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SUMMARY

Colorectal cancer ranks as the second leading cause of cancer-
related deaths, with metastatic disease to the liver a common
cause. Here we discuss exciting developments in the field that
promise innovative approaches for early detection and
treatment of metastatic colorectal cancer in the liver.

In patients with colorectal cancer (CRC) that metasta-
sizes to the liver, there are several key goals for improving
outcomes including early detection, effective prognostic
indicators of treatment response, and accurate identifi-
cation of patients at high risk for recurrence. Although
new therapeutic regimens developed over the past decade
have increased survival, there is substantial room for
improvement in selecting targeted treatment regimens
for the patients who will derive the most benefit. Recently,
there have been exciting developments in identifying
high-risk patient cohorts, refinements in the under-
standing of systemic vs localized drug delivery to meta-
static niches, liquid biomarker development, and
dramatic advances in tumor immune therapy, all of which
promise new and innovative approaches to tackling the
problem of detecting and treating the metastatic spread
of CRC to the liver. Our multidisciplinary group held a state-
of-the-science symposium this past year to review ad-
vances in this rapidly evolving field. Herein, we present a
discussion around the issues facing treatment of patients
with CRC liver metastases, including the relationship of
discrete gene signatures with prognosis. We also discuss
the latest advances to maximize regional and systemic
therapies aimed at decreasing intrahepatic recurrence,
review recent insights into the tumor microenvironment,
and summarize advances in noninvasive multimodal
biomarkers for early detection of primary and recurrent
disease. As we continue to advance clinically and techno-
logically in the field of colorectal tumor biology, our goal
should be continued refinement of predictive and prog-
nostic studies to decrease recurrence after curative resec-
tion and minimize treatment toxicity to patients through a
tailored multidisciplinary approach to cancer care. (Cell Mol
Gastroenterol Hepatol 2017;3:163–173; http://dx.doi.org/
10.1016/j.jcmgh.2017.01.006)

Keywords: Colorectal Cancer Liver Metastasis; Biomarkers;
Hepatic Arterial Infusion; High-Risk Colorectal Cancer;
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olorectal cancer (CRC) is the third most common
Ccancer worldwide, ranking as high as the second
leading cause of cancer-related deaths in developed
countries.1–3 The liver is recognized as the most common
site of CRC metastasis because the majority of the intestinal
mesenteric drainage enters the hepatic portal venous sys-
tem. More than 50% of patients with CRC will develop
metastatic disease to their liver over the course of their life,
which ultimately results in death for more than two thirds
of these patients.4,5 Currently, hepatic resection of colorectal
cancer liver metastasis (CRLM) in patients with isolated
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liver metastasis remains the only option for potential cure.
However, even when resection is combined with modern
adjuvant systemic regimens, it is curative in only 20% of
patients,4–6 with 70% developing recurrence, primarily in
the liver.4 Efforts to prevent recurrence are limited by the
cumulative side effects of systemic therapy, development of
chemoresistant cancer clones, and the inability to detect
progression of radiographically occult micrometastatic dis-
ease. In an updated analysis of a large randomized
controlled trial that examined the role of perioperative
systemic therapy in patients with resectable CRLM before
and after curative hepatic resection, there was no
improvement in 5-year overall survival (OS) compared with
patients treated with hepatic resection alone (51% vs 48%;
P ¼ .34).7,8 Although perioperative systemic therapy
remains the standard of care for patients with resected
CRLM, there is significant opportunity to identify patients
more accurately with a molecular high-risk signature who
will benefit from adjuvant treatment aimed to decrease
intrahepatic recurrence.9 In addition, for patients with liver-
only metastatic CRC treated with curative intent surgery,
detecting disease recurrence at the earliest stage and
monitoring response to treatment are paramount to moving
the field forward. In this report, we review modern
approaches for treating patients with CRLM and
ongoing work to optimize molecular risk stratification to
direct systemic treatment and to monitor for intrahepatic
recurrence (Figure 1).

Scope of the Clinical Problem for
Patients With Colorectal Cancer Liver
Metastasis

Detecting primary CRC and CRLM at an early stage re-
sults in better outcomes.10 At a molecular level, CRC con-
sists of a heterogeneous group of diseases with molecularly,
as well as clinically, distinct tumors based on the primary
site of origin (eg, colon vs rectal, and right-sided vs left-
sided). Chromosomal instability, deficient mismatch repair
(dMMR) with resultant microsatellite instability (MSI),
aberrant DNA methylation,11 as well as altered molecular
signaling pathways all have been described in the trans-
formation from normal mucosa to adenocarcinoma.12–16

The role of biologics in the adjuvant treatment of resected
primary CRC has been evaluated, including cetuximab for
Kirsten rat sarcoma viral oncogene (KRAS) wild-type can-
cers and the vascular endothelial growth factor inhibitor
bevacizumab; however, these targeted treatments have not
shown the benefit seen in the metastatic or advanced
setting.17–19 More recently, those altered pathways and
mutations have been used for therapy modification and
patient stratification in metastatic CRC based on the sided-
ness of the primary tumor, supporting the use of different
biologic agents for distinct primary biology underlying the
disease.17–19 Chromosomal anomalies with demonstrated
importance in tumorigenesis, including DNA gains or losses,
result in changes in gene expressions that might lead to a
differential response to chemotherapeutic agents. This
recently was studied in an analysis of cell-free DNA (cfDNA)
showing acquired resistance to anti–epidermal growth fac-
tor (EGFR) therapies,20 as well as recent investigations
reporting a correlation between DNA copy number losses
and an association with response to fluorouracil (5-FU),
irinotecan, and capecitabine.21

Given the extensive molecular and clinical heterogeneity
of CRC, it is essential to individualize therapy on the basis of
molecular profiling to avoid treatment-related toxicities
without a realized survival benefit. Some of the strongest
data to support the need for identification of high-risk co-
horts among patients with CRLM come from adjuvant trials
for primary CRC. The 2004 adjuvant the Multicenter Inter-
national Study of Oxaliplatin/5-Fluorouracil/Leucovorin in
the Adjuvant Treatment of Colon Cancer (MOSAIC) trial22

assessed the impact of an oxaliplatin-containing systemic
regimen (folinic acid, 5-FU, and oxaliplatin) for patients with
resected primary CRC compared with 5-FU alone in patients
with stage II and III disease. A significant survival benefit for
patients with stage III disease was found and has been
maintained in recently updated 10-year results.23 However,
these benefits come with significant morbidity impacting
patient quality of life. For patients with stage III CRC treated
with folinic acid, 5-FU, and oxaliplatin, instead of 5-FU and
leucovorin (LV), there is a consequent 4% decrease in
mortality.23 However, to achieve this 4% reduction in
mortality with oxaliplatin, 92% of those patients will suffer
from treatment-associated peripheral neuropathy, with
approximately 15% experiencing permanent neuropathy
when followed up longitudinally for 2 years.24 It is clear that
even among patients with stage III disease there is an un-
derappreciated disease heterogeneity that at present is be-
ing treated with an often-homogenous systemic approach.
These data in the primary CRC setting underscore the need
for molecularly driven systemic treatment to avoid both the
financial and quality-of-life costs to patients with liver-only
metastatic CRC. Work is ongoing to identify molecular
subsets of patients with CRLM to personalize targeted
treatments to maximize therapeutic interventions. In this
review, we describe the role of liquid biopsies (ie, analyses
of tumor cells or tumor derived material that is circulating
in the blood) along with novel cancer and immunologic cell
populations to both surveil and assess treatment response
in patients with CRLM. We also propose using this infor-
mation to guide the design and development of therapeutic
strategies for liver-directed treatments.

Treatment Challenges for Patients With
Liver-Only Metastases

For patients with liver-only metastatic CRC, there is a
pressing need for a more robust molecular characterization
of the primary and metastatic lesions to direct perioperative
management of patients at highest risk for disease recur-
rence.25 In the primary disease setting, the focus has been
directed toward patients with high-risk stage II CRC—those
patients with negative lymph nodes but other high-risk
features such as T4 lesions, obstruction or perforation,
cancers with lymphovascular invasion, and poorly differ-
entiated histology. One of the early investigations on the



Figure 1. Treatment and
management of meta-
static colon cancer to the
liver will require a multi-
disciplinary approach
that includes identifica-
tion of high-risk cohorts,
understanding how to
modulate the immune
microenvironment, and
identification of novel
effective blood-based
biomarkers to design
targeted and real-time
treatment for high-risk
patients. Ultimately, suc-
cessful management of
these patients will
acknowledge a balance of
risk recurrence with their
quality of life. Chemo,
chemotherapy.
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impact of adjuvant treatment on stage II CRC was the 2007
QUick and Simple And Reliable (QUASAR) trial, in which
patients with stage II CRC were randomized to treatment
with adjuvant 5-FU/LV or observation after curative resec-
tion of their primary cancer.26 The results of this trial
showed an approximate 3% improvement in outcome when
5-FU/LV was given in the adjuvant setting. In other words,
97% of patients were exposed to chemotherapy without any
benefit. Because standard stage II patients do not benefit
from adjuvant therapy as shown in the QUASAR, MOSAIC,
and other trials, it is currently at the discretion of the
treating clinician to decide if the high-risk features of the
patient’s primary CRC support adjuvant treatment.22,23,26

According to the current National Comprehensive Cancer
Network guidelines the “definition of high-risk stage II colon
cancer is clearly inadequate, because many patients with
high-risk features do not have a recurrence whereas some
patients deemed to be average-risk do. Furthermore, no
data point to features that are predictive of benefit from
adjuvant chemotherapy, and no data correlate risk features
and selection of chemotherapy in patients with high-risk
stage II disease.”27 The challenges of selecting patients
with high-risk stage II CRC are remarkably similar to and
parallel the issues of directing perioperative treatment in
patients with CRLM.

Aside from the pathologic risk factors of stage II CRC,
several investigators have sought a correlation between
discrete gene signatures and higher-risk patient populations
to stratify patients molecularly and to better direct adjuvant
therapy. Efforts to improve patient stratification have been
ongoing through comprehensive molecular characterization
of hypermutated genes, microsatellite instability, and
hypermethylated genes to characterize colon cancer stages
into subtypes to better predict outcomes as well as to
further refine chemotherapy selection.28–30 Rodriguez
et al31 reported that loss of corticotropin-releasing hormone
receptor-2 expression in CRC specimens—a well-
characterized neuropeptide that participates in the regula-
tion of intestinal inflammation—promotes proinflammatory
signals through interleukin (IL)6 and vimentin. Based on
clinicopathologic data they were able to show that a
decreased expression of corticotropin-releasing hormone
receptor-2 in patients with CRC was associated with an
increased risk of distant metastasis and a worse 5-year
survival after initiation of treatment. In 2016, Dalerba
et al32 reported on the expression of the caudal-type
homeobox transcription factor 2 (CDX2), a critical regu-
lator of intestinal development and oncogenesis, as a
prognostic biomarker in patients with stage II CRC. Their
work combined insights from basic science discoveries in
normal colon stem cells and cancer stem cells, the avail-
ability of public databases of sequenced tumors (National
Center for Biotechnology Information Gene Expression
Omnibus and National Cancer Institute–Cancer Diagnosis
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Program), and the power of bioinformatics to query more
than 2329 human samples. They identified 16 genes that
were not present in colorectal epithelia that expressed high
levels of the cancer stem cell marker, Activated Leukocyte
Cell Adhesion Molecule (ALCAM or CD166). Of these genes,
they focused on CDX2, a protein already identified for
pathologic assessments of resected CRC specimens. In a
discovery data set of patients with stage II CRC and a sub-
sequent validation data set, the investigators went on to
show that patients with CDX2-negative tumors had a worse
5-year disease-free survival (DFS) compared with patients
with CDX2-positive cancers (49% among 15 patients with
CDX2-negative tumors vs 87% among 191 patients with
CDX2-positive tumors; P ¼ .003). Furthermore, using a
discovery data set of stage III CRC tumors, investigators
identified an association of CDX2 expression and the treat-
ment of adjuvant therapy with survival. Again, these find-
ings were validated in a larger data set, in which the
investigators found an increased 5-year DFS in patients
treated with adjuvant chemotherapy in stage II CDX2-
negative tumors vs individuals who did not undergo adju-
vant chemotherapy (91% vs 56%; P ¼ .006).32 Although the
study population was small, these data show an identifiable
profile in CRC patients who may achieve a survival benefit
from adjuvant treatment that outweighs the treatment-
associated morbidity. This work was updated most
recently in the metastatic CRC population,33,34 in which
patients with CDX2-negative metastatic CRC were found to
have a median OS of 8 vs 39 months in individuals with
CDX2-positive metastatic CRC (hazard ratio, 4.04; 95%
confidence interval, 2.49–6.54; P < .0001). CDX2-negative
patients were more likely to have right-sided primary tu-
mors, poorly differentiated cancers, distant lymphatic
metastasis, and be women. Although the prevalence of
CDX2-negative disease is low, these insights continue to
stratify a subgroup of patients with advanced CRC who
would derive a DFS benefit from adjuvant treatment after
curative hepatic resection of their disease. The continued
focus to elucidate the underlying biology driving disease
recurrence in more diverse and larger subsets of patients
will clarify the effective treatment for patients at all stages
of disease.

The majority of patients who have had an attempted
curative hepatic resection of CRLM will have recurrence of
their disease. Historically, several clinicopathologic factors
(nodal status of the primary cancer, preoperative carci-
noembryonic antigen [CEA] level, size of the largest liver
lesion, and the number of hepatic metastases) have been
shown to be independent predictors of both poor outcomes
and intrahepatic recurrence of disease in patients with
resected CRLM and collectively comprise the “clinical risk
score.”6 Similar to the tumor characteristics in patients with
clinically high-risk stage II CRC, these factors unfortunately
provide a limited description of the disease. In addition to
the prediction models, oncologists now are using mutational
data in the EGFR pathways to select and treat patients who
are most likely to respond to a given regimen (KRAS mu-
tation status predicting poor response to anti-growth factor
receptor therapies35,36) and BRAF mutation status
(conferring resistance to anti-EGFR therapy given beyond
first-line treatment and associated with an increased risk of
peritoneal disease).37–40 Recent work has explored deriving
cancer gene expression profiles as prognosticators of
recurrence and survival for patients with CRLM. Balachan-
dran et al9 reported a gene-expression classifier to correlate
disease-specific survival as well as liver DFS in patients with
resected CRLM. By using gene expression microarray on
resected CRLM the investigators were able to identify and
validate 20 genes that were associated with OS. Importantly,
this so-called molecular risk score was shown to be an in-
dependent prognosticator of DFS, unlike the traditional
clinical risk score. These findings suggest methods for
identifying patients with high-risk primary CRC and resec-
ted CRLM who are at risk of recurrence and may benefit
from directed and potentially prolonged adjuvant treatment.
Further identification of patients with molecular subsets of
CRLM that underlie discrete tumor biology, and subse-
quently predict treatment response and improve OS, are
essential to realize the benefit of perioperative treatment
with both biologic and cytotoxic therapy.

Maximizing Regional Treatment of
Colorectal Cancer Liver Metastasis to
Decrease Intrahepatic Recurrence

In patients with CRLM who undergo a hepatic resection
with curative intent, it is estimated that approximately 75%
of all recurrences—both intrahepatic and extrahepatic—
occur within the first 2 years after surgery.41 Efforts over
the past decades have sought to address the risk of recur-
rence, which is possibly the result of treatment-resistant
micrometastatic disease. One avenue to obliterate micro-
metastatic disease in the liver focuses on maximizing
locoregional therapy by exploiting basic tumor biology.
Cancer cells from gastrointestinal malignancies, especially
CRC, hematogenously spread via the portal circulation, often
making the liver the first site of metastasis. Once hepatic
metastases grow to more than 2 mm in size, they derive
their blood supply from the hepatic artery, while normal
hepatocytes are perfused mostly from the portal circula-
tion.42 Understanding this biologic difference has led to
treating select patients with CRLM using hepatic arterial
infusion (HAI) therapy. This intense locoregional treatment
is based on the extraction of chemotherapy from the hepatic
arterial circulation, resulting in high local drug concentra-
tions with the goal of minimizing systemic toxicity. The ideal
agent should have a high dose-response curve, high
extraction, and rapid total body clearance once the infusion
is discontinued. Of the various agents studied, HAI-delivered
floxuridine approximates this ideal with a short half-life
(<10 min) and more than 90% hepatic extraction, result-
ing in a 16-fold higher concentration in hepatic tumors
compared with venous administration.42,43 By using flox-
uridine in combination with dexamethasone, patients with
CRLM can have their liver disease maximally treated with
modest side effects compared with standard systemic
treatment.44 Several prospective trials45–48 have investi-
gated using HAI alone to circumvent the toxicity associated
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with systemic treatment of CRLM, to maximize hepatic
response in an effort to improve both OS and progression-
free survival, and potentially improve the patient’s quality
of life.49,50

The role of hepatic arterial infusion for patients with
resected CRLM initially was tested without concurrent
systemic therapy, which at the time of the initial trials did
not include modern systemic agents such as oxaliplatin and
irinotecan. To date, there have been no prospective ran-
domized controlled trials comparing adjuvant HAI with
modern systemic therapy vs modern systemic therapy alone
in patients with resected CRLM. In 2016, Kemeny et al51

reported on an analysis of 4 consecutive HAI adjuvant
trials for patients with resected CRLM from 1991 to 2009
(N ¼ 287). The patients were divided into 2 groups: those
treated before and after 2003, corresponding to the incor-
poration of modern systemic oxaliplatin or irinotecan-
containing regimens. With a median follow-up period of
11 years, the investigators reported that patients treated
after 2003 had a 5- and 10-year OS of 78% and 61%,
respectively, with the median survival not being reached.
Patients treated before 2003 had a 3- and 5-year DFS of
42% and 41%, respectively.51 Taken together, these data
support that properly selected patients with CRLM can have
hepatic resection of their disease followed by adjuvant
systemic therapy plus HAI and achieve a 5-year survival as
high as 78%. However, similar to toxicity associated with
systemic therapy, treatment with HAI has risks, including
biliary sclerosis in less than 5% of patients, that needs to be
balanced with the anticipated benefit of treatment.51

For treatments such as HAI that seek to maximally treat
the liver, it is imperative to begin integrating preoperative
prognostic indicators that are predictive of a patient’s risk of
intrahepatic recurrence after hepatic resection to select
patients for intensive treatment regimens. Ultimately, we
must develop a noninvasive test to determine the risk for
both local and distant recurrence of disease with monitoring
the response to systemic therapy as well as an early signal
for intrahepatic recurrence. In addition to discrete gene
expression profiles that identify patients at high risk of
recurrence, blood-based biomarkers for noninvasive moni-
toring of early detection of recurrent disease actively in
development may serve as a more reliable marker to
monitor response to treatment, and ultimately to monitor
patients for recurrence of disease after curative treatment.
Noninvasive Liquid Biomarkers for Early
Detection of Primary and Recurrent Disease

Although newly identified gene signatures can identify
at-risk patient populations for defined treatment regimens, a
second approach for improving patient survival is in devel-
oping biomarkers with enhanced specificity and sensitivity
for early detection of primary and recurrent disease. The goal
of this approach is to identify recurrent or persistent disease
at a point when traditional clinical indicators, such as
radiographic signs, still are negative, and to treat or alter
treatment of disease at the earliest time point—this almost
certainly will improve overall disease control.
Genetic material sourced from blood-based material
originating from primary and/or metastatic lesions can be
used to inform noninvasive, blood-based biomarker dis-
covery, and provide a nuanced view of the disease—
specifically the temporal evolution of disease over treat-
ment—to facilitate tailored therapy. The gold standard for a
noninvasive early diagnosis test is the fecal occult blood
test, but it has sensitivity limitations.52 Detection of the
plasma-based factor CEA also widely is used to monitor
disease status longitudinally in patients with treated CRC,
but it also has limitations. To improve specificity and
sensitivity, tumor biologists are pursuing a new generation
of blood-based biomarkers that have correlative or biologic
value, as well as providing tumor genomic information on
which to alter treatment. Although still in development,
these new factors, including new populations of circulating
tumor cells (CTCs), cfDNA, micro-RNA (miRNA), and exo-
somes have the potential for the further development of
critical assays to surveil patients with CRC and intervene at
times that may improve disease control.53,54

Conventionally isolated CTCs, defined by cell surface
expression of epithelial cell adhesion molecule (EpCAM) or
cytokeratin (CK), and the absence of the pan-leukocyte
marker, CD45 expression, have been shown to correlate
with progression-free survival and OS in patients with
colorectal cancer,55 prostate cancer,56 and also with breast
cancer.57 Although these data are predictive of prognosis,
CTCs are rare entities in the circulation, and, more impor-
tantly, they have failed to provide biologic insights that may
guide informed therapeutic treatment. Recent discoveries of
novel CTC populations has re-energized the study of CTCs.

Standard CTC detection methods rely on the expression
of specific epithelial markers, CK and/or EpCAM, and the
exclusion of leukocyte-specific markers, typically CD45.
CTCs also have been isolated based on size, density, charge,
or various other properties that positively or negatively
enrich a specific cell population.58 CellSearch (Janssen
Diagnostics, Raritan, NJ) is the Food and Drug Admin-
istration–approved test to detect CTCs by magnetic sepa-
ration of EpCAMþ cells followed by positive staining for CK
and negative staining for CD45. These existing approaches
bias the subsets of CTCs captured, and may be excluding
biologically relevant subpopulations. For example, Zhang
et al59 showed the high metastatic capability of an EpCAM-

CTC population isolated from patients with breast cancer in
a mouse xenograft assay. This EpCAM- CTC population may
represent cancer cells that have undergone epithelial-to-
mesenchymal transition, thereby losing expression of
EpCAM-, and therefore represent a more migratory and
invasive cell. Indeed, in CRC, CTCs that have lost EpCAM
expression or gained N-cadherin, vimentin, or fibronectin
expression are hypothesized to have undergone epi-
thelial–mesenchymal transition and may be more stem
cell–like.60 It reasons that to gain their full metastatic po-
tential, tumor cells must cross several cellular barriers to
travel through the circulation and seed metastatic sites.
Recent mechanisms such as epithelial–mesenchymal tran-
sition have suggested enhanced motility and dissemination
of these cells. Such cells appear to have adapted by loss of
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epithelial differentiation and acquisition of advantageous
phenotypes to modulate and balance differentiation, self-
renewal, and homeostasis in the selected environment.53,54

An additional population of CTCs that have not been well
studied are those expressing the leukocyte marker CD45.
Peripheral blood cells from cancer patients, isolated by
differential centrifugation and size exclusion, were found to
harbor CTCs that expressed CK and CD45, yet conferred
robust growth in culture.61 In addition, CD45þCKþ CTCs
were identified in patients with metastatic pancreatic cancer
from an EpCAMþ-enriched population,62 and in metastatic
breast cancer patients, even with partial CD45þ depletion
with magnetic beads.63 Interestingly, the breast cancer
CD45þ CTCs also expressed the macrophage marker CD68,
indicating that CTC populations may acquire proteins typi-
cally expressed by macrophages, possibly through a cell
fusion mechanism.64 To fully appreciate these CD45þ CTCs,
direct visualization would rule cancer-immune cell clusters
that could be construed as a CD45þ CTC by flow cytometry.
If these cells arise from leukocyte-cancer fusion, this novel
tumor biology may provide important insights that may
guide therapy more effectively. Ongoing work is directed at
investigating how these untapped and uninvestigated pop-
ulations of CTCs potentially can contribute to our overall
knowledge of disease and are being developed in parallel
with the rapid advancements in other biomarker fields, such
as that of cfDNA.

cfDNA is hypothesized to arise from cells that die,
whether by necrosis, cell lysis, or apoptosis, releasing naked
DNA into the circulation and creating a residual fingerprint.
Although cfDNA was first detected in healthy individuals in
the late 1940s, it was not until the 1970s–1980s that
neoplastic characteristics were identified and that cfDNA
was found to exist in higher concentrations in cancer pa-
tients relative to healthy controls.65,66 Although quantifica-
tion of cfDNA was useful in some disease states when used
alongside classic blood tests (eg, CEA),67 cfDNA is being
developed for the identification of gene mutations and mi-
crosatellite instability in early detection assays. Current
technologic advancements in amplifying DNA and in
sequencing supports the relevance of this biologic material.
For example, de Kok et al68 showed concordance of KRAS
point mutations between primary tumors and serum cfDNA
amplified by polymerase chain reaction in 14 CRC patients.
These data also supported that cfDNA could be derived from
cancer cells.

In addition to point mutations, microsatellite abnormal-
ities have been detected in patient blood from breast cancer,
head and neck cancer, lung cancer, melanoma, and CRC.69–72

Isolated cfDNA has many characteristics of tumor DNA,
including the presence of oncogenes and other global
molecular classifiers such as MSI, CpG island methylator
phenotype,73 and chromosomal instability.74 El Messaoudi
et al75 conducted a multiparametric analysis correlating
cfDNA with OS in metastatic CRC patients (n ¼ 97). Higher
cfDNA levels were associated with a statistically significant
decrease in OS (18.07 vs 28.5 mo; P ¼ .0087). Furthermore,
on multivariate analysis the investigators showed that
a higher cfDNA level is an independent prognostic factor
(P ¼ .034) and that high levels of cfDNA fragmentation were
associated with decreased OS in the mutant KRAS/BRAF
population. Newer technologies under development such as
the PlasmaSelect assay (Personal Genome Diagnostics,
Baltimore, MD)76 allow for the identification of multiple
mutations and genetic alterations resulting in a compre-
hensive genomic analysis of the tumor and the potential to
track tumor evolution across treatment. Analyses of cfDNA
along with evaluation of novel CTC populations have great
potential to provide novel noninvasive approaches to diag-
nosis cancer, facilitate early detection of disease and
recurrent disease, assessment of the evolving tumor biology,
and provide a foundation for tailored treatment.

Aside from cfDNA and CTCs, there are active
investigations into tumor-derived or tumor
microenvironment-derived exosomal stable miRNAs that
are released into the vasculature, glandular secretions, or
waste excretions.77–80 miRNAs are a small, recently
discovered class of highly conserved noncoding RNAs that
play key roles in the regulation of gene expression. In their
transcriptional regulation, miRNAs possess differential
short nucleotide length sequence complementarity to confer
combinatorial diversity to affect hundreds of targets in
similar gene networks. In this framework, a single miRNA
exists in reciprocal inhibition with an entire network of
functionally related genes. Thus, baseline activity or change
in exosomal miRNAs provides a molecular snapshot of
intracellular activity from their tissue of origin. Additional
information can be derived because the presence of exoso-
mal miRNAs dictates potential paracrine and endocrine
roles that have been observed in a number of malignancies
including CRC.81–83 Properties of exosomal miRNAs have
been highlighted in recent clinical studies to ascertain their
utility as novel minimally invasive biomarkers.84–87 In CRC,
Ogata-Kawata et al88 performed miRNA microarray analyses
on serum exosomes derived from 88 CRC patients compared
with healthy controls and identified a subset of 7 up-
regulated diagnostic miRNAs that outperformed conven-
tional CEA utility for surveillance of CRC recurrence. In
CRLM, a similar study was performed in serum exosomes
from both the liver metastases subgroup and the non-
metastatic group at different time points of treatment and
resection.89 Microarray analyses showed a distinct subset of
6 tumor-derived exosomal micro RNAs (miRNA or miR),
which were synchronized with liver metastasis develop-
ment. Among this subset, exosomal miR-19a was found to
be up-regulated compared with normal healthy volunteers,
and the level of exosomal miR-19a was found to correlate
with more aggressive disease including nodal involvement,
liver metastases, and higher TNM stage.89 Taken together,
these data provide a glimpse in the acquisition and analysis
of exosomal miRNA diagnostic and predictive biomarkers in
primary and metastatic CRC.
Immune Reprogramming as a Therapeutic
Strategy

Over the past 5 years, there has been burgeoning interest
and now demonstrated efficacy in exploiting the tumor
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immune microenvironment as a viable and effective treat-
ment option for many cancers that previously had been
recalcitrant to treatment. It has become increasingly clear
that the tumor microenvironment plays a key role in tumor
progression and response to therapies across many
different cancer types.90 Immune check-point inhibitors
such as ipilimumab, pembrolizumab, and nivolumab are
being widely studied in prospective trials in a variety
of cancers, including in patients with liver-only metastatic
CRC. Several recent studies have highlighted the role of
non-neoplastic cells, particularly stromal cells and immune
cells, as prognostic markers in human CRC.91–94 Immuno-
logically, it has been shown that dMMR cancers harbor
infiltrating tumor lymphocytes that actively are suppressed
by immune-inhibitory signals such as the programmed
death (PD) ligand-1 and PD-1 complexes.94 In 2015, Le et al
reported the results of a phase II trial of patients with
treatment-refractory progressive metastatic cancer treated
with the anti–PD-1 antibody pembrolizumab.94 The results
for 32 patients with metastatic CRC were stratified by
dMMR CRC compared with patients with proficient MMR
tumors. For patients with dMMR CRC, the immune-related
objective response and immune-related progression-free
survival were 40% and 78%, respectively, as compared with
0% and 11%, respectively, for patients with proficient MMR
CRC. These findings currently are being evaluated in the
KEYNOTE-177 trial in patients with MSI-high or dMMR
metastatic CRC who have been randomized to treatment
with pembrolizumab vs standard therapy.95

Specific features of the tumor microenvironment such
as an abundance of T-helper (TH) 2 cytokines, proin-
flammatory molecules, pro-angiogenic molecules, and
profibrotic molecules are immunosuppressive and
considered protumorigenic. In contrast, an abundance of
TH1 cytokines, angiostatic factors, and immunostimulatory
molecules, along with the mobilization and reinvigoration
of the CD8 T cells, all are characteristic of a robust anti-
tumorigenic microenvironment. Therefore, understanding
the recruitment and function of leukocytes in the cancer
will enable the development of both targeted therapies and
biomarkers that can predict emergence of treatment
resistance and recurrence of cancer.96 Interestingly, there
are several nuances that dictate the function of even the
same leukocyte subsets in different cancers.97,98 For
example, protumorigenic macrophages are regulated by
TH2-CD4

þ T cells in mammary carcinomas and B cells in
pancreatic adenocarcinomas and squamous cell carci-
nomas. Similarly, the soluble mediators and signaling
pathways that regulate this cellular cross-talk also are
different, with IL4/IL13 and colony stimulating factor-1
playing key roles in driving macrophage function in
mammary carcinomas whereas Bruton tyrosine kinase and
phosphoinositide 30-kinase regulating the macrophage
function in pancreatic and squamous cell carcinoma. As
such, it is possible that the immune checkpoint pathways
also are regulated differently in different tissues, necessi-
tating the development of tailored approaches to immu-
notherapy across different cancers.99 In this context, we
propose that a multimodal biomarker-based approach
would be optimal for immune-mediated cancer control and
assessing treatment response. Such an approach would
rely on biomarkers that measure the protumorigenic and
antitumorigenic factors elaborated earlier and provide
multiple avenues to mobilize and reinvigorate the cytotoxic
T-cell responses. This could include a combination of
strategies such as neutralizing the TH2 responses, cytotoxic
and targeted agents, immune checkpoint blockade, vac-
cines, and chimeric antigen-receptor T cells. This multi-
modal approach also will sample the microenvironment
whenever the cancers escape and recalibrate the specific
reprogramming strategy, specific immune checkpoints that
can be targeted, and specific pathways that drive the
microenvironment so cancer regression and control can be
re-established. In summary, an approach that dynamically
engages the immune system by constantly sampling the
microenvironment to detect recurrence and relapse is
essential to incorporate into the management of patients
with advanced CRC and direct novel immunologic
therapies.

Summary, Novel Molecules, and Future
Clinical Trial Directions

Ultimately, the biology of the tumor—both cell intrinsic
and cell extrinsic—underlies the clinical outcome for pa-
tients with metastatic CRC. Indeed, the concept of liver-only
metastatic disease by definition implies a different biologic
subtype. This difference is readily clinically apparent and
our attempts to exploit this biology are the basis of all liver-
directed therapy. Future directions in treating patients with
the CRC liver-only subtype therefore must revolve around
better molecular characterization and the development of
improved therapeutic approaches. As liver-directed therapy
continues to evolve with the development of other local
treatment modalities—including microwave ablation, irre-
versible electroporation, and transarterial radio-
embolization (eg, Y-90)—our ability to identify and
understand this biology becomes paramount. Currently,
clinicians use the biologic test of time to ascertain if a
hepatic-only metastatic state can be maintained while first-
line systemic agents are used—and hence provide the
rationale to attempt intensive liver-directed approaches,
including hepatic resection and HAI. Banking tissue from
these patients for molecular and clinicopathologic analyses,
and correlating molecular and cellular correlates with high-
quality clinical data, is essential and has become an integral
aspect of modern prospective clinical trials. Tissue samples
collected and analyzed across the continuum of a patient’s
treatment are essential to facilitate discovery-based ap-
proaches to improve therapy. Specimens collected at several
time points (eg, pretreatment, after each chemotherapeutic
cycle, after completion of systemic therapy, and after he-
patic resection) along with tissue from the surrounding
hepatic parenchyma can be analyzed for a number of
genomic and cellular alterations, including mutational
analysis, copy number variability, and circulating bio-
markers that have the potential to shed insight into evolving
tumor biology that may predict treatment response. Data
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support that properly selected patients with CRLM can have
hepatic resection of their disease followed by adjuvant
systemic therapy plus HAI and achieve a 5-year OS as high
as 78% with a hepatic DFS of 62% at 5 years.51 The role of
HAI in the adjuvant treatment of patients with resected
CRLM additionally offers the unique opportunity to deliver
novel agents in a liver-directed fashion. Although floxuridine
has been used for decades and represents a pharmacoki-
netically ideal agent, our rapidly expanding knowledge of
CRC tumor biology and microenvironment begs for the
development and study of novel agents coupled with the
rational design of clinical trials that can exploit this
knowledge in a liver-targeted fashion. Given the extensive
molecular and clinical heterogeneity of the liver-only met-
astatic CRC, it is of great importance to individualize tar-
geted therapy on the basis of molecular profiling through
logical implementation of biomarker assessment in liquid
biopsies for early metastasis to monitor for intrahepatic
recurrence. We are charged with moving beyond a blunt
one-size-fits-all approach in treating patients with CRLM.
Ultimately, we believe that molecularly driven treatments
will lead to improved OS, a reduction in intrahepatic
recurrence, and will decrease the toxicity of perioperative
therapies.
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