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ABSTRACT: Immunotherapy is revolutionizing cancer care across disciplines. The original success of immune checkpoint blockade in
melanoma has already been translated to Food and Drug Administration—approved therapies in a number of other cancers, and a large number
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review recent clinical trials of immunotherapy in breast cancer and provide a number of interesting questions that will need to be answered for

successful breast cancer immunotherapy.
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Antitumor Immunity

Basic mechanisms of a successful antitumor immune
response

Immunotherapy has dramatically expanded patient’s lives in
melanoma! and has given hope for a new generation of patients
to dramatically improve survival without going through the
severe side effects of traditional chemotherapy. The initial suc-
cess observed in melanoma has been translated to non—small-

2 renal cell carcinoma,® and recently bladder

cell lung cancer,
cancer,* and clinical trials are underway to determine whether
immunotherapy provides a clinical benefit in breast cancer
(BC). In this review, we will attempt to give a brief overview on
the basics of antitumor immunity, the effects of the breast
tumor microenvironment (TME) on infiltrating lymphocytes,
and current clinical trials for immunotherapy in BC.

A successful antitumor immune response requires many
steps involving many components of the immune system. The
adaptive immune system is highly complex and relies on edu-
cating cytotoxic lymphocytes (CTLs) to recognize modified or
mutated antigens and eliminating malignant cells that express
them. This process begins with antigen-presenting cells (APCs;
typically dendritic cells [DCs] or macrophages) which can
internalize dead tumor cells, digest them into small peptides,
and present these at the cell surface in either class II major
histocompatibility complex (MHC-II) (“classical” antigen
presentation) or class I MHC (“cross-priming”).>¢ T cells con-
tinuously interact with APCs (typically within the spleen or
peripheral lymph nodes) and scan peptides bound to MHC-I

or MHC-II in a highly sequence-specific manner. Successful
engagement of a T-cell receptor (TCR) with its specific/cog-
nate peptide-MHC complex on an APC leads to a biochemi-
cal signaling cascade that culminates in T cells undergoing an
activation/differentiation and proliferation/expansion pro-
gram. This leads to a large number of antigen-specific activated
CD4+ helper T (Tyy) cells and CD8+ cytotoxic T cells primed
for effector functions that survey virtually all cells within the
organism for expression of the specific antigen.

All nucleated cells process their intracellular protein con-
tents through the proteasome system, and MHC-I complex
presents the degraded peptide fragments (epitopes) on the cell
surface. In this manner, all nucleated cells in the human body
present their intracellular contents to surveying lymphocytes.
Thus, if a circulating activated T cell recognizes an antigen
within a peptide-MHC-I complex, it will either kill the target
cell or produce inflammatory cytokines, depending on the type
of lymphocyte.” After recognizing an antigen on a malignant
cell, CD4+ Ty cells can secrete pro-inflammatory cytokines to
recruit other immune cell types and mount an immune
response, and CD8+ cytotoxic T cells can directly kill tumor
cells by secretion of cytotoxic molecules such as perforin and
granzymes, which lead to apoptosis of the target cell.

Thus, a successful antitumor immune response requires a

few key steps: (1) capturing of tumor antigens by APCs, (2)
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presentation of tumor antigens to lymphocytes (typically in
spleen and/or tumor-draining lymph nodes), (3) activation
and expansion of CD4+ and/or CD8+ lymphocytes, (4) direct
cell-cell contacts between activated lymphocytes and tumor
cells (at primary or metastatic tumor sites), and (5) production
of inflammatory cytokines (CD4+) and killing of tumor cells
(CD8+), as well as other mechanisms involving B cells, natural
killer (NK) cells, and macrophages, reviewed elsewhere.$-10

Immune responses to tumor-associated antigens in BC

The study of antitumor immune responses in BC began in the
early 1990s with the discovery that CTLs obtained from tumor-
draining lymph nodes of patients with BC could specifically rec-
ognize and kill breast tumor cell lines in culture (but not normal
breast epithelial cell lines). This response was mediated through
the immune recognition of the glycoprotein mucin (MUC-1).
Although MUC-1 was expressed in both BC and normal epi-
thelial cell lines, this study showed that it was underglycosylated
in tumor cells, leading to the exposure of a hidden epitope that
could be recognized by CTLs.! Thus, a “self-antigen”was shown
to be aberrantly expressed and modified to trigger an immune
response. Later studies showed that very low levels of MUC-1-
specific T' cells could be detected in peripheral blood and bone
marrow of both patients with BC and healthy subjects, but with
a significantly higher percentage of these T cells in patients with
BC.1213 Along similar lines, flow cytometric analysis of tumor
cells and tumor-infiltrating lymphocytes (TILs) obtained after
surgical resection of breast tumors in 31 patients showed that the
expression of MHC-I on tumor cells was strongly associated
with infiltration of both CD4+ and CD8+ cells into the tumors.#
Furthermore, by studying the levels of MUC-1-specific IgG
antibodies (which are typically secreted by effector B cells) in the
serum of patients with nonmetastatic BC, 2 separate studies (a
combined total of 442 patients) showed that increased MUC-
1-specific antibodies were significantly correlated with improved
disease-free and overall survival.15:16

Similar to MUC-1, HER2 was also found to be immunogenic,
although its overexpression in tumor cells seems to be responsible
for its immunogenicity rather than uncovering of hidden epitopes.
In a study of 104 patients with variable expression of HER2 on
primary tumors, HER2 expression was significantly correlated
with both HER2-specific IgG antibodies in serum, as well as with
HER2-specificT cells in blood.'” Furthermore, in a study analyz-
ing the serum samples of more than 500 patients with BC, those
with HER2-specific antibodies above the median had a signifi-
cantly improved recurrence-free survival after surgery compared
with patients with low antibody levels.1®

TILs in BC

The above studies established that immune responses (B—cell
and T—cell-mediated) are sometimes successful in mounting an

antitumor immune response. An important factor determining
immune control of tumors is the ability of T' lymphocytes to
infiltrate tumors. The importance of TILs in BC was noted as
early as 1922 when lymphocytic infiltration was correlated
with improved survival in a cohort of 218 patients with BC.1?
More recent studies have confirmed these findings in many
cancer types, including BC.20 A study of more than 1000
patients found that lymphocytic infiltration (as measured by
immunohistochemical [IHC] staining of lymphocytes, as well
as quantification of messenger RNA [mRNA] abundance of
immune-related transcripts by reverse transcription-polymer-
ase chain reaction) showed a clear and significant correlation
between immune infiltration and pathologic complete response
(pCR) to neoadjuvant chemotherapy (NAC) (40% vs 7% pCR
in highly immune-infiltrated tumor vs tumors without immune
infiltration).?! This trend was also observed in a study of 180
patients, where high TIL scores were associated with a better
pCR. Interestingly, the difference in pCR between TIL high vs
low was only significant in hormone receptor (HR)-negative
patients (triple-negative BC [TNBC] or HER2+), but not
HR+ patients (ER+ or PR+).22 In a meta-analysis of 13 studies
including 3251 patients, Mao et al?* found that the presence of
TILs in pretreatment biopsies was associated with a better
pCR rate; interestingly, there was an approximately 4-fold bet-
ter pCR specifically in TNBC and HER2+, but not in HR+
patients (confirming the above observations). Focusing specifi-
cally on ~500 patients with TNBC, Adams et al?* found that
the percentage of stromal TILs had a significant effect on over-
all survival, with the 10-year overall survival probability of
~90% for patients with the highest stromal TIL score vs ~65%
for those with no stromal TTL. Similar results were obtained in
22013 study of 2000 pretreatment breast tumor samples, where
the authors found that lymphocytic infiltration improved sur-
vival in TNBC, with a 5-year survival rate of 92% for patients
with high TIL scores vs 71% for those with low TIL scores.?
Thus, a picture emerges in BC where, despite being more
aggressive, HR-negative tumors are typically more immune-
infiltrated, and the subset of patients with high TILs within
this subtype respond better to NAC. Because immune infil-
tration is associated with improved response to NAC and
overall survival in HR-negative patients with BC, new ave-
nues of treatments that boost immune infiltration for these
highly aggressive tumors should be explored. Namely, to
study the mechanisms that restrict TIL entry into TNBC
and HER2+ breast tumors that show little or no immune
reactivity.

Barriers to Lymphocytic Infiltration

Although the presence of TILs in breast tumors leads to
improved prognosis in patients, immune cells must overcome
many challenges before they are able to directly interact with
tumor cells and exert their antitumor effector function. Tumors
are known to exhibit numerous mechanisms that lead to an
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Figure 1. Mechanisms of immune suppression within the tumor microenvironment (TME). Immune cells that reach the tumor bed are faced with
numerous challenges. The extracellular matrix (ECM) acts as a sink for immune cells and prevents cell-cell contacts between cytotoxic T cells and tumor
cells, which inhibits infiltration of T cells into the body of the tumor. Once antitumorigenic immune cells reach the tumor epithelium, they are faced with a
highly hostile microenvironment. A key component is lactic acid, produced mostly by tumor cells, which has been shown to inhibit antitumorigenic immune
cells (such as cytotoxic T cells, natural killer cells [NK cells], and dendritic cells [DCs]) and to promote the survival and formation of immunosuppressive
immune cells (such as regulatory T cells, myeloid-derived suppressor cells [MDSCs], and M2 macrophages [M¢]). Furthermore, free fatty acids (FFAs) are
also abundant within the TME and have been shown to affect the plasma membrane fluidity of cytotoxic T cells, severely inhibiting their ability to form
functional immune synapses with target cells, thereby inhibiting the function of the few infiltrating cytotoxic T cells that are able to come in contact with

tumor cells (see main text for details). FAO indicates fatty acid oxidation.

immunosuppressive microenvironment, where immune cells
are restricted from entering the tumor, become inactivated
within the tumor, or even promote further immunosuppres-
sion.?6 This article will focus on the metabolic challenges
encountered by tumor-infiltrating immune cells, as well as the
role of the extracellular matrix (ECM) on modulating immune

infiltration (Figure 1).

Lactic acid regulates immune cell function within
the TME

Tumors have been observed to have increased rates of glycolysis
since 1927 when Otto Warburg published his original seminal
study.?” Since then, and especially within the past 2 decades, the
importance of tumor metabolism for fueling rapid cell prolifer-
ation has been increasingly appreciated. It is now recognized
that both glucose and other nutrients (lipids, amino acids) are
critical not only for energy (adenosine triphosphate) production
but also, more importantly, for providing the molecular building
blocks required for cell proliferation, such as proteins, nucleo-
tides, and plasma membranes.?® Not surprisingly, oncogenic
pathways involved in malignant transformation have been

shown to upregulate expression of glycolytic genes to fuel cell
growth. For example, Myc was shown to upregulate LDHA
(lactate dehydrogenase A) in 1997 and has been shown to
upregulate many other glycolytic genes since then.?30 The
PIBK/Akt/mTOR pathway was known to be involved in physi-
ological glucose homeostasis,?* and in 2004, it was shown that
Akt could directly upregulate glucose uptake in cancer cells,3
an effect that was later found to rely on upregulation of glucose
transporter and several other glycolytic enzymes.333* Mutation
or loss of p53 was also shown to lead to decreased oxidative
phosphorylation and increased lactate production through gly-
colysis, an effect thought to be mediated mostly via TIGAR.3¢
Similarly, BRAF was recently shown to upregulate expression
of a number of glycolytic genes, and glycolysis was found to be
critical for the resistance to BRAF inhibition in a melanoma
cell line.?” Furthermore, hypoxia in the TME can lead to stabi-
lization of hypoxia-inducible factors, which have been shown to
upregulate expression of glycolytic genes.3®3 Thus, pathways
that promote cell proliferation and malignant transformation
are tightly associated with increased rates of glycolysis and thus
secretion of lactic acid within the TME, leading to an acidic
microenvironment with extracellular pH (pHe) ranging from
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6.5 to 7.25 in human breast tumors.*>* Importantly, lactic acid
accumulation within primary tumors has been linked to poor
prognosis in a variety of cancer types.*~%

Tumor-derived lactic acid has been shown to have many
protumorigenic effects, including promotion of angiogene-
sis,*47 increased cancer cell migration,* fueling oxidative can-
cer cells (“reverse Warburg” effect),*>0 and contributes to an
overall immunosuppressive TME. Many excellent reviews have
been written on the effects of lactic acid on tumor cells and
infiltrating immune cells’"%2; the following is a brief composite
overview of the immunosuppressive effects of lactate.

As mentioned above, antitumor immune responses require
many steps to be successful, and lactate has been shown to inhibit
many of these key steps. Lactate was shown to inhibit tumor
necrosis factor o production from human monocytes, and
although pHe contributed to this effect, pHe alone did not fully
recapitulate the effects of lactic acid.>® Furthermore, a study on
DCs found that lactate inhibited endocytosis (necessary for
antigen capture), cytokine production, T-cell activation poten-
tial, as well as expression of the DC-specific markers CD1a and
CD209 in a dose-dependent manner.>* Similar studies on DCs
showed that lactic acid dramatically reduced CD1a expression
during DC differentiation, whereas acidic pHe (6.0) had a mini-
mal effect. In addition, conditioned media from 3-dimensional
(3D) melanoma cell cultures were found to significantly inhibit
DC-specific CD1a expression that could be rescued by addition
of oxamate (a lactate dehydrogenase [LDH] inhibitor) to the 3D
tumor cell cultures.”® An important cell type mediating immune
suppression is myeloid-derived suppressive cells (MDSCs),
which are a very heterogeneous population of myeloid cells that
include myeloid progenitor cells, immature DCs, and granulo-
cytes.”® Lactate was shown to enhance generation of MDSCs
from the bone marrow of mice, and these MDSCs were then
shown to potently inhibit CD4+, CD8+, and NK cell prolifera-
tion and cytotoxic capacity. Lactate enhanced not only the num-
ber of MDSCs formed but also their immunosuppressive
capacity.’’ Lactate was also recently found to polarize tumor-
associated macrophages (TAMs) toward the protumorigenic
M2 phenotype. Lactate was shown to stabilize HIF1a within
TAMs and led to increased vascular endothelial growth factor
(VEGF) and arginase-1 production, contributing to an immu-
nosuppressive TME.>® Recent studies also showed an inhibitory
effect of lactate on NK cells, where addition of lactic acid inhib-
ited NK activation markers, cytokine production, and cytotoxic
capacity.’”*? Furthermore, lactic acid has been shown to inhibit
T-cell activation, cytokine production, and cytotoxic capacity
and to induce cell death in a manner that was not fully recapitu-
lated merely by acidic pH.®® In 2011, the same group demon-
strated that stimulation of TCR signaling led to a rapid
(1-15minutes) activation of the MAPK, ERK, and Akt path-
ways and found that the presence of lactic acid specifically pre-
vented the phosphorylation of key members of the MAPK
pathway, but not those of the ERK or Akt pathway.®! These

observations point to the importance of these signaling path-
ways for T-cell activation and illuminate the mechanism respon-
sible for lactate’s immune inhibitory effects. Importantly, these
rapid inhibitory effects of lactic acid were not observed with an
acidic pH alone. Along similar lines, Haas et al®> showed that
lactic acid could directly inhibit chemokine-dependent T-cell
motility, mediated through the lactate transporters SLC16A1
(MCT1) and SLC25A2 (SMCT2). Interestingly, clinical trials
of immune checkpoint inhibition in melanoma® and BC% show
that increased serum LDH levels correlate with lack of response.
Whether increased serum LDH is merely a measure of tumor
burden, or whether it reflects the metabolic activity of tumors
and the resulting levels of lactic acid within the TME, is some-
thing that will need to be studied in more detail. Thus, modulat-
ing tumor metabolism may be an important adjuvant approach
to improve responses to immunotherapy.

High rates of glycolysis by tumor cells can lead to the accu-
mulation of lactic acid and contribute to creating an immuno-
suppressive TME, as described above. However, high rates of
tumor glycolysis and lactate production also reflect high rates
of glucose consumption, as shown by fludeoxyglucose F
18-positron emission tomography scans. Glycolysis has been
known to be a critical step during T-cell activation, and recently,
competition for glucose within the TME was described as a
key factor in promoting T-cell exhaustion.®> Furthermore, the
glycolytic metabolite phosphoenolpyruvate was recently
described to be critical for Ca?* influx and nuclear factor of
activated T' cell (NFAT) nuclear translocation during T-cell
stimulation in both CD4+ and CD8+ T cells, providing a
mechanism for the requirement of glycolysis for T-cell activa-
tion.% An additional role for glycolysis is also emerging in con-
trolling epigenetic mechanisms of tumor and immune cell
phenotypes, which is thought to be mediated by production of
acetyl-CoA from glucose-derived pyruvate. Acetyl-CoA can
be used by histone acetyltransferases to modify histones
throughout the genome and modify cancer and immune cell
gene expression.®’%8 Thus, glycolysis has been clearly estab-
lished to be a critical regulator within the TME that can affect
both tumor and immune cell phenotypes.

Immunosuppressive role of free fatty acids within
the TME

A clinically relevant immunosuppressive role of fatty acids was
observed as early as 1977.%° Similar immunosuppressive effects
were found when quantifying the inhibitory effects of serum
from pediatric patients with acute lymphoblastic leukemia on
phytohemagglutinin-induced lymphocyte proliferation.” More
recently, a statistically significant negative correlation between
serum free fatty acid (FFA) concentration and calcium response
following TCR stimulation was observed (r=-.6).”" A similar
effect was observed in BC suggesting that tumor cell secretion
of unsaturated FFAs may be a mechanism of immune evasion.”
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Following the initial in vivo data regarding the immune inhibi-
tory role of FFAs, a series of articles by Richieri et al in 1989 to
1990 shed a great light into the mechanisms behind FFA
immunosuppression. These studies showed that addition of
oleic acid (but not steric acid, which is the saturated form of
oleic acid [OA]) led to inhibition of intracellular calcium accu-
mulation following stimulation with either target cells or conca-
navalin A (ConA), and this effect was observed within seconds
to minutes of addition of the fatty acids. Importantly, within
this time frame, the authors show that OA was bound to the
T-cell plasma membrane and was not significantly metabolized
(esterified), suggesting that membrane composition may
strongly affect the capacity of T cells to kill target cells. In all,
the authors show that OA rapidly and robustly inhibited the
target cell-induced or ConA-induced intracellular calcium
increase, CTL degranulation, and CTL-mediated lysis of target
cells within seconds to minutes of OA addition. The authors
suggest that “the perturbative effects must be due to a physical
perturbation, most likely of membrane lipid structure.””3-76

The mechanism behind the observed inhibitory effects of
FFAs on immune function has been more clearly elucidated in
the past 2 to 3 decades. Detailed analysis of the phosphoryla-
tion cascade following TCR stimulation (with anti-CD3 + other
co-stimulatory molecules [CD28, CD59]) revealed that while
control primary T cells exhibited strong activation of many
RTK pathways (MAPK, ERK, PI3K) within minutes, pre-
treatment of T cells with unsaturated fatty acids (UFAs) for 1
to 3 days strongly inhibited the CD3-induced phosphorylation
of JNK and c-Jun, whereas pretreatment with saturated fatty
acids had no effect. Of note, TCR stimulation—induced NFAT
activation, interleukin 2 (IL-2) secretion, and expression of the
IL-2 receptor (CD25) were also inhibited in primary T cells by
UFA pretreatment.”’

The importance of T-cell membrane fluidity/rigidity for
effector T-cell function has been studied in great detail.
Following a short (3-7minutes) stimulation with activating
anti-CD3 beads or DCs, the lipid density at the site of contact
with the beads or DCs significantly increased.”® Jurkat cells
treated with either anti-CD3 beads or antigen-loaded B cells
showed similar increased membrane density at the site of con-
tact.”” Furthermore, the authors found that increasing amounts
of 7-ketocholesterol (7KC) in the plasma membrane inhibited
the stimulation-dependent increase in lipid density at the site
of contact between T cells and beads or APCs, with a resulting
inhibition of IL-2 production. Detailed analysis of the molecu-
lar composition of the contact sites showed that 7KC inhibited
the recruitment of CD3, Zap70, and LAT to the TCR signal-
ing domains following TCR stimulation.

The above studies suggest that stimulation of the TCR
leads to condensation of the plasma membrane at the site of
contact followed by downstream signaling, and that the addi-
tion of UFAs (whose double bond(s) cause a kink in their
hydrophobic tails, causing membranes to become more fluid)

prevented plasma membrane condensation and downstream
signaling. In agreement with this interpretation of the above
results, a lipidomics approach was taken to study biochemically
isolated plasma membrane fractions containing the TCR
machinery (“TCR activation domains”) following stimulation
with anti-CD3 beads. T-cell receptor activation domains were
enriched in cholesterol, sphingomyelin, and saturated forms of
phosphatidylcholine after just 3minutes of stimulation.
Pretreatment of T cells with polyunsaturated fatty acids
(PUFAs) prevented the condensation of T-cell plasma mem-
brane regions in contact with anti-CD3 beads and caused an
increase in the amount of polyunsaturated lipids within TCR
domains, providing a mechanism for the inhibitory role of
PUFAs in TCR signaling.8® Membrane lipid order (density)
was also found to be critical for CD4+ T cells. Human CD4+
T cells were isolated from healthy volunteers, stained with a
fluorescent lipid dye, and subpopulations of T cells with low,
intermediate, and high lipid order were observed. The authors
found that T cells with high lipid order had increased choles-
terol levels in the plasma membrane, formed larger and more
stable immune synapses (ISs) with anti-CD3—-coated cover-
slips or APCs, and led to higher T-cell proliferation and
cytokine production compared with intermediate-order T
cells.81 A 2015 genetic and lipidomic study showed that the
lipid profile of various macrophage cell lines correlated with
their functional response to various toll-like receptor (TLR)
ligands as measured by their ligand-induced cytokine produc-
tion (IL-6). Furthermore, the authors showed that the lipid
profiles of fibroblasts derived from patients with sphingolipid
storage disorders were sufficient to accurately predict their
hyperresponsiveness or hyporesponsiveness to TLR stimula-
tion, underscoring the importance of membrane lipid dynam-
ics in immune function.?? Cholesterol was also found to greatly
affect the functional level of mouse CD8+ T cells. Following
stimulation, T cells exhibited increased plasma membrane and
intracellular levels of cholesterol and increased expression of
cholesterol biosynthesis and transport genes. The gene for
Acatl, which esterifies free cholesterol into cholesteryl esters
for storage, was also dramatically upregulated following CD3/
CD28 stimulation. Inhibiting ACAT1 during CD3/CD28
stimulation led to increased cytokine production and granule
secretion, as well as increased cytotoxicity against Ovalbumin
(OVA)-expressing target cells. Furthermore, T—cell-specific
knockout of Acatl led to a significantly improved antitumor
immune response, as evidenced by decreased tumor growth and
increased survival in melanoma and lung carcinoma mouse
models.83

Free fatty acids have clearly been shown to inhibit immune
function. Free fatty acids have been shown to insert into plasma
membranes and decrease membrane fluidity, precluding lipid
raft and IS formation and inhibiting downstream signaling.
Besides this direct effect, recent advances in immunometabo-
lism are showing that uptake and metabolism of FFAs by
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immune cells can also affect their functional state, especially
FFA B-oxidation. This has been extensively reviewed,®* but
briefly, fatty acid B-oxidation is characteristic of anti-inflam-
matory M2 macrophages, regulatory T cells (Tregs), and is
required for the transition from effector to memory T cells.8>57
Furthermore, the FFA-induced increase in membrane fluidity
has been associated with increased cancer cell proliferation and
survival through epidermal growth factor receptor and PI3K
pathway activation.®$8? Thus, increased serum FFAs may be an
important protumorigenic factor in patients with cancer which
requires further study.

The ECM as a physical barrier fto immune
infiltration

Although recognized as an important factor in promoting
tumor growth, survival, and migration/invasion of tumor cells
for decades,” the role of the ECM in regulating TIL function
has gained traction in the past few years, mostly due to techno-
logical advances in microscopic imaging of TILs. The ECM is
the noncellular component of tissues and organs and can be
divided into 2 main classes: a fibrillar fraction, which consists
of arrays of fibrillar collagen bundles, fibronectin fibers, and
elastin, and the nonfibrillar fraction, which is the soluble frac-
tion consisting mainly of glycosaminoglycans and proteogly-
cans. These sugars are large and charged and can thus bind
water and fill the space between the insoluble fibers within the
ECM. Thus, the ECM plays mostly a structural role and
defines the shape and stiffness of organs (and tumors).?-%2

The initial observation that the ECM may contribute to
tumor development came from a 2001 analysis of 9 clinical stud-
ies regarding breast mammography, which calculated a 4-fold to
6-tfold greater risk of developing BC in women with high mam-
mographic densities compared with those of low densities, and
this was the most significant BC risk factor besides age and
mutations in BRCA1/2. Importantly, a later study found that
in excision biopsies following breast mammograms, regions of
high mammographic density showed significantly higher colla-
gen density and expression of proteoglycans, strengthening the
link between a mammographic density, abundant ECM, and
tumorigenesis.”? Detailed studies on lymphocyte biology and
trafficking in the 1990s by Friedl et al®* showed that in an in
vitro 3D collagen matrix assay, isolated human T cells traveled
using highly transient and low-affinity interactions with colla-
gen fibers. Later studies by the Friedl group showed that in simi-
lar 3D collagen matrices, T cells migrated along the matrix by
ameboid shape changes and contact guidance that follow preex-
isting ECM scaffolds, where T cells filled the gaps within the
fibers and followed the path of least resistance.” Another study
showed that tumor-associated fibroblasts could remodel a colla-
gen gel in vitro, making it more dense and preventing T-cell traf-
ficking into the gel.”

These early in vitro studies were followed by in vivo time-
lapse imaging of fluorescently labeled T cells, which yielded

more detailed information of the movements and dynamics of
TILs in situ. In 2006, Mrass et al. used transgenic mice with
T—cell-restricted green fluorescent protein (GFP) expression
and implanted a mouse lung tumor cell line (TC1) which
regresses following vaccination against an antigen expressed by
this cell line (E7), even after tumors become established. The
authors implanted TC1 cells subcutaneously into mice, vacci-
nated them, and monitored both progressing (nonvaccinated)
and regressing (vaccinated) tumors by live-cell fluorescence
microscopy. This study showed that very few GFP+ T cells
were found in progressing tumors, and those that successfully
infiltrated had very limited mobility. In contrast, following vac-
cination, regressing tumors were richly infiltrated with GFP+
T cells which were highly motile. Interestingly, when second
harmonic generation (SHG) methods were used to visualize
collagen fibers, the authors noted that tumor-infiltrating T
cells tended to crawl along collagen fibers, “suggesting that
these structures may be used as guidance cues through the
interstitial space,” strengthening the role of the ECM in lym-
phocyte migration in tumors in vivo.”” The role of the stroma
and ECM in regulating lymphocytic infiltration within tumors
was definitively and clearly established in 2012 by Salmon et al.
The authors obtained fresh human lung tumors, embedded
them in a transparent agarose gel, and cut thick slices that were
placed on a microscope insert under controlled environmental
conditions. Then, in vitro—activated T cells from healthy
donors, or freshly isolated TILs from the corresponding
patients, were fluorescently labeled and overlaid on top of the
freshly cut tumors. After a 60-minute rest period, the prepara-
tion was imaged and T cells were found to localize preferen-
tially to the tumor stroma, where the T-cell concentration was
5-fold higher compared with localization to epithelial tumor
islets. The authors confirmed these findings by fluorescence
staining of endogenous T cells in the explanted tumor slices by
CD3 immunofluorescence. This study confirmed that the
“overlaid” T cells had similar localization patterns compared
with endogenous T cells. Detailed examination of fluorescent
images of 6 fixed human lung tumor sections showed that T
cells preferentially localized to collagen-low or fibronectin-low
regions within the stroma compartment. In fact, stromal
regions with high density of collagen or fibronectin were nearly
devoid of T cells, and those T cells that were present tended to
reside within the gaps between the ECM fibers. Fibronectin
was found to be particularly dense near the tumor-stroma
interface, suggesting that the dense fibronectin could be
responsible for excluding T cells from the tumor islets. To test
the causal relationship between ECM density and T-cell local-
ization, the authors treated the explanted human lung tumors
with collagenase for 30 minutes prior to addition of fluores-
cently labeled T cells. Collagenase treatment was found to
greatly reduce collagen density around tumor islets, and a sig-
nificant increase in the number of T cells was observed at the
tumor-stroma interface and those in direct contact with
peripheral tumor cells.”® Importantly, similar patterns of T-cell
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localization were observed in a study of fresh ovarian tumors by
the same group in 2015, with the additional benefit that in this
study, the authors only analyzed endogenous T cells instead of
“overlaid”T cells using a modified labeling protocol.??

The above studies using fluorescence microscopy illumi-
nated the precise mechanisms by which a dense ECM could
serve a physical barrier to prevent immune infiltration and
promote immune escape. These observations were validated
by Ohno et al, in a study of 84 fixed human gastric tumor
samples. The authors found that stromal collagen staining
was associated with more aggressive disease, as evidenced by
an almost 4-fold higher staining intensity in patients with
stage T3 disease compared with those with stage T2, as well
as a more than 5-fold decrease in intratumoral CD8+ T cells
in collagen-high tumors. Furthermore, low stromal collagen
was robustly associated with improved disease-free survival
after curative surgery, with an 8-year survival probability of
~85% vs ~35% for patients with low vs high stromal collagen,
respectively.1% Further evidence to support the protumori-
genic role of a dense ECM was recently reported in pancre-
atic ductal adenocarcinoma (PDAC). Pancreatic ductal
adenocarcinoma is a highly aggressive disease with very poor
5-year survival rates that is characterized by strong desmo-
plasia and a very abundant stromal fraction which often
exceeds the epithelial fraction of tumors. In a study of 100
PDAC tissue samples, the authors found that about half
showed little or no CD3+ T-cell infiltration, and of those
tumors with a lymphocytic infiltrate, most lymphocytes were
found within the stroma. Surprisingly, although tumors
expressed very high levels of chemokines and their cognate
receptors, there was a lack of correlation between chemokine
concentrations and T-cell infiltration. Furthermore, although
T cells migrated along a chemokine gradient in an in vitro
transwell migration assay, this directed movement was abro-
gated when chambers were coated with collagen, supporting
the notion that collagen may pose a physical barrier to chem-
otaxis within tumors. Thus, the authors performed immuno-
fluorescence and SHG analysis (for CD3+ T cells and
collagen fibers, respectively) of human PDAC tumors and
found a significantly lower collagen density in regions of
high T-cell infiltration.!"!

Although chimeric antigen receptor (CAR) T-cell therapy
has shown good results in liquid cancers, solid tumors are more
resistant to this type of therapy.'%? To study the potential effects
of long-term in vitro activation of T cells (which is a necessary
step during the clinical manufacturing process of CAR T cells
from patients), Caruana et al isolated and activated peripheral
blood T cells. The authors found that expression of heparanase
(HPSE), an ECM-degrading enzyme, was significantly lower
in long-term ex vivo isolated T cells (LTE T cells) compared
with either freshly isolated or briefly activated T cells. Of note,
the time frame for the ex vivo culture of the LTE T cells (12-
14 days) is similar to the one used in the clinic for expansion of
CARTT cells prior to infusion back into patients. To determine

whether loss of HPSE expression affected the ability of CAR
T cells to target solid tumors, the authors engineered CAR T
cells to express HPSE. They showed, in 4 different mouse
tumor models (3 neuroblastoma and 1 melanoma), that HPSE-
expressing CAR T cells significantly improved T-cell infiltra-
tion into solid tumors and overall survival compared with
control CAR T cells.1% These results underscore the impor-
tance of the ECM in blocking T-cell infiltration and suggest
that targeting the ECM may be important to improve immu-
notherapies in solid tumors, along with other strategies.

Recent clinical trials in melanoma have shown that increased
expression of genes involved in cell adhesion and ECM organi-
zation are one of the most significant factors that negatively cor-
relate with response to anti-PD-1 or anti-CTLA4 therapy.'%* In
addition, the mesenchymal subtype of TNBC (with extensive
connective tissue and ECM proteins, as discussed below) is the
least immune-infiltrated TNBC subtype, underscoring the
potential importance of the breast tumor stroma in regulating
immune infiltration and response to immunotherapy.

Anti-inflammatory immune cell types

The immune system’s ability to turn itself off after a bacterial or
viral threat has been neutralized is a critical component of an
immune response to pathogens. As is often the case, tumors
co-opt the natural negative feedback loops to their own advan-
tage. For example, this can lead to the accumulation of immu-
nosuppressive cell types such as MDSCs and Tregs.
Myeloid-derived suppressive cells originate from immature
myeloid cells and exhibit a block in their differentiation (to
granulocytes, macrophages, and DCs) and remain in an immu-
nosuppressive immature stage (reviewed in Gabrilovich and
Nagaraj'®). Similarly, Tregs normally function to suppress
T-cell responses following resolution of an infection and are
critical for preventing autoimmune disease. However, tumors
can co-opt this feedback mechanism and promote increased
numbers of Tregs within tumors to suppress cytotoxic T cells.106
Interestingly, the accumulation of lactic acid within the TME
has been recently shown to promote increased numbers of
Tregs within tumors.!%”

Blood flow and angiogenesis

Besides providing a system for nutrient delivery and waste dis-
posal, angiogenesis has also been shown to directly promote
immune suppression. This effect is due to angiogenic factors
released by tumor cells such as VEGE, which can inhibit DC
maturation, promote Treg infiltration, and inhibit pro-inflam-
matory cytokine production. Furthermore, although tumors
contain higher numbers of blood vessels, they are functionally
compromised, and they often do not express receptors required
for T-cell extravasation into tissues, such as ICAM-1 and
VCAM-1, precluding effective cytotoxic T-cell tumor
infiltration.108
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Current Advances in BC Care
TNBC subtypes

In recent years, it has become clear to the BC clinical community
that TNBC tumors represent a highly diverse subtype in terms
of histology, response to chemotherapy, and overall survival. Two
recent studies from 2 different groups used transcriptomic anal-
ysis to identify 4 subtypes within TNBC to address this hetero-
geneity, and although some minor differences exist between the
2 studies, both arrive at similar conclusions.19%110 These studies
performed unsupervised clustering of TNBC tumors based on
gene expression and identified 4 main subtypes of TNBC: lumi-
nal androgen receptor (LAR), mesenchymal-like (MES), and 2
subtypes of basal-like tumors (basal-like 1/2 [BL1, BL2] in
Lehmann 2016 or basal-like immune activated/suppressed
[BLIA/BLIS] in Burstein 2015). The LAR subtype, although
ER negative by IHC, showed enrichment of androgen and
estrogen metabolism and other hormonally regulated pathways
by gene expression. Androgen receptor (AR) mRNA and pro-
tein levels were ~10-fold higher in the LAR subtype compared
with the other subtypes. Patients with LAR tumors tended to be
older at diagnosis, have a low pCR after NAC, and exhibited a
high rate of bone metastasis compared with other metastatic
sites. These findings have led to a number of clinical trials with
androgen antagonists, including a phase 2 trial which showed a
clinical benefit rate (as measured by CR [complete response], PR
[partial response], or SD [stable disease] for >24weeks) of 29%
in tumors positive for AR by IHC, including 2 CRs and 5 PRs
of 75 evaluable patients.1'5112 The MES subtype is characterized
by enrichment in pathways involved in cell motility, ECM
organization, and cell differentiation pathways (such as Whnt,
ALK, transforming growth factor f3). Immune infiltration was
lowest in this subtype as measured by expression of immune-
related genes as well as pathological scoring of mononuclear cells
in tumor sections. Clinically, these patients had the lowest rate of
lymph node involvement and a prevalence of lung metastasis.
The basal-like subtypes are characterized by expression of cell
cycle genes, including Ki67 mRNA and protein overexpression.
BLIA/BL1 tumors in addition show increased expression levels
of immune genes as well as STAT and STAT-regulated genes.
Patients with this subtype of TNBC show the best overall sur-
vival and pCR compared with the other TNBC subtypes. In
contrast, the BLIS/BL2 subtype is characterized by decreased
expression of immune-related and antigen presentation genes
and exhibits high levels of multiple SOX family transcription
factors. It has the worst overall survival and tends to have low
pCR compared with the other TNBC subtypes.

TILs in BC subtypes

Historically, only a few BC antigens have been described, and
BC has not been considered to be a particularly immunogenic
tumor type. However, some breast tumors do show immune
infiltration, and the location of TILs (tumor parenchyma vs

stroma surrounding the tumor mass) is an important distinc-
tion. Furthermore, programmed cell death protein 1 (PD-1),
its cognate ligands (PD-L1 and PD-L2), and cytotoxic T lym-
phocyte—associated protein 4 (CTLA-4) have been shown to
negatively regulate immune responses.! It should be noted
that the presence of TILs frequently co-exist with PD-1 and
PD-L1 expression in tumors due to feedback mechanisms.!1#
In BC, a recent study showed that while PD-1 only expressed
in breast TILs, PD-L1 could be expressed in both tumor cells
and TILs (mostly of macrophage linage).'’> A 2014 analysis of
PD-L1 mRNA expression by fluorescence in situ hybridiza-
tion analyzed 636 breast tumors and showed that more than
half of the tumors had positive PD-L1 expression. Tumor-
infiltrating lymphocyte counts showed that most tumors had
low levels of lymphocyte infiltration, whereas only ~15% had
modest/strong TIL counts. Importantly, PD-L1 mRNA-
positive tumors had increased levels of CD3 and CD20 signal
by immunofluorescence staining and had increased relapse-
free survival compared with PD-L1 mRNA-negative
patients.!'® This is in agreement with a recent report on 45
primary breast tumors that showed increased levels of tumor
cell PD-L1 expression were associated with higher TIL as well
as a trend toward improved overall survival.1'” Furthermore, to
study mechanisms of immune escape during metastatic pro-
gression, a number of recent studies have analyzed immune
infiltration in primary and matched metastatic samples.1?7-121
All these studies reported that metastatic tumors had signifi-
cantly less CD3-, CD4-, CD8-, or CD20-expressing TILs
compared with the matched primary tumors.

As described above, studies over the past decade have shown
that BC is a highly heterogeneous disease, with different sub-
types showing different degrees of immune infiltration.
Hormone receptor—positive tumors were shown to have very
limited immune infiltration, whereas a small portion of HER2
and TNBC tumors are richly infiltrated. A tumor microarray of
~3400 patients with BC stained for CD8 found that intratu-
moral CD8+ TILs were associated with ER negativity. Patients
whose tumors had at least 1 intratumoral CD8+ TIL had a sur-
vival advantage over those without any intratumoral CD8+ TIL
in ER-negative patients, but not in ER-positive cases.'?? These
results are in agreement with recent studies. Cimino-Matthews
et al’” found that basal-like tumors had significantly higher
number of T cells per square millimeter of tumor compared
with luminal cancers, and Buisseret et al''> similarly found that
high TIL density was significantly associated with hormone
receptor negativity. Interestingly, the latter study also showed
that TILs had an antigen-experienced effector/memory pheno-
type rather than an antigen-naive phenotype, underscoring the
immunogenicity of some breast tumors. Furthermore, a study of
gene expression in more than 2100 patients with BC found that
an immune gene signature (lymphocyte-specific kinase meta-
gene) was significantly associated with improved relapse-free
survivalin TNBC and HER?2 disease, but notin ER/PR-positive
cancers.'?® These studies indicate that HR-positive tumors are
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mostly immunologically silent, whereas a small portion of
TNBC and HER2 tumors shows significant immune infiltra-
tion. Immune infiltration in TNBC and HER2 tumors is asso-
ciated with increased patient survival compared with the survival
of most of the patients bearing HR-negative tumors with little
or no immune infiltration.

Recent and ongoing clinical trials of
immunotherapy in BC

The excitement of immunotherapy has translated to BC in
recent years, and a number of clinical trials have recently
reported encouraging results. Most of these studies focused on
the PD-L1-positive population, as PD-L1 positivity has been
associated with improved response to immune checkpoint
blockade in other cancers.!?* In contrast to the very limited or
modest responses in HR-positive disease,?>126 clinical trials in
HR-negative patients show some promising initial results. A
study of 111 patients with TNBC reported that 59% of patients
were PD-L1+ by IHC; of these PD-L1+ patients with TNBC,
32 patients with relapsed or metastatic disease were enrolled in
a phase 1b study of pembrolizumab (anti PD-1). Of these, 27
were eligible for efficacy analysis (observed response rate
[ORR]) and an 18.5% response rate was observed.®* In another
phase 1 trial of atezolizumab (an anti-PD-L1 antibody), 21
PD-L1-positive metastatic TNBC were tested and reported a
similar ORR of 19%.127

Given the limited success of single-agent immunotherapies
in BC, there are many ongoing attempts to create a more immune
friendly microenvironment with other therapies, in combination
with checkpoint blockade. These include studies testing combi-
nations of exemestane + anti-CTLA4,1%8 cryoablation of primary
tumors +anti-CTLA4,129130  and HER2-directed vaccines+
immune checkpoint blockade.'3:132 Furthermore, since patients
with high TIL have better responses to conventional therapies in
BC (discussed above), combinations of immune checkpoint
blockade with conventional chemotherapies are also being inves-
tigated. The I-SPY 2 trial is testing the addition of pembroli-
zumab to standard NAC regimens in HER2-negative locally
advanced BC. Recently reported results showed that the combi-
nation of pembrolizumab + chemotherapy led to an impressive
almost 3-fold increase in response rates (pCR) compared with
chemotherapy alone in TNBC and HR-positive/HER2-
negative patients.!33

Conclusions and Future Directions

Although many patients with HR-positive BC do well with
current therapies, a significant portion of patients with
HR-negative disease die as a result of progressive disease and
their metastases. Nevertheless, recent studies have shown that a
subset of HR-negative tumors are immune reactive, with
patients showing improved responses to chemotherapy and
better survival. Recent clinical trials show that approximately
20% to 25% of patients with advanced HR-negative disease

may benefit from immune checkpoint blockade. Although an
important milestone in BC, single-agent immune checkpoint
blockade still leaves most of the HR-negative patients with
limited treatment options and combinations with other thera-
pies are being investigated.

Given the clear evidence that immune infiltration provides
benefits in terms of response to therapy and survival,3* it will
be critical to develop a deeper understanding of the mecha-
nisms driving immune exclusion in BC. The metabolic profile
of tumors has been shown to dramatically affect the pheno-
typic profile of infiltrating lymphocytes and their functional
capacity, both due to accumulation of lactic acid as well as the
depletion of glucose from the TME. Historically, targeting
tumor metabolism has been hindered by the requirement of
glycolysis for normal tissue homeostasis, but new small mole-
cules are being developed to target different parts of the glyco-
lytic pathway that may show more specificity against
tumors.’>135 Our understanding of the protumorigenic role of
FFAs has been greatly enhanced in recent years. Their role in
directly inhibiting IS formation, in modulating immune cells
toward a protumorigenic phenotype, and in providing a fuel for
tumor cells is clearly established.!3¢137 However, the source of
FFAs within the TME remains unclear, with the possibility
that FFAs may originate from tumor cell necrosis, increased
lipolysis within the TME, or they may be released from neigh-
boring adipocytes. Furthermore, while a dense ECM has been
shown to prevent immune infiltration, a loose ECM has been
associated with increased intravasation and metastasis forma-
tion.!38 Clearly, the TME and the ECM have a major impact
on the quantity and quality of the immune system, and whether
they can be manipulated for improving BC immunotherapy is
a very active area of current research.

Moving forward, a better understanding of the molecular
players involved in immune infiltration and exclusion will be
necessary to develop therapies that increase tumor lymphocytic
infiltration. Recent studies have shown that the number of
somatic mutations or neoantigens does not correlate with the
degree of immune infiltration in melanoma and BC,13%140 sug-
gesting that other biological mechanisms are driving immune
evasion. Genomic and transcriptomic data from clinical trials
involving immunotherapy will be a key asset in understanding
the molecular basis of immune infiltration, immune exclusion,
and in predicting response to immunotherapy.
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