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Abstract

Nearly all fatalities arising from breast tumors are attributable to distant metastases. Breast cancer
liver metastasis (BCLM) is associated with poor prognoses, with the median survival time being 2
to 3 years. Tumor intrinsic subtype directs preferential metastasis to specific organs, with HER2-
enriched tumors demonstrating the highest rates of metastasis to the liver, though all subtypes can
grow in the liver. There is no singular established standard-of-care for BCLM; therapeutic
selection is driven by histologic and molecular hallmarks of the primary tumor or biopsied
metastasis samples. Given the poor prognosis of patients with hepatic spread, pre-clinical studies
are necessary to identify and evaluate promising new treatment strategies. It is critical that these
laboratory studies accurately recapitulate the BCLM disease process, standard progression, and
histological attributes. In this review, we summarize the histologic and molecular characteristics of
BCLM, evaluate the efficacy of existing surgical and medical treatment strategies, and discuss
future approaches to preclinical study of BCLM.
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Introduction

Breast cancer is the most common cancer diagnosis in women, and the second-leading cause
of cancer-related death of women in the United States. In 2021, 284,200 novel cases of
invasive disease are estimated, and 44,130 women and 530 men are estimated to succumb to
the disease [1]. Breast cancer mortality is attributable to complications arising from the
formation and growth of distant metastases, most commonly that of the liver, lungs, and
bone. Between 5 and 8% of breast cancer patients present with distant metastasis at the time
of diagnosis; only 24-39% of patients with metastases survive for 5 years [2, 3].
Approximately 20% of breast cancer patients will experience relapse, and 50-70% of
metastatic breast cancer cases involve the liver [4]. Prognosis is poor following metastasis to
the liver, with the median survival rate being only 2-3 years [5]. Complications that arise
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from liver metastasis include sudden hepatic failure, refractory ascites, portal vein
thrombosis, and nutritional compromise [6].

Breast cancer is a heterogenous disease, in terms of histology and molecular profile. While
the majority of breast cancers are invasive ductal carcinoma, additional classifications
include invasive lobular carcinoma, medullary carcinoma, metaplastic breast cancer, and
inflammatory breast cancer. Historically, breast cancers were stratified by hormone receptor
expression, namely that of the estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2 (HER?2). Starting in the early 1990s, hormone
receptor status, histologic grade (I, I1, and I11), and node status were the primary factors
utilized for prognostic indication. Advancements in transcriptomics, however, has led to the
development of the intrinsic subtyping system, which is based on gene expression patterns
[7]. These molecular subtypes are luminal A, luminal B, HER2-enriched, basal-like, and
claudin-low. The intrinsic subtypes have unique patterns of both primary tumor growth and
tissue distribution of distant metastasis.

Despite the prevalence and relative commonality of breast cancer liver metastasis (BCLM),
specialized therapeutic options for this patient population are lacking. This may be partially
attributable to a lack of standard-of-care currently ascribed to BCLM. As is presented in this
review, models of BCLM demonstrate clear, unique molecular patterns intrinsic to this
disease, which may ultimately lend themselves to the emergence of novel therapeutic targets
for future studies.

Tissue distribution of metastases by intrinsic subtype

The “seed and soil” hypothesis proposes that favorable interactions between the metastatic
tumor cell (the “seed”) and the organ-specific microenvironment (the “soil”) are required for
successful expansion of cancer cells in different vital organs [8, 9]. Better understanding the
mechanism(s) of this interaction could greatly facilitate the uncoupling of this relationship,
thereby effectively preventing and/or treating metastatic disease. Recent studies have
examined the relationship between primary tumor characteristics and metastatic
dissemination patterns, in order to understand this predilection. A 2011 study examining the
maintenance of gene expression signatures between matched primary and metastatic breast
cancer samples uncovered that > 90% of genetic signatures found in the primary tumor are
maintained in distant metastases [10]. Interestingly, the gene signatures with the highest rate
of discordance between primary and metastatic samples were associated with extracellular
matrix (ECM) proteins, which could be a result of a direct influence of the unique ECM
itself on gene expression, or simply differing levels of fibroblasts found in primary tumors
versus metastases. Overall, these results confirmed that primary breast tumor gene profiles
are strong predictors of metastatic behavior.

Early studies that stratified tumors into different breast cancer subtypes, both histologic and
molecular, noted clear organ-specific patterns of metastatic colonization that were unique to
each subtype. For example, basal-like breast cancers frequently metastasize to the lungs and
brain, luminal breast cancers tend to metastasize to the bone, and HER2+ breast cancers
aggressively colonize the liver [10-12]. Relative to the other frequent sites of metastasis,
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liver is one of the most common sites of metastatic relapse, with a 40-50% clinical
incidence rate, and 50-62% autopsy incidence [4, 5, 13]. Furthermore, BCLM is highly
associated with poor prognosis, and the median survival time of patients with liver
metastasis is 4-8 months without intervention [14]. Understanding the underlying
mechanisms that promote liver metastasis is crucial towards making a significant impact on
disease outcome.

One repository that has provided significant insight into the distribution patterns and
mechanisms of liver metastasis is the National Cancer Institute’s Surveillance,
Epidemiology, and End Results (SEER) database [15]. SEER consists of a network of tumor
registries that encompasses almost 30% of the US population, harboring data from 1975 to
2017 [15]. Using these data, one 2020 study determined that, of the 2.4 million cancer
patients described within this database, 5.14% presented with synchronous liver metastases
[16]. Within this broader analysis, the most common site of primary lesion for women (age
20-50) was breast, wherein 1.4% of breast cancer patients assessed harbored liver metastasis
at the time of primary diagnosis, and that the presence of liver metastasis significantly
reduced patient overall survival (OS) compared to patients without liver metastasis (HR 1.94
[1.86, 2.02]) [16]. These results were corroborated by univariate logistic regression analyses,
confirming the significant impact of liver metastasis on OS in patients with stage 1V disease
[17].

Analyses performed using SEER data have also corroborated that patients with HER2+
breast cancer, namely that which is ER-/PR-/HER2+, have the highest incidence rate of
liver metastasis (4.6% of all patients, 32.7-46.5% among those with metastatic disease) [5,
18-20]. Patients with ER+/PR+/HER2+ also have a high degree of liver metastasis, with an
average of 20.3% of patients with stage IV disease relapsing to this organ [18]. Patients with
luminal A, ER+/PR+/HER2- disease are the least likely to experience relapse to the liver,
with an incidence rate 4-times lower than that of HER2-enriched malignancies [10].
However, patients with liver metastatic triple negative breast cancer (TNBC) have worse OS
than patients with HER2+ metastatic disease, and comorbidity with extrahepatic metastases
significantly worsens 5-year prognosis [5]. With treatment, however, patients with liver
metastasis exhibit an average OS of 31.0 months [18].

This association between HER2-enriched breast cancers and liver metastasis has been
observed in other population-based studies as well, beyond those which utilized SEER data
[11, 21]. For example, one moderately-sized study examined metastatic distribution as a
function of hormone receptor status, specifically in women of Kenyan descent [22]. Similar
to what was observed with the studies utilizing SEER data, patients with HER2-enriched
breast cancer were significantly more likely to develop metastases to the liver than those of
the other subtypes [22]. A separate, highly-powered population-based study, examined
HER2-enriched patient data reposited within the National Cancer Database (n = 31,946)
[23]. This study uncovered that breast cancers which are ER+/PR+/HER2+ are significantly
more likely to metastasize to the bone when compared to ER-/PR-/HER2+ disease, and that
patients with ER-/PR-/HER2+ disease have a worse overall prognosis than those with
hormone receptor-positive (HR+), HER2+ malignancy [23].
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Given the intrinsic subtype-specific manner by which breast cancers metastasize to different
organs, investigators have examined the underlying molecular signatures of primary tumors,
metastatic samples, and the tumor microenvironment, in order to understand this
predilection. RNA-sequencing (RNAseq) studies utilizing patient-derived xenograft (PDX)
samples, for example, demonstrated significant upregulation in S100a9 (neutrophil marker),
Acta2 (smooth muscle actin), and Lcn2 (lipocalin) transcripts in the liver microenvironment
during liver metastatic growth, demonstrating neutrophil involvement in this process [24].
Analyses of colonized livers discovered a recurrent 27-gene signature upregulated in the
liver microenvironment (termed, “the liver microenvironment-induced gene signature”),
regardless of PDX sample examined [24]. Ingenuity pathway analysis (IPA) of this signature
discovered that the top function of these 27 genes lies in the inflammatory response,
mirroring the upregulation of genes associated with neutrophil involvement along the tumor
periphery. Considering this, a separate study analyzed the presence of CD68 positivity, as a
marker for macrophage influx, in the liver microenvironment and found a significant
association between CD68 positivity and metastatic expansion [25]. This same trend was
observed in comparing metastatic size and neutrophil abundance, as measured by S100A9
IHC staining [25]. These data are consistent with more recent findings that indicate
neutrophil activity promotes metastatic outgrowth within the liver microenvironment [26].

Regarding molecular attributes that are hypothesized to be critical driving forces of
metastatic dissemination: one recent study demonstrated TGFB and MAPK are critically
involved in the extravasation step of BCLM, and their over-expression was shown to be
significantly associated with poor 5-year prognosis [27]. Ren et al. demonstrated that both of
these pathways serve antagonistic roles in the actions of bone morphogenic proteins
(BMPs), the latter of which has a well-documented negative effect on epithelial-to-
mesenchymal transition (EMT) and metastasis. Treatment of the claudin-low cell line MDA-
MB-231 with MAPK (MEK) inhibitors was sufficient to inhibit both liver and bone
colonization in this model, highlighting the specificity of MAPK activity in liver metastasis
[27]. A number of transcriptomic-based studies have also provided insight in this manner.
For instance, microarray technology has been critical in parsing unique genomic signatures
which are predictive of organ-specific relapse. One study uncovered that the most
informative gene signature for liver metastasis is comprised of genes typically observed in
HER2-enriched breast cancer [10]. More recent analyses, also utilizing microarray data,
have further corroborated BCLM is associated with a unique set of gene expression patterns.
For example, Wang et al. collected microarray data from a number of publicly-available
repositories and found that the KEGG pathways “cytokine-cytokine receptor interaction”
and “calcium signaling” are significantly enriched in BCLM [28]. TGFp signaling was also
uncovered as an alternatively active pathway, corroborating the significant involvement of
this pathway in extravasation described by Ren and colleagues [27, 28]. A separate
microarray-based analysis uncovered FGFR4 signaling is significantly enriched in Her2-
enriched patients, as determined by analysis utilizing TCGA data, and the signature of which
could potentially be used as a biomarker for breast cancer metastasis to the liver, lung, and
brain [29]. Lastly, looking from a genetic mutation perspective, one moderately large (n =
290) Chinese cohort study found an enrichment in PIK3CA, PTEN, ARID1A, and RB1
mutations in patients with liver metastasis [30]. This study, in particular, noted ethnicity-
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specific differences in metastatic breast cancer, in comparing the mutational frequency of
their patient cohort (exclusively of Chinese descent) with that of the TCGA-BRCA cohort
(predominantly European-Americans) [30].

While the majority of breast cancers present as invasive ductal carcinoma (IDC),
approximately 10% are invasive lobular carcinoma (ILC). ILC has been demonstrated to
preferentially metastasize to the gastrointestinal tract and gynecologic sites, while IDC
predominantly metastasizes to the lungs, bone, and liver [31]. To this effect, ILC has been
demonstrated to metastasize significantly less-readily to the liver than IDC [31]. Some
evidence indicates that this organotropism may be a result of the loss of E-cadherin, which is
typically found in ILC and is believed to be critical for this particular histologic subtype [31,
32]. Proteomic studies have also uncovered an enrichment in PI3BK/AKT and p90-RSK
pathways in ILC, associating with a upregulation in angiogenesis and genes involved in the
extracellular matrix, which could provide insight into the metastatic dissemination pattern of
ILCs [33].

Histological growth patterns

During metastatic colonization and growth in the liver, at least three different histologic
growth patterns have been observed, namely replacement, desmoplastic, and pushing (Fig.
1) [34]. Two additional yet rare histologic growth patterns are sinusoidal and portal [34].
Each of these growth patterns are distinguishable from one another by the respective
characteristics of the cancer/normal liver interface, as are discussed here. Furthermore, while
these growth patterns were originally observed using human patient samples, these patterns
have also been subsequently observed in mouse models of liver metastasis [25].

The replacement growth pattern consists of tumor cells replacing the host hepatocytes to
form muralia (i.e. a style of cellular arrangement comprised of a one cell-thick wall typically
with a sinusoid on either side) and is characterized by a lack of inflammation and
desmoplastic stroma with nominal levels of proliferating endothelial cells. Liver metastases
demonstrating a replacement growth pattern tend to co-opt the sinusoidal liver vasculature
rather than relying on angiogenesis, which has been observed to contribute to anti-
angiogenic therapy resistance [35, 36]. This observation, in particular, is significantly
associated with worse patient prognosis [35]. Breast cancer liver metastases with the
replacement phenotype are additionally significantly less likely to have central hypoxia than
metastases with a non-replacement growth phenotype [37]. The replacement growth pattern
is the most common histologic phenotype of breast cancer metastatic growth [34, 35, 37].

The desmoplastic histologic growth pattern, conversely, is defined by extensive stromal
remodeling at the tumor-hepatocyte juncture, alongside significant sprouting angiogenesis
[34, 35]. This remodeling separates the normal liver parenchyma from the invading tumor
cells by a sheath of fibrotic stromal tissue. During this histologic growth pattern, there is no
metastatic mimicry of the normal liver architecture, and the metastatic growth does not
directly come into contact with the normal hepatocytes. In colon cancer liver metastasis,
desmoplastic growth patterns associate with upregulated type I and type 1V collagens as well
as augmentation of the uPA-uPAR-PAI-1 proteolytic system, which facilitates the interaction
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between the growing metastasis and its new tissue environment [38, 39]. Patients with
desmoplastic colorectal liver metastasis are consistently observed as having a significantly
more favorable outcome than those with the other histologic growth subtypes [40].

The pushing histologic growth pattern, on the other hand, is characterized by the flattening
and compressing of hepatocytes by the metastasis, and there is no intervening fibrosis [34].
Similar to the desmoplastic histologic growth pattern, the metastatic growth observed here
does not mimic normal liver cellular architecture. Pushing histologic growth patterns are
more highly proliferative than either desmoplastic or replacement patterns, in examining
both the endothelial and tumor cell fractions, and this augmentation in proliferative potential
positively correlates with gross metastasis size [36]. The pushing group is also the most
angiogenic of the histologic growth patterns, and this angiogenesis appears to be partially
hypoxia-driven [36].

The two additional histologic growth patterns, sinusoidal and portal, are rarely observed in
BCLM. During sinusoidal growth, metastases exist as emboli within the liver sinusoidal
blood vessels and/or in the peri-sinusoid [34]. In this manner, the sinusoidal blood vessels
are utilized for means of metastatic vascularization, and has been found in patients with
more rapidly-progressing disease [41]. During the portal histologic growth pattern, BCLM
grows exclusively in the portal tracts, liver capsule, and septa [34, 42].

While these histologic growth patterns are entirely unique from one another, it is critical to
note that these growth patterns display a significant degree of plasticity. For example,
antiangiogenic systemic treatment of colorectal cancer liver metastases (CRLM) has been
shown to result in a phenotypic switch, from angiogenic desmoplastic growth to non-
angiogenic replacement growth [35, 43]. This type of switching event has also been
observed pre-clinically, for lung and brain metastasis [44, 45]. Furthermore, while a clear
enrichment for BCLM is observed for patients with HER2+ disease, subtype-specific
patterns of metastatic histologic growth are not as clearly-defined. Frentzas et al.
demonstrated histologic growth patterns in patient tumors are not statistically different
between breast cancer intrinsic subtypes, with the majority phenotype being replacement
growth [35]. Indeed, only one of the seventeen samples assayed (luminal B, HER2-)
deviated from this majority, depicting a desmoplastic phenotype [35]. A separate study
utilizing 14 different PDX models demonstrated a similar pattern, however studies of larger
sample sizes and an even distribution of intrinsic subtype are needed to fully understand the
putative relationship between intrinsic subtype and histologic growth pattern [25].

Local therapies

Targeted treatment of BCLM is limited to local, interventional procedures. Such procedures
are standard of care in the management of CRLM; however, such is not the case for BCLM.
The most common local treatment for liver metastases, both CRLM and BCLM, is liver
resection (LR; Fig. 2). This invasive procedure involves surgically removing tumor growth
in the liver as well as surrounding tissue. Tasleem et al. performed a systematic review of 25
articles describing clinical benefit rates arising from liver resection in BCLM patients [46].
They included data from 1080 BCLM patients. They found that LR produced favorable
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clinical outcomes, both meeting and exceeding outcomes reported in the literature following
systemic therapy. They found a median overall survival (MOS) of 29.5 months to 116
months amongst patients who underwent LR for isolated liver metastases, and a MOS of 32
to 58 months was described amongst patients with oligometastatic disease who underwent
the same procedure. While LR is standard of care for CRLM management, it is infrequently
considered in the management of BCLM. Howlader et al. found that BCLM LR 5-year
survival outcomes were similar to those of CRLM LR [47]. These findings suggest that LR
be more frequently considered in the management of BCLM.

However, not all BCLM patients are strong candidates for LR. There are multiple well-
described clinical characteristics of BCLM that predict a positive response to liver resection,
as summarized by Golse and Adam [48]. These characteristics include: small liver
metastases (< 4-5 cm), positive hormone receptor status, radical resection, stable disease,
and greater than 1-2 years between primary and secondary lesions. They also reported that
patient age and lymph node status have no significant bearing on LR outcome and should
not be considered prognostically [48]. In their review, Bale et al. report similar prognostic
criteria.

Recently, minimally-invasive local procedures to treat liver metastases have emerged. Well-
described local procedures include radiofrequency ablation (RFA) and radioembolization
(Fig. 2). These procedures are used less frequently than LR in the treatment of liver
metastases, but they provide promising alternative treatment strategies. RFA uses electrical
current and heat to kill cancer cells. A radiologist inserts a thin needle through the skin and
guides it to the cancerous tissue using ultrasound computer tomography (CT) or magnetic
resonance imaging (MRI) [49]. Preliminary studies have demonstrated clinical benefit from
RFA in the treatment of BCLM, reporting MOS times of 29.9 months and 60 months
following first RFA [50, 51]. A follow-up meta-analysis by Xiao et al., however,
demonstrated that LR produced better clinical outcomes than radiofrequency ablation [52].
LR was associated with significantly higher 5-year OS and 5-year disease-free survival
(DFS) than RFA. However, their analysis also found that RFA was associated with fewer
complications and shorter hospital stays than LR. Given these findings, Xiao et al. suggest
that RFA be reserved for patients who are poor candidates for LR [52].

In radioembolization, a catheter is inserted into the hepatic artery to allow for targeted
delivery of radioactive particles at the site of the cancerous tissue (Fig. 2). The radioactive
particles consist of small resin or glass spherical particles containing yttrium-90 [53].
Chemoembolization uses a similar technique to allow for targeted drug delivery to the
cancerous tissue. A retrospective review performed by Chang et al. examined the outcomes
of patients who received transarterial chemoembolization (TACE) or transarterial
radioembolization (TARE) for liver-only or liver-dominant breast cancer metastases [54].
Their findings suggested improved patient outcomes following TARE versus TACE (MOS
12.9 months and 4.6 months, respectively), but these findings were not statistically
significant. They also found significantly more all-grade adverse events including nausea/
vomiting and pain in the TACE group. Their findings suggest that TARE should be
prioritized over TACE in the management of BCLM.
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The role of surgery and less-invasive local procedures in the management of BCLM is
poorly defined and requires more comparative studies. Bale et al. performed an all-inclusive
systematic review of local treatment of BCLM [55]. Bale et al. provide a table describing
clinical benefit rates of liver resection, RFA, kryoablation, radioembolization, transarterial
chemoembolization, brachytherapy, and stereotactic body radiation therapy. Their findings
can be used to prioritize future study of local treatment of BCLM. However, they note that
the available studies of local treatment of BCLM are limited by small sample sizes and a
variety of confounding variables including primary tumor characteristics, multiorgan
metastases, and varying systemic therapies.

Systemic therapies

Endocrine therapies

Currently, BCLM patients receive systemic therapies as dictated by primary breast tumor
characteristics, as molecular features of the primary tumor are retained during metastatic
dissemination more often than not [10]. Endocrine therapies are the first line of treatment for
patients with hormone receptor positive (HR+) metastatic breast cancer (MBC). In HR+
MBC, estrogen binds to estrogen receptors on cancerous breast cells and activates genes
responsible for cell division and the inhibition of apoptosis. Selective estrogen receptor
modulator (SERM) tamoxifen and selective estrogen receptor degrader (SERD) fulvestrant
demonstrated similar efficacy and tolerability in postmenopausal women with advanced or
metastatic breast cancer [56]. Aromatase inhibitors (Als) block the activity of the enzyme
aromatase, an enzyme that converts androgens to estrogen. Multiple clinical trials report that
Als were superior to tamoxifen as first-line therapies for advanced/metastatic breast cancer,
both in terms of tolerability and disease management [57-59]. However, several studies
report longer median PFS for patients treated with a SERD (i.e. fulvestrant) compared to
patients treated with Als (i.e. anastrazole) [60, 61]. It is unclear whether therapy with a
SERM or SERD in combination with an Al is superior to treatment with either single agent.
One study observed increased MOS in untreated metastatic breast cancer patients who
received combinatorial anastrazole and fulvestrant as opposed to anastrazole as a single
agent (47.7 months vs 41.3 months) [62]. However, both Bergh et al. and Johnston et al.
found that combination treatment produced no increase in MOS or PFS in women with
locally advanced or metastatic breast cancer [63, 64].

CDKA4/6 inhibitors have become standard of care in the treatment of advanced HR+BC after
improving patient outcomes in phase 11 clinical trials [65-67]. Approved CDKA4/6 inhibitors
include abemaciclib, palbociclib, and ribociclib. These drugs have been revolutionary in the
treatment of metastatic HR+BC. A meta-analysis comprised of eight clinical trials studying
the efficacy of combination therapy with CDK4/6 inhibitors and endocrine therapy reported
that combination therapy can significantly increase PFS and improve overall response rate
(ORR) [68]. Despite these advances, some tumors are either inherently resistant to CDK4/6
therapy or acquire resistance after prolonged treatment. Preclinical studies have identified
phosphoinositide 3-kinase (PI3K) as a promising molecular target to treat CDK 4/6 resistant
HR+ advanced BC. For example, PI3K inhibition by alpelisib was shown to result in tumor
regression in both mutant and wild-type PIK3CA CDK4/6 resistant HR+ xenografts [69]. A
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number of recent clinical trials have examined the efficacy of combination therapies in
patients with HR+ metastatic breast cancer. One such study found that combination
treatment of fulvestrant and alpelisib significantly increased PFS time in patients with
PIK3CA-mutated, ER+/PR+/HER2-advanced breast cancer [70]. A Phase Ib study
examined the efficacy of tamoxifen plus buparlisib, another PI3K inhibitor, or alpelisib in
premenopausal women with HR+/HER2- advanced BC [71]. In this preliminary study,
alpelisib displayed greater clinical benefit rates than buparlisib. In the alpelisib group, 50%
of patients had the best overall response of partial response compared to 23.1% of patients in
the buparlisib group. Targeted therapies are promising opportunities in the treatment of
advanced metastatic disease.

HER2-targeted therapies

Trastuzumab, lapatinib, pertuzumab, and ado-trastuzumab emtansine have been approved for
use in HER2+ MBC. Standard of care for patients with HER2-enriched cancers is HER2-
targeted agents in combination with endocrine therapy and/or chemotherapy. Trastuzumab
can be combined with chemotherapeutics such as vinorelbine, docetaxel, and/or capecitabine
[72, 73]. Combination HER2 blockade and treatment with an Al has also demonstrated high
rates of clinical benefit. Kaufman et al. performed a Phase 111 clinical trial in 207 post-
menopausal women with HR+/HER2+ MBC [74]. PFS was significantly higher in the group
receiving combination therapy. There was no significant difference in OS between the
treatment groups, but 70% of patients in the control (anastrazole only) group crossed over to
receive combination therapy with trastuzumab following disease progression on single-agent
anastrazole treatment. Dual HER2 blockade has also demonstrated significant clinical
benefit in clinical trials. For example, Baselga et al. found a MOS of 18.5 months in MBC
patients receiving treatment with trastuzumab plus docetaxel plus pertuzumab compared to a
MOS of 12.4 months in patients only receiving trastuzumab plus docetaxel [75]. For this
reason, dual HER2 blockade with trastuzumab and pertuzumab plus chemotherapy is
considered first-line standard of care for patients with HER2-enriched tumors [76].

The second-line standard of care is TDM-1 [76]. However, other second-line therapeutic
approaches are being evaluated for efficacy. For example, lapatinib, a tyrosine kinase
inhibitor, has been evaluated for efficacy in combination with capecitabine. Lapatinib and
capecitabine combination therapy demonstrated greater clinical benefit than capecitabine
alone [77]. However, lapatinib and capecitabine combination therapy offered less clinical
benefit than TDM-1 as a second-line therapy as determined by a retrospective study [78].
Acquired anti-HER?2 resistance is often observed in patients with advanced HER2+ disease.
There is a lack of established molecular targets for patients demonstrating this clinical
phenomenon. Given the strong association between HER2 expression and LM, further study
of novel therapeutic strategies for the treatment of metastatic HER2-enriched BC is critical
to developing stronger standards of care for BCLM.

Chemotherapy

Triple-negative breast cancers (TNBC) are devoid of the clinical biomarkers used to indicate
endocrine therapy or HER2-directed therapy. TNBC also has a high propensity to
metastasize to the liver, and TNBC patients with liver metastasis have worse prognosis than
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patients with HER2-enriched disease [5]. Due to the lack of clinical biomarkers and
actionable targets, chemotherapy is the current standard of care for metastatic TNBC.
Common chemotherapeutic agents include anthracyclines, taxanes, platinum-based
compounds, anti-metabolites, and vinca alkaloids. Combinatorial chemotherapeutic
regimens have demonstrated the highest levels of efficacy in treating metastatic TNBC, over
that of single-agents [79]. Natori et al. performed a meta-analysis of eight studies evaluating
the efficacy of standard chemotherapy with or without capecitabine. They found that
inclusion of capecitabine in TNBC treatment regimens significantly increased DFS and OS.
Chalakur-Ramireddy and Pakala published a review summarizing ongoing TNBC clinical
trials and reported that nearly 80% of clinical trials are evaluating the efficacy of
combinatorial therapies in TNBC [80]. The future of TNBC treatment lies in identifying the
most efficacious combinatorial therapies. Combination treatment with chemotherapeutics
and targeted drugs is a promising line of study in the treatment of metastatic TNBC.
Multiple clinical trials have also evaluated the efficacy of PARP inhibitors in combination
with standard chemotherapeutic options. Several studies have reported no significant
increase in clinical benefit rate for TNBC MBC patients treated with both chemotherapy and
PARP inhibitors [81, 82]. However, in the more recent OlympiAD trial, combination
treatment with olaparib and physician’s choice of chemotherapy (TPC) demonstrated a
meaningful increase in OS over TPC alone in patients with HER2-negative MBC with
germline BRCA mutations [83]. PARP inhibition warrants further study in the TNBC MBC
setting. MTOR inhibitors have also been evaluated for safety and efficacy in treating
metastatic TNBC. A phase | trial found that combination therapy with everolimus and
eribulin was safe [84]. Everolimus was effective in combination with carboplatin in treating
metastatic TNBC [85]. However, the addition of everolimus to a cisplatin/paclitaxel regimen
produced more adverse side effects without an improvement in pathologic complete
response or clinical response [86]. A summary of the clinical trials discussed here can be
found in Table 1.

Future therapeutic approaches

Despite advances in the treatment of MBC, there is still a lack of established regimens for
patients with organ-specific metastases. There are no specific standard-of-care therapeutic
strategies indicated for patients with BCLM. Systemic therapies have shown limited efficacy
in managing liver metastases, and patient prognoses are still relatively poor. Few clinical
trials regarding MBC provide organ-specific metastasis response following treatment.
Moving forward, it is necessary to identify systemic therapies that specifically demonstrate
efficacy in treating BCLM. Given the liver’s unique role in detoxification and drug
metabolism, many traditional therapeutic agents may be quickly rendered ineffective in the
liver. Future directions should consider examining if the molecular hallmarks of BCLM are
potentially relevant targets of systemic BCLM therapy. Future directions may also include
developing optimized drug administration to the liver, perhaps by modifying drugs’
chemical structure or route of administration, such as in hepatic arterial therapy.

The most promising strategy in BCLM management incorporates local intervention with
systemic chemotherapy. It is unclear whether systemic pharmacologic or surgical
management of BCLM produces greater clinical benefit rates. A 2013 case-matched control
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study at the Instutit Curie found a 3.04-fold higher mortality rate when BCLM patients did
not receive surgical resection [87]. However, a subsequent 2016 case—control study
suggested no significant difference in outcomes for patients who received surgery and/or
ablation to those who received standard of care systemic therapies [88]. The latter study also
found that the 5-year OS for the surgical cohort was 38% compared to a 5-year OS of 39%
for the drug-treated cohort [88]. In consideration of the combinatorial approach, Adam et al.
reported favorable outcomes in a retrospective study following BCLM patients who received
adjuvant surgery alongside systemic chemotherapy [14]. This study found that BCLM
patients who received adjuvant hepatic resection had a 37% 5-year survival rate, which
compared favorably to previously reported survival rates of BCLM patients. However, Adam
et al. report that their study only included BCLM patients with favorable prognostic
characteristics such as limited extrahepatic metastases and well-controlled disease. Thus, the
high survival rate may be attributable to these favorable prognostic characteristics. A more
recent case matched comparison study by Ruiz et al. compared long term outcomes of
patients with BCLM who received systemic chemotherapy alone versus those who received
systemic chemotherapy in conjunction with LR [89]. BCLM patients who received both
systemic chemotherapy and LR had significantly better outcomes. The systemic group had a
median survival of 31 months compared to the resection group’s median survival of 82
months (P < 0.001). Citing the success of LR in the treatment of liver metastases, they
suggest greater incorporation of LR into BCLM management.

Experimental models for studying liver metastasis

Rodent syngeneic models

Syngeneic models of BCLM are derived from spontaneous mammary gland tumors in mice
which are then transplanted into an immunocompetent host of the same genetic background.
One such murine cell line, 410.4, was established from a mammary tumor in a BALB/
cfCH3H mouse. 410.4 is a spontaneously arising, metastatic adenocarcinoma cell line. 4T1,
a 6-thioguanine resistant cell line, was derived from the 410.4 cell line. Both 410.4 and 4T1
have been reported to spontaneously metastasize to the liver following orthotropic
introduction into an immune-competent mouse [90-92]. Another set of spontaneously
metastatic sublines, D2A1-m1 and D2A1-m2, have been derived from the BALB/c derived
D2A1 cell line [93]. Both sublines spontaneously metastasized to the liver. The primary
advantage of the rodent syngeneic model is the ability to use immunocompetent mice. This
allows for the study of interactions between the immune system and tumor cells, as well as
the study of immunotherapies.

Genetically engineered mouse models (GEMMs) are also used in the study of BCLM,
though less frequently than other experimental models. One GEMM is the H19-IGF2 single-
transgenic mouse, which has been reported to spontaneously develop metastases to the liver
[94, 95]. The composite-transgenic mouse p53fp/fp MMTV-Cre Wap-Cre mouse has also
been reported to develop spontaneous metastases to the liver [95, 96]. While likely the most
representative of the complete metastatic process, there are limitations to the use of
GEMMs. In these models, liver metastasis formation is neither consistent nor reliable.

Clin Exp Metastasis. Author manuscript; available in PMC 2021 June 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rashid et al. Page 12

Furthermore, spontaneous metastases to other organs render liver-organotropic studies
challenging [95].

Human xenotransplantation models

Xenotransplantation models involve the introduction of human-derived tumor cells into
immunocompetent mice (Fig. 3). Tumor cells can be obtained from established cell lines or
patient-derived xenografts (PDXs). The MDA-MB-231 human breast cancer cell line has
been reported to spontaneously metastasize to the liver following orthotopic injection [97];
however, the cells also metastasize to other organs in tandem. The presence of multi-organ
metastases hinders the study of liver metastases and targeted treatments. Furthermore, liver
metastases arising from primary mammary gland tumors are far less common than
metastases to other sites, such as the lungs and bones [98]. Thus, many researchers utilize
hematogenous introduction of tumor cells into the mouse. In hematogenous introduction,
tumor cells are directly implanted into the bloodstream. This experimental model is not
without its inherent limitations. As summarized by Fidler, the formation of metastases is a
complex multi-step process involving the primary tumor, proliferation/angiogenesis,
detachment/invasion, embolism/circulation, transport, arrest in organs, adherence to vessel
wall, and extravasation [8]. Hematogenous establishment of metastases fails to depict the
initial steps of malignant dissemination, from the formation of a primary tumor to
detachment/invasion.

There are multiple models of hematogenous liver metastasis establishment described in the
literature, which include intracardiac, intrasplenic, and portal vein. During intracardiac
injection, cells are injected into the left ventricle and disseminated by the aorta. Intracardiac
injection frequently yields multi-system metastases, thereby hindering the ability to study
BCLM [98]. Tumor cells can also be introduced via direct implantation in the spleen or
injection into the splenic vein. Splenectomy must be performed following intrasplenic
injection to avoid the formation of splenic tumors [98]. However, the removal of the spleen
impacts immune function and impedes comprehensive study of immune—tumor interactions
[98]. During portal vein injection, tumor cells are introduced directly into the murine liver,
limiting the formation of extrahepatic metastases. Of these experimental models, the portal
vein injection has become the most commonplace in the study of BCLM. In the portal vein
technique, a single cell suspension of tumor cells is injected into the portal vein of the
mouse. This technique has been used to successfully produce BCLM. Our lab recently
demonstrated the utility of this technique with 14 genetically distinct BC PDX cells injected
into the portal veins of mice [25]. This study found that growth in the liver occurred
following injection of 12 of the 14 PDXs, which included several intrinsic subtypes.

While cultured cell lines are useful for preliminary assessment of drug response, they are not
sufficient for complete preclinical analysis of treatment efficacy. Gillet et al. found that
passaged cell lines underwent clonal selection and a loss of heterogeneity [99]. In fact, this
study found that the passaged cell lines bore greater genetic resemblance to each other than
to the clinical samples from which they were originally derived. Inasmuch, cell lines are not
always reliable, stable models of disease, as high levels of genetic variation have been found
among eight MCF7 sublines [100]. It is therefore necessary to incorporate models that more
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faith-fully recapitulate the heterogeneity of MBC. This feature is important since
intratumoral heterogeneity contributes to the formation of metastases, with specific
subpopulations of cells being most fit to intravasate into the circulation and extravasate into
vital organs [101, 102].

PDXs have been shown to largely retain clinical biomarker status, subtype, and DNA copy
number variations [103] and maintain transcriptomic, proteomic, and genomic stability [104]
over time. PDX models also display promising concordance with clinical samples,
indicating stronger translation from bench to clinic. Marangoni et al. reported that out of
seven analyzable cases, five of the breast cancer PDXs displayed a preclinical response
consistent with the patient’s response [105]. Johnson et al. found a correlation between in
vivo drug activity on xenograft models and activity in phase 11 clinical trials [106]. Given
their ability to capture the heterogeneity of patient samples and predict clinical response,
PDXs should be prioritized in the study of BLCM. However, one limitation to utilizing
PDXs is that orthotopic transplantation does not always recapitulate the metastatic pattern of
the original patient, and other modalities of tumor introduction (e.g. tail vein, portal vein,
and/or intracardiac injection) are sometimes necessary to achieve the desired metastatic
dissemination pattern [107].

Ongoing studies in vivo

Ongoing studies are utilizing in vivo models of BCLM to identify superior systemic and
local therapies. The majority of studies focus on liver metastases arising from colorectal
cancer. However, these methodologies can be translated to BCLM to some extent. In one
study, PDXs were established from sixteen patients with colorectal liver metastases, and
mice harboring these PDXs were treated with a variety of chemotherapeutic agents [108]. Of
the 16 total PDXs established, 6 (37.5%) were effective in mimicking the derivative patient’s
response to treatment. Of these six PDXs, four demonstrated comparable chemo sensitivity
[108]. Another study explored if mechanism of drug delivery could improve patient
response. Guo et al. developed a nanoprecipitate from the active forms of folinic acid and
oxaliplatin [109]. They found that this nanoprecipitate significantly decreased liver
metastases and showed enhanced activity in combination with the anti-PD-L1 antibody.
These studies support the use of personalized precision medicine in the treatment of BCLM.
Given the liver’s unique vasculature and metabolic capacity, it is necessary to identify
targeted drugs and optimize the drug delivery vehicle to maximize its activity.

Murine models of colorectal cancer liver metastasis have been used to evaluate the efficacy
of novel surgical techniques. Incomplete hepatic resection of metastases is associated with
poorer prognosis, so Schneider et al. explored the use of a fluorescent probe-based confocal
laser endomicroscopy to identify cancerous tissue [110]. Several other studies explore the
pro-metastatic effects of incomplete RFA through mouse models of RFA. Shi et al. report
that incomplete RFA of liver metastases arising from colorectal cancer is associated with
metastases, poor survival, and decreased efficacy of anti-PD-1 therapy [111]. Kumar et al.
report that STAT3 is upregulated following RFA [112]. STAT3 has oncogenic effects, and
Kumar et al. suggest adjuvant STAT3 inhibitor administration as a means of combating these
oncogenic effects. Zhang et al. report that incomplete RFA promotes the growth of
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colorectal cancer via heat shock response [113]. Such studies can be used to optimize local
procedures in the preclinical setting.

Discussion

While the mechanism of malignant liver colonization is not fully understood, it is generally
hypothesized that migrating tumor cells in circulation come to adhere to sinusoidal
endothelium through which they invade, proliferate, and ultimately colonize the liver [114].
This metastatic growth is associated with a significant number of critical health
complications, including sudden hepatic failure and nutritional compromise, which
contribute to the high mortality rate of BCLM [6]. An understanding of the histologic and
molecular characteristics of BCLM is critical to the development of more efficacious
treatment strategies. HER2-enriched tumors demonstrate the highest rates of liver
metastasis, which associate with their own unique gene-expression patterns that may
ultimately provide promising drug targets. The literature evaluating existing BCLM
treatment strategies supports a multi-faceted approach for the treatment of BCLM, and
surgical resection should be actively considered alongside systemic therapy. Similarly,
combinatorial therapies with targeted drugs should be explored for clinical efficacy in
BCLM.

Despite recent advances, continued efforts are needed to establish efficacious treatment
options for patients with BCLM. Robust studies are needed to identify and evaluate
treatment options in the pre-clinical setting. Indeed, both transgenic approaches and PDX
models should be prioritized over established cell line studies alone, due to their faithful
recapitulation of clinical tumor biology. Ongoing in vivo studies are evaluating different
modalities of drug delivery and surgical techniques. Considering the unique vasculature of
the liver and its heightened capacity for metabolic activity, further studies of optimized drug
delivery and surgical technique are essential.
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Fig. 1.
The three most common histological growth patterns of liver metastasis
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Fig. 2.
Local treatment options for patients with BCLM
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