et al.
T-cell-inflamed gene-expression profile, programmed death ligand 1
expression, and tumor mutational burden predict efficacy in patients
treated with pembrolizumab across 20 cancers: KEYNOTE-028. | Clin
Oncol (2019) 37(4):318-27. doi: 10.1200/JCO.2018.78.2276

Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY,
et al. Tumor mutational load predicts survival after immunotherapy across
multiple cancer types. Nat Genet (2019) 51(2):202-6. doi: 10.1038/s41588-
018-0312-8

Yarchoan M, Hopkins A, Jaffee EM. Tumor mutational burden and response
rate to PD-1 inhibition. N Engl ] Med (2017) 377(25):2500-1. doi: 10.1056/
NEJMc1713444

Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, et al.
Genomic correlates of response to CTLA-4 blockade in metastatic
melanoma. Science (80- ) (2015) 350(6257):207-11. doi: 10.1126/
science.aad0095

Barroso-Sousa R, Jain E, Cohen O, Kim D, Buendia-Buendia J, Winer E,
et al. Prevalence and mutational determinants of high tumor mutation
burden in breast cancer. Ann Oncol (2020) 31(3):387-94. doi: 10.1016/
j.annonc.2019.11.010

Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, et al. Mutational
landscape and significance across 12 major cancer types. Nature (2013) 502
(7471):333-9. doi: 10.1038/naturel2634

Narang P, Chen M, Sharma AA, Anderson KS, Wilson MA. The neoepitope
landscape of breast cancer: Implications for immunotherapy. BMC Cancer
(2019) 19(1):200. doi: 10.1186/s12885-019-5402-1

Budczies ], Bockmayr M, Denkert C, Klauschen F, Lennerz JK, Gyorfty B,
et al. Classical pathology and mutational load of breast cancer - integration
of two worlds. ] Pathol Clin Res (2016) 1(4):225-38. doi: 10.1002/cjp2.25
Karn T, Jiang T, Hatzis C, Sanger N, El-Balat A, Rody A, et al. Association
between genomic metrics and immune infiltration in triple-negative breast
cancer. JAMA Oncol (2017) 3(12):1707-11. doi: 10.1001/jamaoncol.
2017.2140

Campeau PM, Foulkes WD, Tischkowitz MD. Hereditary breast cancer:
New genetic developments, new therapeutic avenues. Hum Genet (2008) 124
(1):31-42. doi: 10.1007/s00439-008-0529-1

Van Verschuer VMT, Hooning M], Van Baare-Georgieva RD, Hollestelle A,
Timmermans AM, Koppert LB, et al. Tumor-associated inflammation as a
potential prognostic tool in BRCA1/2-associated breast cancer. Hum Pathol
(2015) 46(2):182-90. doi: 10.1016/j.humpath.2014.10.020

Nanda R, Chow LQM, Dees EC, Berger R, Gupta S, Geva R, et al.
Pembrolizumab in patients with advanced triple-negative breast cancer:
Phase Ib keynote-012 study. J Clin Oncol (2016) 34(21):2460-7.
doi: 10.1200/JC0O.2015.64.8931

Adams S, Loi S, Toppmeyer D, Cescon DW, De Laurentiis M, Nanda R, et al.
Phase 2 study of pembrolizumab as first-line therapy for PD-L1-positive
metastatic triple-negative breast cancer (mTNBC): Preliminary data from

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

KEYNOTE-086 cohort B. J Clin Oncol (2017) 35(15 Supplement):1088.
doi: 10.1200/jc0.2017.35.15_suppl.1088

Dirix LY, Takacs I, Jerusalem G, Nikolinakos P, Arkenau HT, Forero-Torres
A, et al. Avelumab, an anti-PD-L1 antibody, in patients with locally
advanced or metastatic breast cancer: A phase 1b JAVELIN solid tumor
study. Breast Cancer Res Treat (2018) 167(3):671-86. doi: 10.1007/s10549-
017-4537-5

Kraya AA, Maxwell KN, Wubbenhorst B, Wenz BM, Pluta J, Rech AJ, et al.
Genomic signatures predict the immunogenicity of BRCA-deficient breast
cancer. Clin Cancer Res (2019) 25(14):4363-74. doi: 10.1158/1078-
0432.CCR-18-0468

Davoli T, Uno H, Wooten EC, Elledge SJ. Tumor aneuploidy correlates with
markers of immune evasion and with reduced response to immunotherapy.
Science (80- ) (2017) 355(6322):eaaf8399. doi: 10.1126/science.aaf8399
Peng W, Chen JQ, Liu C, Malu S, Creasy C, Tetzlaff MT, et al. Loss of PTEN
promotes resistance to T cell-mediated immunotherapy. Cancer Discov
(2016) 6(2):202-16. doi: 10.1158/2159-8290.CD-15-0283

George S, Miao D, Demetri GD, Adeegbe D, Rodig SJ, Shukla S, et al. Loss of
PTEN Is Associated with Resistance to Anti-PD-1 Checkpoint Blockade
Therapy in Metastatic Uterine Leiomyosarcoma. Immunity (2017) 46
(2):197-204. doi: 10.1016/j.immuni.2017.02.001

Barroso-Sousa R, Keenan TE, Pernas S, Exman P, Jain E, Garrido-Castro
AG, et al. Tumor Mutational Burden and PTEN Alterations as Molecular
Correlates of Response to PD-1/L1 Blockade in Metastatic Triple-Negative
Breast Cancer. Clin Cancer Res (2020) 26(11):2565-72. doi: 10.1158/1078-
0432.CCR-19-3507

Schmid P, Park Y, Munoz-Couselo E, Kim S-B, Sohn J, Im S-A, et al.
Abstract PD5-01: KEYNOTE-173: Phase 1b multicohort study of
pembrolizumab (Pembro) in combination with chemotherapy as
neoadjuvant treatment for triple-negative breast cancer (TNBC). Cancer
Res (2019) 79(4 Supplement):PD5-01. doi: 10.1158/1538-7445.sabcs18-
pds-01

Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages
C, etal. Type, density, and location of immune cells within human colorectal
tumors predict clinical outcome. Science (80- ) (2006) 313(5795):1960-4.
doi: 10.1126/science.1129139

Camus M, Tosolini M, Mlecnik B, Pages F, Kirilovsky A, Berger A, et al.
Coordination of intratumoral immune reaction and human colorectal
cancer recurrence. Cancer Res (2009) 69(6):2685-93. doi: 10.1158/0008-
5472.CAN-08-2654

Gajewski TF. Next Hurdle in Cancer Immunorapy: Overcoming Non-T-
Cell-Inflamed Tumor Microenvironment. Semin Oncol (2015) 42(4):663-71.
doi: 10.1053/j.seminoncol.2015.05.011

Zemek RM, De Jong E, Chin WL, Schuster IS, Fear VS, Casey TH, et al.
Sensitization to immune checkpoint blockade through activation of a
STAT1/NK axis in the tumor microenvironment. Sci Transl Med (2019)
11(501):eaav7816. doi: 10.1126/scitranslmed.aav7816

Loi S, Drubay D, Adams S, Pruneri G, Francis PA, Lacroix-Triki M, et al.
Tumor-infiltrating lymphocytes and prognosis: A pooled individual patient
analysis of early-stage triple-negative breast cancers. J Clin Oncol (2019) 37
(7):559-69. doi: 10.1200/JCO.18.01010

Hammerl D, Smid M, Timmermans AM, Sleijfer S, Martens JWM, Debets R.
Breast cancer genomics and immuno-oncological markers to guide immune
therapies. Semin Cancer Biol (2018) 52(Pt 2):178-88. doi: 10.1016/
j.semcancer.2017.11.003

Pageés F, Mlecnik B, Marliot F, Bindea G, Ou FS, Bifulco C, et al.
International validation of the consensus Immunoscore for the
classification of colon cancer: a prognostic and accuracy study. Lancet
(2018) 391(10135):2128-39. doi: 10.1016/S0140-6736(18)30789-X

Galon J, Mlecnik B, Bindea G, Angell HK, Berger A, Lagorce C, et al.
Towards the introduction of the “Immunoscore” in the classification of
malignant tumours. J Pathol (2014) 232(2):199-209. doi: 10.1002/
path.4287

Pages F, André T, Taieb J, Vernerey D, Henriques J, Borg C, et al. Prognostic
and predictive value of the Immunoscore in stage III colon cancer patients
treated with oxaliplatin in the prospective IDEA France PRODIGE-
GERCOR cohort study. Ann Oncol (2020) 31(7):921-9. doi: 10.1016/
j.annonc.2020.03.310

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 10 | Article 600573


https://doi.org/10.2147/CMAR.S57550
https://doi.org/10.2147/CMAR.S57550
https://doi.org/10.1186/s13058-016-0724-2
https://doi.org/10.1186/s13058-016-0724-2
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1038/nature12477
https://doi.org/10.1080/2162402X.2018.1490854
https://doi.org/10.1080/2162402X.2018.1490854
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1200/JCO.2018.78.2276
https://doi.org/10.1038/s41588-018-0312-8
https://doi.org/10.1038/s41588-018-0312-8
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1126/science.aad0095
https://doi.org/10.1126/science.aad0095
https://doi.org/10.1016/j.annonc.2019.11.010
https://doi.org/10.1016/j.annonc.2019.11.010
https://doi.org/10.1038/nature12634
https://doi.org/10.1186/s12885-019-5402-1
https://doi.org/10.1002/cjp2.25
https://doi.org/10.1001/jamaoncol.2017.2140
https://doi.org/10.1001/jamaoncol.2017.2140
https://doi.org/10.1007/s00439-008-0529-1
https://doi.org/10.1016/j.humpath.2014.10.020
https://doi.org/10.1200/JCO.2015.64.8931
https://doi.org/10.1200/jco.2017.35.15_suppl.1088
https://doi.org/10.1007/s10549-017-4537-5
https://doi.org/10.1007/s10549-017-4537-5
https://doi.org/10.1158/1078-0432.CCR-18-0468
https://doi.org/10.1158/1078-0432.CCR-18-0468
https://doi.org/10.1126/science.aaf8399
https://doi.org/10.1158/2159-8290.CD-15-0283
https://doi.org/10.1016/j.immuni.2017.02.001
https://doi.org/10.1158/1078-0432.CCR-19-3507
https://doi.org/10.1158/1078-0432.CCR-19-3507
https://doi.org/10.1158/1538-7445.sabcs18-pd5-01
https://doi.org/10.1158/1538-7445.sabcs18-pd5-01
https://doi.org/10.1126/science.1129139
https://doi.org/10.1158/0008-5472.CAN-08-2654
https://doi.org/10.1158/0008-5472.CAN-08-2654
https://doi.org/10.1053/j.seminoncol.2015.05.011
https://doi.org/10.1126/scitranslmed.aav7816
https://doi.org/10.1200/JCO.18.01010
https://doi.org/10.1016/j.semcancer.2017.11.003
https://doi.org/10.1016/j.semcancer.2017.11.003
https://doi.org/10.1016/S0140-6736(18)30789-X
https://doi.org/10.1002/path.4287
https://doi.org/10.1002/path.4287
https://doi.org/10.1016/j.annonc.2020.03.310
https://doi.org/10.1016/j.annonc.2020.03.310
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Thomas et al.

Immune Checkpoint Blockade in BC

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Sinicrope FA, Shi Q, Hermitte F, Zemla TJ, Mlecnik B, Benson AB, et al.
Contribution of Immunoscore and Molecular Features to Survival
Prediction in Stage III Colon Cancer. /NCI Cancer Spectr (2020) 4(3).
doi: 10.1093/jncics/pkaa023

Mahmoud SMA, Paish EC, Powe DG, Macmillan RD, Grainge MJ, Lee AHS,
et al. Tumor-infiltrating CD8+ lymphocytes predict clinical outcome in breast
cancer. J Clin Oncol (2011) 29(15):1949-55. doi: 10.1200/JC0O.2010.30.5037
Savas P, Salgado R, Denkert C, Sotiriou C, Darcy PK, Smyth M]J, et al.
Clinical relevance of host immunity in breast cancer: From TILs to the clinic.
Nat Rev Clin Oncol (2016) 13(4):228-41. doi: 10.1038/nrclinonc.2015.215
Loi S, Michiels S, Salgado R, Sirtaine N, Jose V, Fumagalli D, et al. Tumor
infiltrating lymphocytes are prognostic in triple negative breast cancer and
predictive for trastuzumab benefit in early breast cancer: Results from the
FinHER trial. Ann Oncol (2014) 25(8):1544-50. doi: 10.1093/annonc/
mdull2

Adams S, Gray RJ, Demaria S, Goldstein L, Perez EA, Shulman LN, et al.
Prognostic value of tumor-infiltrating lymphocytes in triple-negative breast
cancers from two phase III randomized adjuvant breast cancer trials: ECOG
2197 and ECOG 1199. ] Clin Oncol (2014) 32(27):2959-66. doi: 10.1200/
JCO.2013.55.0491

Criscitiello C, Viale G, Curigliano G. Harmonizing gene signatures to predict
benefit from adjuvant chemotherapy in early breast cancer. Curr Opin Oncol
(2019) 31(6):472-9. doi: 10.1097/CCO.0000000000000570

Ali HR, Provenzano E, Dawson SJ, Blows FM, Liu B, Shah M, et al.
Association between CD8+ T-cell infiltration and breast cancer survival in
12 439 patients. Ann Oncol (2014) 25(8):1536-43. doi: 10.1093/annonc/
mdul9l

Denkert C, Loibl S, Noske A, Roller M, Miiller BM, Komor M, et al. Tumor-
associated lymphocytes as an independent predictor of response to
neoadjuvant chemotherapy in breast cancer. J Clin Oncol (2010) 28
(1):105-13. doi: 10.1200/JC0O.2009.23.7370

Dieci MV, Mathieu MC, Guarneri V, Conte P, Delaloge S, Andre F, et al.
Prognostic and predictive value of tumor-infiltrating lymphocytes in two
phase IIT randomized adjuvant breast cancer trials. Ann Oncol (2015) 26
(8):1698-704. doi: 10.1093/annonc/mdv239

Salgado R, Denkert C, Campbell C, Savas P, Nuciforo P, Aura C, et al.
Tumor-infiltrating lymphocytes and associations with pathological complete
response and event-free survival in HER2-positive early-stage breast cancer
treated with lapatinib and trastuzumab: A secondary analysis of the
NeoALTTO trial. JAMA Oncol (2015) 1(4):448-54. doi: 10.1001/
jamaoncol.2015.0830

Wein L, Savas P, Luen SJ, Virassamy B, Salgado R, Loi S. Clinical validity and
Utility of Tumor-infiltrating lymphocytes in routine clinical practice for
breast cancer patients: Current and future directions. Front Oncol (2017)
7:156. doi: 10.3389/fonc.2017.00156

Miyan M, Schmidt-Mende ], Kiessling R, Poschke I, Boniface J.
Differential tumor infiltration by T-cells characterizes intrinsic
molecular subtypes in breast cancer. ] Transl Med (2016) 14(1):227.
doi: 10.1186/512967-016-0983-9

Fortis SP, Sofopoulos M, Sotiriadou NN, Haritos C, Vaxevanis CK,
Anastasopoulou EA, et al. Differential intratumoral distributions of CD8
and CD163 immune cells as prognostic biomarkers in breast cancer.
J Immunother Cancer (2017) 5:39. doi: 10.1186/s40425-017-0240-7
Baxevanis CN, Fortis SP, Perez SA. The balance between breast cancer and
the immune system: Challenges for prognosis and clinical benefit from
immunotherapies. Semin Cancer Biol (2020) S1044-579X(19):30418-3.
doi: 10.1016/j.semcancer.2019.12.018

Lee HJ, Park IA, Song IH, Shin SJ, Kim JY, Yu JH, et al. Tertiary lymphoid
structures: Prognostic significance and relationship with tumour-infiltrating
lymphocytes in triple-negative breast cancer. J Clin Pathol (2016) 69(5):422-
30. doi: 10.1136/jclinpath-2015-203089

Di Caro G, Bergomas F, Grizzi F, Doni A, Bianchi P, Malesci A, et al.
Occurrence of tertiary lymphoid tissue is associated with T-cell infiltration
and predicts better prognosis in early-stage colorectal cancers. Clin Cancer
Res (2014) 20(8):2147-58. doi: 10.1158/1078-0432.CCR-13-2590
Sautés-Fridman C, Petitprez F, Calderaro ], Fridman WH. Tertiary
lymphoid structures in the era of cancer immunotherapy. Nat Rev Cancer
(2019) 19(6):307-25. doi: 10.1038/s41568-019-0144-6

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Chen DS, Mellman I. Elements of cancer immunity and the cancer-immune
set point. Nature (2017) 541(7637):321-30. doi: 10.1038/nature21349
Kitano A, Ono M, Yoshida M, Noguchi E, Shimomura A, Shimoi T, et al.
Tumour-infiltrating lymphocytes are correlated with higher expression
levels of PD-1 and PD-L1 in early breast cancer. ESMO Open (2017) 2(2):
€000150. doi: 10.1136/esmoopen-2016-000150

Tomioka N, Azuma M, Ikarashi M, Yamamoto M, Sato M, Watanabe Ki,
et al. The therapeutic candidate for immune checkpoint inhibitors elucidated
by the status of tumor-infiltrating lymphocytes (TILs) and programmed
death ligand 1 (PD-L1) expression in triple negative breast cancer (TNBC).
Breast Cancer (2018) 25(1):34-42. doi: 10.1007/s12282-017-0781-0

Solinas C, Carbognin L, De Silva P, Criscitiello C, Lambertini M. Tumor-
infiltrating lymphocytes in breast cancer according to tumor subtype:
Current state of the art. Breast (2017) 35:142-50. doi: 10.1016/
j.breast.2017.07.005

Mittendorf EA, Philips AV, Meric-Bernstam F, Qiao N, Wu Y, Harrington S,
etal. PD-L1 expression in triple-negative breast cancer. Cancer Immunol Res
(2014) 2(4):361-70. doi: 10.1158/2326-6066.CIR-13-0127

Denkert C, von Minckwitz G, Darb-Esfahani S, Lederer B, Heppner BI,
Weber KE, et al. Tumour-infiltrating lymphocytes and prognosis in different
subtypes of breast cancer: a pooled analysis of 3771 patients treated with
neoadjuvant therapy. Lancet Oncol (2018) 19(1):40-50. doi: 10.1016/S1470-
2045(17)30904-X

Byrne A, Savas P, Sant S, Li R, Virassamy B, Luen §J, et al. Tissue-resident
memory T cells in breast cancer control and immunotherapy responses. Nat
Rev Clin Oncol (2020) 17(6):341-8. doi: 10.1038/s41571-020-0333-y
Adams S, Loi S, Toppmeyer D, Cescon DW, De Laurentiis M, Nanda R, et al.
Pembrolizumab monotherapy for previously untreated, PD-L1-positive,
metastatic triple-negative breast cancer: Cohort B of the phase II
KEYNOTE-086 study. Ann Oncol (2019) 30(3):405-11. doi: 10.1093/
annonc/mdy518

Saleh R, Toor SM, Khalaf S, Elkord E. Breast cancer cells and PD-1/PD-L1
blockade upregulate the expression of PD-1, CTLA-4, TIM-3 and LAG-3
immune checkpoints in CD4+ T cells. Vaccines (2019) 7(4):149.
doi: 10.3390/vaccines7040149

Tariq M, Zhang J, Liang G, Ding L, He Q, Yang B. Macrophage Polarization:
Anti-Cancer Strategies to Target Tumor-Associated Macrophage in Breast
Cancer. ] Cell Biochem (2017) 118(9):2484-501. doi: 10.1002/jcb.25895
Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The Nature of Myeloid-
Derived Suppressor Cells in the Tumor Microenvironment. Trends Immunol
(2016) 37(3):208-20. doi: 10.1016/j.it.2016.01.004

Garcia-Martinez E, Smith M, Buqué A, Aranda F, de la Pefia FA, Ivars A, et al.
Trial Watch: Immunostimulation with recombinant cytokines for cancer
therapy. Oncoimmunology (2018) 7(6):1433982. doi: 10.1080/2162402X.
2018.1433982

Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa A, et al. Functional
Delineation and Differentiation Dynamics of Human CD4+ T Cells
Expressing the FoxP3 Transcription Factor. Immunity (2009) 30(6):899-
911. doi: 10.1016/j.immuni.2009.03.019

Park HJ, Park JS, Jeong YH, Son J, Ban YH, Lee B-H, et al. PD-1 Upregulated
on Regulatory T Cells during Chronic Virus Infection Enhances the
Suppression of CD8 + T Cell Immune Response via the Interaction with
PD-L1 Expressed on CD8 + T Cells. | Immunol (2015) 194(12):5801-11.
doi: 10.4049/jimmunol.1401936

Asano T, Meguri Y, Yoshioka T, Kishi Y, Iwamoto M, Nakamura M, et al. PD-1
modulates regulatory T-cell homeostasis during low-dose interleukin-2 therapy.
Blood (2017) 129(15):2186-97. doi: 10.1182/blood-2016-09-741629

Zhang B, Chikuma S, Hori S, Fagarasan S, Honjo T. Nonoverlapping roles of
PD-1 and FoxP3 in maintaining immune tolerance in a novel autoimmune
pancreatitis mouse model. Proc Natl Acad Sci USA (2016) 113(30):8490-5.
doi: 10.1073/pnas.1608873113

Gajewski TF, Schreiber H, Fu YX. Innate and adaptive immune cells in the
tumor microenvironment. Nat Immunol (2013) 14(10):1014-22.
doi: 10.1038/ni.2703

Mulligan AM, Pinnaduwage D, Tchatchou S, Bull SB, Andrulis IL.
Validation of intratumoral T-bet+ lymphoid cells as predictors of disease-
free survival in breast cancer. Cancer Immunol Res (2016) 4(1):41-8.
doi: 10.1158/2326-6066.CIR-15-0051

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 10 | Article 600573


https://doi.org/10.1093/jncics/pkaa023
https://doi.org/10.1200/JCO.2010.30.5037
https://doi.org/10.1038/nrclinonc.2015.215
https://doi.org/10.1093/annonc/mdu112
https://doi.org/10.1093/annonc/mdu112
https://doi.org/10.1200/JCO.2013.55.0491
https://doi.org/10.1200/JCO.2013.55.0491
https://doi.org/10.1097/CCO.0000000000000570
https://doi.org/10.1093/annonc/mdu191
https://doi.org/10.1093/annonc/mdu191
https://doi.org/10.1200/JCO.2009.23.7370
https://doi.org/10.1093/annonc/mdv239
https://doi.org/10.1001/jamaoncol.2015.0830
https://doi.org/10.1001/jamaoncol.2015.0830
https://doi.org/10.3389/fonc.2017.00156
https://doi.org/10.1186/s12967-016-0983-9
https://doi.org/10.1186/s40425-017-0240-7
https://doi.org/10.1016/j.semcancer.2019.12.018
https://doi.org/10.1136/jclinpath-2015-203089
https://doi.org/10.1158/1078-0432.CCR-13-2590
https://doi.org/10.1038/s41568-019-0144-6
https://doi.org/10.1038/nature21349
https://doi.org/10.1136/esmoopen-2016-000150
https://doi.org/10.1007/s12282-017-0781-0
https://doi.org/10.1016/j.breast.2017.07.005
https://doi.org/10.1016/j.breast.2017.07.005
https://doi.org/10.1158/2326-6066.CIR-13-0127
https://doi.org/10.1016/S1470-2045(17)30904-X
https://doi.org/10.1016/S1470-2045(17)30904-X
https://doi.org/10.1038/s41571-020-0333-y
https://doi.org/10.1093/annonc/mdy518
https://doi.org/10.1093/annonc/mdy518
https://doi.org/10.3390/vaccines7040149
https://doi.org/10.1002/jcb.25895
https://doi.org/10.1016/j.it.2016.01.004
https://doi.org/10.1080/2162402X.2018.1433982
https://doi.org/10.1080/2162402X.2018.1433982
https://doi.org/10.1016/j.immuni.2009.03.019
https://doi.org/10.4049/jimmunol.1401936
https://doi.org/10.1182/blood-2016-09-741629
https://doi.org/10.1073/pnas.1608873113
https://doi.org/10.1038/ni.2703
https://doi.org/10.1158/2326-6066.CIR-15-0051
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Thomas et al.

Immune Checkpoint Blockade in BC

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Roelands J, Hendrickx W, Zoppoli G, Mall R, Saad M, Halliwill K, et al.
Oncogenic states dictate the prognostic and predictive connotations of
intratumoral immune response. | Immunother Cancer (2020) 8(1):
€000617. doi: 10.1136/jitc-2020-000617

Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng W, Kim D, et al. The
prognostic landscape of genes and infiltrating immune cells across human
cancers. Nat Med (2015) 21(8):938-45. doi: 10.1038/nm.3909

Cristescu R, Mogg R, Ayers M, Albright A, Murphy E, Yearley J, et al. Pan-
tumor genomic biomarkers for PD-1 checkpoint blockade-based
immunotherapy. Science (80- ) (2018) 362(6411):eaar3593. doi: 10.1126/
science.aar3593

Tofigh A, Suderman M, Paquet ER, Livingstone J, Bertos N, Saleh SM, et al.
The prognostic ease and difficulty of invasive breast carcinoma. Cell Rep
(2014) 9(1):129-142. doi: 10.1016/j.celrep.2014.08.073

Keren L, Bosse M, Marquez D, Angoshtari R, Jain S, Varma S, et al. A
Structured Tumor-Immune Microenvironment in Triple Negative Breast
Cancer Revealed by Multiplexed Ion Beam Imaging. Cell (2018) 174
(6):1373-87. doi: 10.1016/j.cell.2018.08.039

Gruosso T, Gigoux M, Manem VSK, Bertos N, Zuo D, Perlitch I, et al.
Spatially distinct tumor immune microenvironments stratify triple-negative
breast cancers. J Clin Invest (2019) 129(4):1785-800. doi: 10.1172/JCI96313
Huttenhower C, Gevers D, Knight R, Abubucker S, Badger JH, Chinwalla
AT, et al. Structure, function and diversity of the healthy human
microbiome. Nature (2012) 486(7402):207-14. doi: 10.1038/nature11234
Dzutsev A, Goldszmid RS, Viaud S, Zitvogel L, Trinchieri G. The role of the
microbiota in inflammation, carcinogenesis, and cancer therapy. Eur J
Immunol (2015) 45(1):17-31. doi: 10.1002/¢ji.201444972

Roy S, Trinchieri G. Microbiota: A key orchestrator of cancer therapy. Nat
Rev Cancer (2017) 17(5):271-85. doi: 10.1038/nrc.2017.13

Van Den Elsen LWJ, Poyntz HC, Weyrich LS, Young W, Forbes-Blom
EE. Embracing the gut microbiota: The new frontier for inflammatory
and infectious diseases. Clin Transl Immunol (2017) 6(1):el125.
doi: 10.1038/cti.2016.91

Fernandez MF, Reina-Perez I, Astorga JM, Rodriguez-Carrillo A, Plaza-Diaz
J, Fontana L. Breast cancer and its relationship with the microbiota. Int J
Environ Res Public Health (2018) 15(8):1747. doi: 10.3390/ijerph15081747
Wong SH, Zhao L, Zhang X, Nakatsu G, Han J, Xu W, et al. Gavage of Fecal
Samples From Patients With Colorectal Cancer Promotes Intestinal
Carcinogenesis in Germ-Free and Conventional Mice. Gastroenterology
(2017) 153(6):1621-33. doi: 10.1053/j.gastro.2017.08.022

Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets
TV, et al. Gut microbiome modulates response to anti-PD-1 immunotherapy
in melanoma patients. Science (80- ) (2018) 359(6371):97-103. doi: 10.1126/
science.aan4236

Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillére R, et al.
Gut microbiome influences efficacy of PD-1-based immunotherapy against
epithelial tumors. Science (80- ) (2018) 359(6371):91-7. doi: 10.1126/
science.aan3706

Matson V, Fessler ], Bao R, Chongsuwat T, Zha Y, Alegre ML, et al. The
commensal microbiome is associated with anti-PD-1 efficacy in metastatic
melanoma patients. Science (80- ) (2018) 359(6371):104-8. doi: 10.1126/
science.aa03290

McQuade JL, Ologun GO, Arora R, Wargo JA. Gut Microbiome Modulation
Via Fecal Microbiota Transplant to Augment Immunotherapy in Patients
with Melanoma or Other Cancers. Curr Oncol Rep (2020) 22(7):74.
doi: 10.1007/s11912-020-00913-y

Rosean CB, Bostic RR, Ferey JCM, Feng TY, Azar FN, Tung KS, et al.
Preexisting commensal dysbiosis is a host-intrinsic regulator of tissue
inflammation and tumor cell dissemination in hormone receptor—positive
breast cancer. Cancer Res (2019) 79(14):3662-75. doi: 10.1158/0008-
5472.CAN-18-3464

Goedert JJ, Jones G, Hua X, Xu X, Yu G, Flores R, et al. Investigation of the
Association Between the Fecal Microbiota and Breast Cancer in
Postmenopausal Women: A Population-Based Case-Control Pilot Study.
J Natl Cancer Inst (2015) 107(8):djv147. doi: 10.1093/jnci/djv147

Urbaniak C, Gloor GB, Brackstone M, Scott L, Tangney M, Reida G. The
microbiota of breast tissue and its association with breast cancer. Appl
Environ Microbiol (2016) 82(16):5039-48. doi: 10.1128/AEM.01235-16

110.

111.

112.

113.

114.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Banerjee S, Wei Z, Tan F, Peck KN, Shih N, Feldman M, et al. Distinct
microbiological signatures associated with triple negative breast cancer. Sci
Rep (2015) 5:15162. doi: 10.1038/srep15162

O’Connor H, MacSharry J, Bueso YF, Lindsay S, Kavanagh EL, Tangney M,
et al. Resident bacteria in breast cancer tissue: pathogenic agents or harmless
commensals? Discov Med (2018) 26(142):93-102.

Parida S, Sharma D. The power of small changes: Comprehensive analyses of
microbial dysbiosis in breast cancer. Biochim Biophys Acta - Rev Cancer
(2019) 1871(2):392-405. doi: 10.1016/j.bbcan.2019.04.001

Nejman D, Livyatan I, Fuks G, Gavert N, Zwang Y, Geller LT, et al. The
human tumor microbiome is composed of tumor type-specific intracellular
bacteria. Science (80- ) (2020) 368(6494):973-80. doi: 10.1126/
science.aay9189

Bansal P, Osman D, Gan GN, Simon GR, Boumber Y. Recent advances in
immunotherapy in metastatic NSCLC. Front Oncol (2016) 6:239.
doi: 10.3389/fonc.2016.00239

. Pardoll DM. The blockade of immune checkpoints in cancer

immunotherapy. Nat Rev Cancer (2012) 12(4):252-64. doi: 10.1038/nrc3239
Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science (80- ) (2018) 359(6382):1350-5. doi: 10.1126/science.aar4060
Voorwerk L, Slagter M, Horlings HM, Sikorska K, van de Vijver KK, de
Maaker M, et al. Immune induction strategies in metastatic triple-negative
breast cancer to enhance the sensitivity to PD-1 blockade: the TONIC trial.
Nat Med (2019) 25(6):920-8. doi: 10.1038/s41591-019-0432-4

Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, Adaptive, and
Acquired Resistance to Cancer Immunotherapy. Cell (2017) 168(4):707-23.
doi: 10.1016/j.cell.2017.01.017

Garcia-Aranda M, Redondo M. Immunotherapy: A challenge of breast cancer
treatment. Cancers (Basel) (2019) 11(12):1822. doi: 10.3390/cancers11121822
Cogdill AP, Andrews MC, Wargo JA. Hallmarks of response to immune
checkpoint blockade. Br J Cancer (2017) 117(1):1-7. doi: 10.1038/
bjc.2017.136

Santa-Maria CA, Kato T, Park JH, Kiyotani K, Rademaker A, Shah AN, et al.
A pilot study of durvalumab and tremelimumab and immunogenomic
dynamics in metastatic breast cancer. Oncotarget (2018) 9(27):18985-96.
doi: 10.18632/oncotarget.24867

Adams S, Schmid P, Rugo HS, Winer EP, Loirat D, Awada A, et al.
Pembrolizumab monotherapy for previously treated metastatic triple-
negative breast cancer: Cohort A of the phase II KEYNOTE-086 study.
Ann Oncol (2019) 30(3):397-404. doi: 10.1093/annonc/mdy517

Corteés J, Lipatov O, Im S-A, Gongalves A, Lee KS, Schmid P, et al.
KEYNOTE-119: Phase III study of pembrolizumab (pembro) versus
single-agent chemotherapy (chemo) for metastatic triple negative breast
cancer (mTNBC). Ann Oncol (2019) 30(Supplement 5):v859-60.
doi: 10.1093/annonc/mdz394.010

Emens LA, Cruz C, Eder JP, Braiteh F, Chung C, Tolaney SM, et al. Long-
term Clinical Outcomes and Biomarker Analyses of Atezolizumab Therapy
for Patients with Metastatic Triple-Negative Breast Cancer: A Phase 1 Study.
JAMA Oncol (2019) 5(1):74-82. doi: 10.1001/jamaoncol.2018.4224

Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman GJ. Programmed
Death-1 Ligand 1 Interacts Specifically with the B7-1 Costimulatory
Molecule to Inhibit T Cell Responses. Immunity (2007) 27(1):111-22.
doi: 10.1016/j.immuni.2007.05.016

Emens LA, Middleton G. The interplay of immunotherapy and
chemotherapy: Harnessing potential synergies. Cancer Immunol Res
(2015) 3(5):436-43. doi: 10.1158/2326-6066.CIR-15-0064

Zitvogel L, Apetoh L, Ghiringhelli F, Kroemer G. Immunological aspects of
cancer chemotherapy. Nat Rev Immunol (2008) 8(1):59-73. doi: 10.1038/
nri2216

Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al.
Atezolizumab and nab-paclitaxel in advanced triple-negative breast cancer.
N Engl ] Med (2018) 379(22):2108-21. doi: 10.1056/NEJMoal809615
Cortes ], Cescon DW, Rugo HS, Nowecki Z, Im S-A, Yusof MM, et al.
KEYNOTE-355: Randomized, double-blind, phase III study of
pembrolizumab + chemotherapy versus placebo + chemotherapy for
previously untreated locally recurrent inoperable or metastatic triple-
negative breast cancer. J Clin Oncol (2020) 38:1000 doi: 10.1200/
j€0.2020.38.15_suppl.1000

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 10 | Article 600573


https://doi.org/10.1136/jitc-2020-000617
https://doi.org/10.1038/nm.3909
https://doi.org/10.1126/science.aar3593
https://doi.org/10.1126/science.aar3593
https://doi.org/10.1016/j.celrep.2014.08.073
https://doi.org/10.1016/j.cell.2018.08.039
https://doi.org/10.1172/JCI96313
https://doi.org/10.1038/nature11234
https://doi.org/10.1002/eji.201444972
https://doi.org/10.1038/nrc.2017.13
https://doi.org/10.1038/cti.2016.91
https://doi.org/10.3390/ijerph15081747
https://doi.org/10.1053/j.gastro.2017.08.022
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1007/s11912-020-00913-y
https://doi.org/10.1158/0008-5472.CAN-18-3464
https://doi.org/10.1158/0008-5472.CAN-18-3464
https://doi.org/10.1093/jnci/djv147
https://doi.org/10.1128/AEM.01235-16
https://doi.org/10.1038/srep15162
https://doi.org/10.1016/j.bbcan.2019.04.001
https://doi.org/10.1126/science.aay9189
https://doi.org/10.1126/science.aay9189
https://doi.org/10.3389/fonc.2016.00239
https://doi.org/10.1038/nrc3239
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1038/s41591-019-0432-4
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.3390/cancers11121822
https://doi.org/10.1038/bjc.2017.136
https://doi.org/10.1038/bjc.2017.136
https://doi.org/10.18632/oncotarget.24867
https://doi.org/10.1093/annonc/mdy517
https://doi.org/10.1093/annonc/mdz394.010
https://doi.org/10.1001/jamaoncol.2018.4224
https://doi.org/10.1016/j.immuni.2007.05.016
https://doi.org/10.1158/2326-6066.CIR-15-0064
https://doi.org/10.1038/nri2216
https://doi.org/10.1038/nri2216
https://doi.org/10.1056/NEJMoa1809615
https://doi.org/10.1200/jco.2020.38.15_suppl.1000
https://doi.org/10.1200/jco.2020.38.15_suppl.1000
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Thomas et al.

Immune Checkpoint Blockade in BC

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Tolaney S, Kalinsky K, Kaklamani V, Savulsky C, Olivo M, Aktan G, et al.
Abstract PD6-13: Phase 1b/2 study to evaluate eribulin mesylate in
combination with pembrolizumab in patients with metastatic triple-
negative breast cancer. Cancer Res (2018) 78(4 Supplement):PD6-13.
doi: 10.1158/1538-7445.sabcs17-pd6-13

Nanda R, Liu MC, Yau C, Shatsky R, Pusztai L, Wallace A, et al. Effect of
Pembrolizumab Plus Neoadjuvant Chemotherapy on Pathologic Complete
Response in Women with Early-Stage Breast Cancer: An Analysis of the
Ongoing Phase 2 Adaptively Randomized I-SPY2 Trial. JAMA Oncol (2020)
6(5):676-84. doi: 10.1001/jamaoncol.2019.6650

Schmid P, Salgado R, Park YH, Mufioz-Couselo E, Kim SB, Sohn J, et al.
Pembrolizumab plus chemotherapy as neoadjuvant treatment of high-risk,
early-stage triple-negative breast cancer: results from the phase 1b open-
label, multicohort KEYNOTE-173 study. Ann Oncol (2020) 31(5):569-81.
doi: 10.1016/j.annonc.2020.01.072

Schmid P, Cortes J, Pusztai L, McArthur H, Kiimmel S, Bergh J, et al.
Pembrolizumab for early triple-negative breast cancer. N Engl ] Med (2020)
382(9):810-21. doi: 10.1056/NEJMo0a1910549

Adams S, Diamond JR, Hamilton E, Pohlmann PR, Tolaney SM, Chang CW,
et al. Atezolizumab Plus nab-Paclitaxel in the Treatment of Metastatic
Triple-Negative Breast Cancer with 2-Year Survival Follow-up: A Phase 1b
Clinical Trial. JAMA Oncol (2019) 5(3):334-42. doi: 10.1001/jamaoncol.
2018.5152

Schmid P, Rugo HS, Adams S, Schneeweiss A, Barrios CH, Iwata H, et al.
Atezolizumab plus nab-paclitaxel as first-line treatment for unresectable,
locally advanced or metastatic triple-negative breast cancer (IMpassion130):
updated efficacy results from a randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet Oncol (2020) 21(1):44-59. doi: 10.1016/
$1470-2045(19)30689-8

Loibl S, Untch M, Burchardi N, Huober J, Sinn BV, Blohmer JU, et al. A
randomised phase II study investigating durvalumab in addition to an
anthracycline taxane-based neoadjuvant therapy in early triple-negative
breast cancer: Clinical results and biomarker analysis of GeparNuevo
study. Ann Oncol (2019) 30(8):1279-88. doi: 10.1093/annonc/mdz158
Gianni L, Huang C-S, Egle D, Bermejo B, Zamagni C, Thill M, et al. Abstract
GS3-04: Pathologic complete response (pCR) to neoadjuvant treatment with
or without atezolizumab in triple negative, early high-risk and locally
advanced breast cancer. NeoTRIPaPDL1 Michelangelo randomized study.
Cancer Res (2020) 80(4 Supplement):GS3-04. doi: 10.1158/1538-7445.
sabcs19-gs3-04

Mittendorf EA, Zhang H, Barrios CH, Saji S, Jung KH, Hegg R, et al.
Neoadjuvant atezolizumab in combination with sequential nab-paclitaxel
and anthracycline-based chemotherapy versus placebo and chemotherapy in
patients with early-stage triple-negative breast cancer (IMpassion031): a
randomised, double-blind, phase 3 trial. Lancet (2020) 396(10257):1090-100.
doi: 10.1016/S0140-6736(20)31953-X

Couch FJ, Hart SN, Sharma P, Toland AE, Wang X, Miron P, et al. Inherited
mutations in 17 breast cancer susceptibility genes among a large triple-
negative breast cancer cohort unselected for family history of breast cancer.
J Clin Oncol (2015) 33(4):304-11. doi: 10.1200/JC0O.2014.57.1414

Vinayak S, Tolaney SM, Schwartzberg L, Mita M, McCann G, Tan AR, et al.
Open-label Clinical Trial of Niraparib Combined with Pembrolizumab for
Treatment of Advanced or Metastatic Triple-Negative Breast Cancer. JAMA
Oncol (2019) 5(8):1132-40. doi: 10.1001/jamaoncol.2019.1029

Zimmer AS, Nichols E, Cimino-Mathews A, Peer C, Cao L, Lee MJ, et al. A
phase i study of the PD-L1 inhibitor, durvalumab, in combination with a
PARP inhibitor, olaparib, and a VEGFR1-3 inhibitor, cediranib, in recurrent
women’s cancers with biomarker analyses. ] Immunother Cancer (2019) 7
(1):197. doi: 10.1186/s40425-019-0680-3

Brufsky A, Kim S-B, Zvirbule Z, Dirix LY, Eniu AE, Carabantes F, et al. Phase
IT COLET study: Atezolizumab (A) + cobimetinib (C) + paclitaxel (P)/nab-
paclitaxel (nP) as first-line (1L) treatment (tx) for patients (pts) with locally
advanced or metastatic triple-negative breast cancer (nTNBC). J Clin Oncol
(2019) 37(Supplement 15):1013. doi: 10.1200/jc0.2019.37.15_suppl.1013
McCann KE, Hurvitz SA. Advances in the use of PARP inhibitor therapy for
breast cancer. Drugs Context (2018) 7:212540. doi: 10.7573/dic.212540

Jiao S, Xia W, Yamaguchi H, Wei Y, Chen MK, Hsu JM, et al. PARP inhibitor
upregulates PD-L1 expression and enhances cancer-associated

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

immunosuppression. Clin Cancer Res (2017) 23(14):3711-20. doi: 10.1158/
1078-0432.CCR-16-3215

Johnson N, Li YC, Walton ZE, Cheng KA, Li D, Rodig SJ, et al.
Compromised CDKI activity sensitizes BRCA-proficient cancers to PARP
inhibition. Nat Med (2011) 17(7):875-82. doi: 10.1038/nm.2377

Goel S, Decristo MJ, Watt AC, Brinjones H, Sceneay J, Li BB, et al. CDK4/6
inhibition triggers anti-tumour immunity. Nature (2017) 548(7668):471-5.
doi: 10.1038/nature23465

Deng J, Wang ES, Jenkins RW, Li S, Dries R, Yates K, et al. CDK4/6
inhibition augments antitumor immunity by enhancing T-cell activation.
Cancer Discov (2018) 8(2):216-33. doi: 10.1158/2159-8290.CD-17-0915
Hoeflich KP, O’'Brien C, Boyd Z, Cavet G, Guerrero S, Jung K, et al. In vivo
antitumor activity of MEK and phosphatidylinositol 3-kinase inhibitors in
basal-like breast cancer models. Clin Cancer Res (2009) 15(14):4649-64.
doi: 10.1158/1078-0432.CCR-09-0317

Rosenberg SA, Yang JC, Restifo NP. Cancer immunotherapy: Moving
beyond current vaccines. Nat Med (2004) 10(9):909-15. doi: 10.1038/
nm1100

Sasada T, Noguchi M, Yamada A, Itoh K. Personalized peptide vaccination:
A novel immunotherapeutic approach for advanced cancer. Hum Vaccines
Immunother (2012) (98):1309-13. doi: 10.4161/hv.20988

Chan IS, Kn utsdottir H, Ramakrishnan G, Padmanaban V, Warrier M,
Ramirez JC, et al. Cancer cells educate natural killer cells to a metastasis-
promoting cell state. J Cell Biol (2020) 219(9):e202001134. doi: 10.1083/
jcb.202002077

Fernandez-Messina L, Ashiru O, Boutet P, Agiiera-Gonzalez S, Skepper JN,
Reyburn HT, et al. Differential mechanisms of shedding of the
glycosylphosphatidylinositol (GPI)-anchored NKG2D ligands. ] Biol Chem
(2010) 285(12):8543-51. doi: 10.1074/jbc.M109.045906

Shenouda MM, Gillgrass A, Nham T, Hogg R, Lee AJ, Chew MV, et al. Ex
vivo expanded natural killer cells from breast cancer patients and healthy
donors are highly cytotoxic against breast cancer cell lines and patient-
derived tumours. Breast Cancer Res (2017) 19(1):76. doi: 10.1186/s13058-
017-0867-9

Lorenzo-Herrero S, Lopez-Soto A, Sordo-Bahamonde C, Gonzalez-Rodriguez
AP, Vitale M, Gonzalez S. NK cell-based immunotherapy in cancer metastasis.
Cancers (Basel) (2019) 11(1):29. doi: 10.3390/cancers11010029

Hu Z. Tissue factor as a new target for CAR-NK cell immunotherapy of triple-
negative breast cancer. Sci Rep (2020) 10(1):2815. doi: 10.1038/s41598-020-
59736-3

Kistler M, Nangia C, To C, Sender L, Lee ], Jones F, et al. Abstract P5-04-02:
Safety and efficacy from first-in-human immunotherapy combining NK and
T cell activation with off-the-shelf high-affinity CD16 NK cell line (haNK) in
patients with 2 nd -line or greater metastatic triple-negative breast cancer
(TNBC). Cancer Res (2020) 80(4 Supplement):P5-04-02. doi: 10.1158/1538-
7445.sabcs19-p5-04-02

Arora S, Velichinskii R, Lesh RW, Ali U, Kubiak M, Bansal P, et al. Existing
and Emerging Biomarkers for Immune Checkpoint Immunotherapy in Solid
Tumors. Adv Ther (2019) 36(10):2638-78. doi: 10.1007/s12325-019-01051-z
Tsao MS, Kerr KM, Kockx M, Beasley MB, Borczuk AC, Botling J, et al. PD-
L1 Immunohistochemistry Comparability Study in Real-Life Clinical
Samples: Results of Blueprint Phase 2 Project. ] Thorac Oncol (2018) 13
(9):1302-11. doi: 10.1016/j.jtho.2018.05.013

Tretiakova M, Fulton R, Kocherginsky M, Long T, Ussakli C, Antic T, et al.
Concordance study of PD-L1 expression in primary and metastatic bladder
carcinomas: Comparison of four commonly used antibodies and RNA
expression. Mod Pathol (2018) 31(4):623-32. doi: 10.1038/modpathol.2017.188
Downes MR, Slodkowska E, Katabi N, Jungbluth AA, Xu B. Inter- and
intraobserver agreement of programmed death ligand 1 scoring in head and
neck squamous cell carcinoma, urothelial carcinoma and breast carcinoma.
Histopathology (2020) 76(2):191-200. doi: 10.1111/his.13946

Scott M, Scorer P, Barker C, Al-Masri H. Comparison of patient populations
identified by different PD-L1 assays in in triple-negative breast cancer
(TNBC). Ann Oncol (2019) 30(Supplement 3):I114. doi: 10.1093/annonc/
mdz095.009

Noske A, Ammann J, Wagner D-C, Denkert C, Lebeau A, Sinn P, et al.
Reproducibility and concordance of 4 clinically developed programmed
death-ligand 1 (PD-L1) immunohistochemistry (IHC) assays in triple

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 10 | Article 600573


https://doi.org/10.1158/1538-7445.sabcs17-pd6-13
https://doi.org/10.1001/jamaoncol.2019.6650
https://doi.org/10.1016/j.annonc.2020.01.072
https://doi.org/10.1056/NEJMoa1910549
https://doi.org/10.1001/jamaoncol.2018.5152
https://doi.org/10.1001/jamaoncol.2018.5152
https://doi.org/10.1016/S1470-2045(19)30689-8
https://doi.org/10.1016/S1470-2045(19)30689-8
https://doi.org/10.1093/annonc/mdz158
https://doi.org/10.1158/1538-7445.sabcs19-gs3-04
https://doi.org/10.1158/1538-7445.sabcs19-gs3-04
https://doi.org/10.1016/S0140-6736(20)31953-X
https://doi.org/10.1200/JCO.2014.57.1414
https://doi.org/10.1001/jamaoncol.2019.1029
https://doi.org/10.1186/s40425-019-0680-3
https://doi.org/10.1200/jco.2019.37.15_suppl.1013
https://doi.org/10.7573/dic.212540
https://doi.org/10.1158/1078-0432.CCR-16-3215
https://doi.org/10.1158/1078-0432.CCR-16-3215
https://doi.org/10.1038/nm.2377
https://doi.org/10.1038/nature23465
https://doi.org/10.1158/2159-8290.CD-17-0915
https://doi.org/10.1158/1078-0432.CCR-09-0317
https://doi.org/10.1038/nm1100
https://doi.org/10.1038/nm1100
https://doi.org/10.4161/hv.20988
https://doi.org/10.1083/jcb.202002077
https://doi.org/10.1083/jcb.202002077
https://doi.org/10.1074/jbc.M109.045906
https://doi.org/10.1186/s13058-017-0867-9
https://doi.org/10.1186/s13058-017-0867-9
https://doi.org/10.3390/cancers11010029
https://doi.org/10.1038/s41598-020-59736-3
https://doi.org/10.1038/s41598-020-59736-3
https://doi.org/10.1158/1538-7445.sabcs19-p5-04-02
https://doi.org/10.1158/1538-7445.sabcs19-p5-04-02
https://doi.org/10.1007/s12325-019-01051-z
https://doi.org/10.1016/j.jtho.2018.05.013
https://doi.org/10.1038/modpathol.2017.188
https://doi.org/10.1111/his.13946
https://doi.org/10.1093/annonc/mdz095.009
https://doi.org/10.1093/annonc/mdz095.009
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Thomas et al.

Immune Checkpoint Blockade in BC

163.

164.

165.

166.

167.

168.

negative breast cancer (TNBC). Ann Oncol (2019) 30(Supplement 5):v130-1.
doi: 10.1093/annonc/mdz242.054

Rugo HS, Loi S, Adams S, Schmid P, Schneeweiss A, Barrios CH, et al.
Performance of PD-L1 immunohistochemistry (IHC) assays in unresectable
locally advanced or metastatic triple-negative breast cancer (nTNBC): Post-
hoc analysis of IMpassion130. Ann Oncol (2019) 30(Supplement 5):v858-9.
doi: 10.1093/annonc/mdz394.009

Reisenbichler ES, Han G, Bellizzi A, Bossuyt V, Brock J, Cole K, et al.
Prospective multi-institutional evaluation of pathologist assessment of PD-
L1 assays for patient selection in triple negative breast cancer. Mod Pathol
(2020) 33(9):1746-52. doi: 10.1038/s41379-020-0544-x

Wang L, Wang H, Chen H, Wang W, Chen XQ, Geng QR, et al. Serum levels
of soluble programmed death ligand 1 predict treatment response and
progression free survival in multiple myeloma. Oncotarget (2015) 6
(38):41228-36. doi: 10.18632/oncotarget.5682

Rossille D, Gressier M, Damotte D, Maucort-Boulch D, Pangault C, Semana
G, et al. High level of soluble programmed cell death ligand 1 in blood
impacts overall survival in aggressive diffuse large B-cell lymphoma: Results
from a French multicenter clinical trial. Leukemia (2014) 28(12):2367-75.
doi: 10.1038/leu.2014.137

Finkelmeier F, Canli O, Tal A, Pleli T, Trojan J, Schmidt M, et al. High levels
of the soluble programmed death-ligand (sPD-L1) identify hepatocellular
carcinoma patients with a poor prognosis. Eur ] Cancer (2016) 59:152-9.
doi: 10.1016/j.ejca.2016.03.002

Zhu X, Lang J. Soluble PD-1 and PD-L1: Predictive and prognostic
significance in cancer. Oncotarget (2017) 8(57):97671-82. doi: 10.18632/
oncotarget.18311

169.

170.

171.

Loi S, Sirtaine N, Piette F, Salgado R, Viale G, Van Eenoo F, et al. Prognostic
and predictive value of tumor-infiltrating lymphocytes in a phase III
randomized adjuvant breast cancer trial in node-positive breast cancer
comparing the addition of docetaxel to doxorubicin with doxorubicin-
based chemotherapy: BIG 02-98. J Clin Oncol (2013) 31(7):860-7.
doi: 10.1200/JC0.2011.41.0902

Hendry S, Salgado R, Gevaert T, Russell PA, John T, Thapa B, et al. Assessing
Tumor-infiltrating Lymphocytes in Solid Tumors: A Practical Review for
Pathologists and Proposal for a Standardized Method from the International
Immunooncology Biomarkers Working Group: Part 1: Assessing the Host
Immune Response, TILs in Invasi. Adv Anat Pathol (2017) 24(5):235-51.
doi: 10.1097/PAP.0000000000000162

Kos Z, Roblin E, Kim RS, Michiels S, Gallas BD, Chen W, et al. Pitfalls in
assessing stromal tumor infiltrating lymphocytes (sTILs) in breast cancer.
NPJ Breast Cancer (2020) 6:17. doi: 10.1038/s41523-020-0156-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Thomas, Al-Khadairi and Decock. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

February 2021 | Volume 10 | Article 600573


https://doi.org/10.1093/annonc/mdz242.054
https://doi.org/10.1093/annonc/mdz394.009
https://doi.org/10.1038/s41379-020-0544-x
https://doi.org/10.18632/oncotarget.5682
https://doi.org/10.1038/leu.2014.137
https://doi.org/10.1016/j.ejca.2016.03.002
https://doi.org/10.18632/oncotarget.18311
https://doi.org/10.18632/oncotarget.18311
https://doi.org/10.1200/JCO.2011.41.0902
https://doi.org/10.1097/PAP.0000000000000162
https://doi.org/10.1038/s41523-020-0156-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Immune Checkpoint Inhibitors in Triple Negative Breast Cancer Treatment: Promising Future Prospects
	Introduction
	Potential of Immunotherapy in (Triple Negative) Breast Cancer: Parameters to be Considered
	Tumor Mutational Burden and Neoantigen Load
	Diversity of Immune Infiltrate
	Gut and Breast Microbiome

	Immune Checkpoint Inhibition in Triple Negative Breast Cancer
	PD1/PD-L1 Antibody Monotherapy
	PD1/PD-L1 Antibody-Chemotherapy Combination Treatment
	PD1/PD-L1 Antibody-Targeted Therapy Combination Treatment
	PD1/PD-L1 Antibody-Vaccine Combination Treatment
	PD1/PD-L1 Antibody-Natural Killer Cell Combination Treatment

	Predictive Biomarkers in Immune Checkpoint Inhibition
	Conclusion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


