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Abstract Neoadjuvant chemoradiation has been a standard
of care for locally advanced rectal cancers. Recent reports
suggest that a pathologic complete response to neoadjuvant
treatment correlates to improved overall survival. In addition,
some series suggest that patients who have a complete re-
sponse to neoadjuvant therapy may safely defer surgery in
favor of a “watch and wait” approach, therefore avoiding the
potential complications and adverse bowel function associated
with surgery. It is therefore important to understand the clini-
cal and biologic factors which affect the response of rectal
cancers to chemoradiation. This review highlights the current
literature examining the biomarkers of tumor response to
chemoradiation.
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Introduction

Despite improvements in cancer screening as well as treat-
ment, colorectal cancer remains the third most commonly

diagnosed cancer as well as the third leading cause of death
due to cancer in the USA and worldwide [1, 2]. In 2016, there
were 95,000 new cases of colon cancer and 39,000 cases of
rectal cancer [2].

Locally advanced rectal cancer includes patients that have
tumors that have invaded through the muscularis propria,
those that penetrate the visceral peritoneum or adjacent or-
gans, and node positive disease. One standard treatment par-
adigm for locally advanced rectal cancer is neoadjuvant che-
moradiation with fluoropyrimidine-based chemotherapy,
followed by total mesorectal excision (TME). Several land-
mark trials established this treatment paradigm including a
study by the German Rectal Cancer Study Group that demon-
strated increased local control with pre-operative chemoradi-
ation with fluorouracil (5-FU) when compared to post-
operative chemoradiation [3•]. The Trans-Tasman Radiation
Oncology Group and the Polish Colorectal Study Group com-
pared neoadjuvant short-course radiation therapy (RT) and
long-course chemoradiation in separate prospective random-
ized trials. While both trials failed to show a difference in
overall survival, long-course chemoradiation was associated
with greater pathologic downstaging and pathologic complete
response (pCR) rates [4, 5]. In studies of neoadjuvant therapy
for rectal cancers, the pCR rate has been reported as approx-
imately 10–49% and correlates with overall survival [6•, 7, 8].
The intensification of pre-operative treatment has been exam-
ined in clinical trials. The addition of oxaliplatin to 5-
fluorouracil (5-FU) increases the pCR rate as does “extended”
chemoradiation, which includes additional cycles of neoadju-
vant chemotherapy prior to surgery [9•, 10•]. However, these
potential benefit of intensified therapy must be balanced by
the potential risks, and it is critical to identify patients who will
derive the most benefit from additional treatment.

Total mesorectal excision has been the standard of care in
the operative management of locally advanced rectal cancer,
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as established by the Dutch TME trial [11]. The operative
technique includes low anterior resection (LAR) or
abdominoperineal resection (APR) as determined by the loca-
tion and extent of the tumor. However, there can be significant
morbidity with rectal surgery, and preserving optimal bowel
function may not always be possible with such surgery. As a
result, the carefully selected use of non-operative management
(NOM) or a “watch and wait” approach for rectal cancers—
using surgery only as a salvage for local recurrence—has been
examined [12, 13]. Habr–Gama and colleagues reported their
single institutional series of NOM after long-course chemora-
diation where clinical complete response (cCR) was assessed
by physical exam, CEA levels, and when available,
abdominopelvic imaging and EUS [14, 15••]. Interestingly,
local recurrence occurred in 31% of patients with a cCR with-
in the first year or later but salvage surgery was possible in
93% of these patients, with an overall local recurrence-free
survival of 94% at 5 years with salvage therapy [6•]. Others,
including series from the Netherlands and Memorial Sloan
Kettering, report similarly promising outcomes with NOM
[16•, 17]. These reports are limited by variations in restaging
and assessment of cCR, as illustrated by discrepancies found
upon pathologic assessment of “non-responders” or local fail-
ures [15••, 16•]. In addition, careful and appropriate patient
selection is essential for the successful application of this non-
operative treatment paradigm.

While NOM continues to be examined in prospective trials,
ultimately, the efficacy of this approach is dependent on more
reliable clinical and biologic predictors of pCR in patients
treated with chemoradiation, as well as on improved radio-
graphic and clinical assessment of cCR. Better understanding
of the clinical characteristics that determine treatment re-
sponse would allow tailored neoadjuvant approaches depend-
ing on the probability of achieving pCR. Moreover, it is in-
creasingly critical to define biomarkers that can predict the
response to chemoradiation that may be used to guide patient
selection and tailored treatment options. Here, we review re-
cent progress in identifying biomarkers that may predict treat-
ment response in the current the molecular and microenviron-
mental subtypes of colorectal cancer.

Gene Expression

Gene expression profiling is a powerful tool to identify differ-
entially expressed genes in patients based on their response to
treatment. Improvements in microarray analysis and de-
creased costs have allowed oncologists to use gene expression
data from tests such as Oncotype DX and MammaPrint to
guide clinical decision-making in breast cancer [18].
Similarly, for stage II colon cancer, a 12-gene recurrence score
was developed to assess patients who may benefit from adju-
vant chemotherapy [19]. Several published reports have

attempted to identify gene expression signatures linked to
treatment response in rectal cancer. However, these studies
rely on small samples and have little concordance beyond
the emergence of common pathways such as DNA damage
repair. There is also limited data specifically addressing the
question whether pre-treatment gene expression can predict
pCR after chemoradiation. A study by Kim et al. used micro-
array data from a training set of 31 patients consisting of 20
patients with a partial response to chemoradiation and 11 pa-
tients with a complete response to chemoradiation and a val-
idation cohort of 15 patients [20]. They generated a set of 95
genes displaying differential expression between partial re-
sponse and complete response to predict response to chemo-
radiation. Complete response and partial response were accu-
rately predicted in 84% of the 31 training samples and 87% of
the 15 validation samples. Brettingham–Moore et al. analyzed
the pre-treatment gene expression of 51 patients with locally
advanced rectal cancer and correlated this with pathologic and
PET/CT metabolic response to chemoradiation [21]. Using a
supervised learning algorithm, they generated a predictive
classifier and attempted to validate previously published clas-
sifiers on their cohort and other data sets including the afore-
mentioned study by Kim et al. [20, 22•, 23]. The authors were
unable to identify a significant correlation between response
and gene expression signature in their cohort. However, using
Ingenuity Pathway Analysis, they did find commonly impli-
cated pathways between their dataset and the other studies
including the TNF signaling pathway and the β-estradiol sig-
naling network. Lopes–Ramos and colleagues attempted to
identify expression signatures capable of predicting pCR
using RNA-Seq analysis of 25 pre-treatment biopsies from
patients who underwent 5FU-based neoadjuvant chemoradia-
tion [24]. They identified 27 differentially expressed genes by
patients with pCR; however, these signatures had poor predic-
tive value. Currently, the lack of concordance between studies,
likely based on limited sample size of patients, indicates that
gene expression analysis requires further investigation.

Colorectal cancers are genetically heterogenous, and there
is the potential to classify colorectal cancers based on gene
expression. Recently, the Colorectal Cancer Subtyping
Consortium (CRCSC) used several large datasets including
The Cancer Genome Atlas (TCGA) to generate a classifica-
tion of five consensus molecular subtypes (CMS) in colorectal
cancer [25••]. Patients in CMS1 were characterized by
hypermutation, microsatellite instability, and strong immune
activation; CMS2 had marked WNT and MYC signaling ac-
tivation; CMS3 was defined by metabolic dysregulation; and
CMS4 had prominent transforming growth factor-β activa-
tion, stromal invasion, and angiogenesis. This transcriptomic
classification system of colorectal cancers may reveal a CMS
signature with differential sensitivity to neoadjuvant therapies
or reveal genes associated with a treatment response if patients
are better defined by CMS subgroup.
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Circulating Tumor Markers

Carcinoembryonic antigen (CEA) is a current serum marker
for colorectal cancers. CEA is a cell membrane glycoprotein
normally expressed by endodermally derived cells in the di-
gestive tract during fetal development and is elevated in a
number of epithelial malignancies including colorectal cancer.
While it can be a useful non-invasive marker, a Cochrane
review of 52 studies using CEA to detect colorectal cancer
recurrence found that the lack of sensitivity requires that it
be used in conjunction with other diagnostic modalities such
as imaging [26]. Currently, CEA levels are primarily used
clinically in surveillance and monitoring treatment response
in metastatic colorectal cancer. However, baseline CEA levels
have also been explored as a predictor of neoadjuvant treat-
ment response. A large retrospective review of 530 patients
with rectal adenocarcinoma treated with pre-operative chemo-
radiation followed by TME was performed looking at the
correlation of CEA level and tumor response [27]. The major-
ity of patients in this study received 5-FUwith a radiation dose
of at least 5040 cGy, which was delivered with a four-field
technique from 1998 to 2005 and using intensity-modulated
radiation therapy (IMRT) from 2006 to 2011. Overall, they
found 20% of patients achieved a pCR. In non-smokers with
a pCR, the average pre-treatment CEA level was 2.9 ng/mL
when compared to patients who did not achieve a pCR where
the CEA level was 8.3 ng/mL. Additionally, those who re-
ceived a reduced dose of neoadjuvant therapy due to toxicity
or side effects were less likely to achieve a pCR. While inter-
esting, this study is limited by the fact that only 57% of the
included patients had CEA levels available for analysis. A
similar large study conducted at the MD Anderson Cancer
Center found that in patients where the data was available,
pre-treatment carcinoembryonic antigen (CEA) level
>2.5 ng/mL was associated significantly with lower pCR rates
on univariate but not multivariate analysis (P = .015) [28].
Another single institution series of 323 patients in China, all
with CEA levels recorded, found on multivariate analysis that
a CEA level of ≤5 ng/mL was an independent predictor of
pCR to chemoradiation [29].

The ratio of pre- to post-treatment CEA levels have also
been investigated as a predictor of chemoradiation response.
A review of a prospectively maintained database of 141 pa-
tients found that in the 13.5% of patients with a pCR, low
post-treatment levels of CEA, but not pre-treatment levels,
were predictive of pCR [30]. Yang et al. found that in patients
with baseline CEA levels >6 ng/mL, both the post-treatment
and CEA ratio predicted pCR with a sensitivity of 87.5% and
specificity of 76.7% [31].

Circulating cell-free nucleic acids including cell-free DNA
(cfDNA) and cell-free RNA (cfRNA) are present in healthy
individuals but have also been examined in cancer patients. It
has been proposed that in normal conditions, cfDNA consists

of smaller fragments from apoptotic cell death, whereas
cfDNA derived from tumor necrosis is of large or variable
size. Thus, cfDNA level and the integrity index, or ratio be-
tween longer and shorter DNA fragments, may be of interest
in monitoring treatment response. Agostini et al. investigated
the use of cfDNA as a biomarker of response in 63 patients
treated with chemoradiation [32]. They found clear differ-
ences in levels of cfDNA between healthy individuals and
those with rectal cancer. Pre-treatment levels of cfDNAwere
not associated with treatment response; however, the integrity
index was independently associated with response. In another
study of 98 patients, lower post-treatment levels of cfRNA
and a greater decrease in cfRNA levels independently predict-
ed the tumor response. A similar relationship with the plasma
levels of human telomerase reverse transcriptase (hTERT)was
also observed [33].

Tumor Microenvironment and Immunity

A promising area of investigation is the role of the immune
system and the tumor microenvironment in treatment re-
sponse. There has been clinical success in tumor immunology,
most notably with checkpoint inhibitors, and it is increasingly
appreciated that immunologic features can be predictive of
outcomes as well a drive development of novel therapies.
Interestingly, Galon and colleagues demonstrated that the pat-
tern of tumor immune infiltrate has a significant association
with patient outcomes in colorectal cancer [34••]. Using tissue
microarrays, they quantified cytotoxic CD8+ tumor-
infiltrating T cells (TIL) and of memory T cells in the center
of the tumors and at the invasive margin of colorectal tumors
to generate an Immunoscore. Notably, they found that their
Immunoscore had better prognostication of patient survival
than the TNM staging system for colorectal cancers [35, 36].
In locally advanced rectal cancer, patients with pre-operative
biopsies with high infiltration of CD3+ or CD8+ T cells were
more likely to have a partial or complete response to neoad-
juvant therapy compared to those with low densities, 72 vs.
28% [37••]. This work highlights the potential for immuno-
logic characteristics including the Immunoscore to predict
clinical outcomes.

High expression of PD-L1 has been linked to poor progno-
sis in gastrointestinal malignancies and can determine patient
selection for checkpoint inhibitors [38]. Saigusa et al. found
that in 90 patients who underwent neoadjuvant chemoradia-
tion, high PD-L1 expression was associated with vascular
invasion and less infiltrating CD8 T cells was an independent
risk factor for tumor recurrence [39]. High density of regula-
tory T cells (Treg) has been linked to poor prognosis and may
inhibit anti-tumor immunity. Shinto et al. found that in pre-
treatment biopsies, a high ratio of CD8+ T cells to FoxP3+
Treg was associated with tumor regression [40]. However,
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other investigators reported that while post-treatment low stro-
mal Treg density was associated with pCR when they ana-
lyzed the pre-treatment biopsies from the same cohort, there
was no T cell subset that was significantly associated with
clinical outcome [41, 42].

Circulating immune cells have also been used as a gauge of
systemic immune responses. For example, the neutrophil to
lymphocyte ratio (NLR) is a marker of inflammation and a
pre-operative prognostic factor in colorectal cancer [43].
However, only 47% of the patients in this study had rectal
cancer and included a significant number of patients with
more advanced disease. In a study examining the predictive
value of NLR, Kim et al. found that elevated NLR (defined as
>3) was predictive of a poor response to treatment, as was an
elevated CEA or tumor diameter >3 cm [44]. Other studies
have also found an association between higher NLR and poor
response to neoadjuvant chemoradiation [45, 46]. A study of
51 patients with rectal cancer who underwent pre-operative
chemoradiation identified only pre-treatment relative lympho-
cyte count as significantly associated with tumor downstaging
[47]. Conversely, others have reported that NLR does not
correlate with response in locally advanced rectal cancer [48,
49]. Thus, the prognostic value of NLR remains unclear and
requires further study.

Molecular Imaging

Advanced functional imaging has also added to the evaluation
of the initial staging of colorectal cancers, as well as to the
evaluation of treatment response. The value of MRI in local
staging of rectal cancer is widely accepted. Moreover, the
Mercury Study Group established that MRI is an excellent
technique for restaging and assessment of circumferential re-
section margins [50]. They went on to evaluate this in a
multiinstitutional prospective trial and found that tumor within
1 mm of the circumferential resection margin on MRI was
predictive of worse overall survival, disease free survival,
and local recurrence [51••]. Advances in functional MRI tech-
niques has allowed for the evaluation of microscopic proper-
ties of tumors and their microenvironment. For example,
using the mobility of water protons, diffusion-weighted MRI
(DW-MRI) and the apparent diffusion coefficient (ADC) can
provide insight into tissue cellularity, structural organization,
and extracellular spaces. In rectal cancer, DW-MRI may be
helpful in detecting residual tumor after chemoradiation but
has also been examined as a tool to predict treatment response.
Several studies have reported that low pre-treatment ADC or
greater change in ADC with treatment is associated with a
tumor response [52–54]. Dynamic contrast-enhanced MRI
(DCE-MRI) uses contrast to evaluate perfusion of tissues
and vascular permeability. In DCE-MRI, Ktrans is a parameter
that describes tumor vascularity and permeability.

Accordingly, high Ktrans values have been found as a predic-
tor of good response as it is hypothesized that tumors with
higher Ktrans may be better oxygenated and allow delivery
of chemotherapy [55–57]. While these results are promising,
the use of functional MRI to predict treatment response re-
mains investigational and the predictive value should be
established in larger series.

Positron emission tomography–computed tomography
(PET/CT) with F-18 fluorodeoxyglucose (FDG) is used in
functional imaging of the increased glucose metabolism in
malignant cells. Martoni et al. evaluated 80 patients using
FDG-PET/CT at baseline and after pre-operative chemoradia-
tion [58]. Interestingly, they found that non-responders had a
higher baseline standard uptake value (SUV). The pre-
treatment SUV, post-treatment SUV, and change in SUV be-
fore and after treatment, had high sensitivity but poor speci-
ficity as a predictor of pCR. Similarly, several studies have
found that the change in SUVis not correlated with pCRwhile
others reported that a SUV-based regression index may have
utility in assessment of a treatment response [59] [60, 61].
However, FDG-PET/CT may be examined in a larger pro-
spective study to determine the most significant imaging pa-
rameters and relevant time points for imaging in predicting
responses.

Conclusion

Despite modest progress in identification of factors that may
predictors of chemoradiation response in rectal cancer, it re-
mains to be seen if this can be accomplished though molecu-
lar, serologic, immunologic, or radiologic features.
Examination of pre-operative characteristics has thus far
lacked the sensitivity and specificity to be used in clinical
practice. Many of these studies are limited by small sample
sizes, and the inherent underlying biologic heterogeneity of
rectal tumors may be reflected by the range of reported pCR
rates despite similar neoadjuvant therapy [7, 8]. The CRCSC
generated molecular subtypes may provide a framework in
which we might account for heterogeneity and prospectively
examine biomarkers [25••]. However, this may be an evolving
classification as it has been demonstrated that intratumoral
heterogeneity can influence the assignment of tumor transcrip-
tional subtype and a better understanding of the mixed pheno-
types may emerge [62•].

Analysis of the tumor microenvironment in pre-treatment
biopsies is promising and highlights the importance of the
immune system in treatment response. Quantification of the
density of CD8+ and memory T cells using the Immunoscore
may provide better prognostication than TNM staging [37••].
Early studies with this technique revealed that pre-treatment
biopsies had nearly threefold greater infiltration of T cells in
patients who went on to have a pCR [37••]. In addition,
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Saigusa et al. found an inverse relationship between PD-L1
expression and T cell infiltration and others have found that
chemoradiation increases the intratumoral density of CD8+ T
cells [39, 40]. Most tumors with microsatellite instability
(MSI) cluster within the CRCSC generated CMS1 and are
also enriched BRAFV400E mutations as well as immune infil-
trate. In a phase II trial using pembrolizumab, MSI predicted a
response to immunotherapy in metastatic colorectal cancer
[63]. Thus, CMS1 and MSI may represent a potential strategy
for patient selection in adding immunotherapy to the current
standard of care. Moreover, in patients with a low density of T
cells or high PD-L1 expression on pretreatment biopsy, the
addition of immunomodulation to chemoradiation could im-
prove the rate of pCR and should be evaluated in clinical trials.
This is an active area of investigation, and a phase II trial of
neoadjuvant chemoradiation and pembrolizumab is underway
in patients with stage II–III rectal cancer (NCT02586610).

When evaluating predictors of treatment response, timing
is an important consideration. The interval between chemora-
diation and surgery may also play a role in the rate of pCR as
radiation-induced cell death and tumor regression is time de-
pendent. Some studies have found that a longer interval be-
tween completion of neoadjuvant therapy and surgery is asso-
ciated with higher rates of pCR [29, 64, 65].

A meta-analysis attempted to define treatment-related fac-
tors that were associated with pCR, and the pCR rate is asso-
ciated with a radiation dose of at least 45 Gy and with the
administration of 5-FU and a second chemotherapy [66].
Additionally, estimated dose response curves for pre-
operative chemoradiation demonstrate a significant relation-
ship with tumor regression with dose levels in the range of
50.4 to 70 Gy [67].

Biomarker characterization off chemoradiation response
may allow us to more accurately identify patients for intensi-
fication of neoadjuvant therapy or, conversely, who may be
suitable for chemoradiation with non-operative management.
This has the potential to greatly improve rectal cancer patient
outcomes by tailoring appropriate treatment based on the
probability of tumor response. Ultimately, our understanding
and clinical use of these biomarkers necessitate larger cohort
studies and incorporation into prospective clinical trials.
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