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Simple Summary: Colorectal cancer that has become metastatic continues to have a poor outlook.
Many patients will undergo intensive chemotherapy, often with limited effects but many side effects.
In other types of cancer, immunotherapy has shown to be effective by targeting the immune cells
of the patient and restoring their function to fight off cancer. This review explores the up-to-date
evidence for immunotherapy in metastatic colorectal cancer. We have discussed in which patients
this treatment is effective, but also why this has not been effective in a large number of patients. By
summarizing the key components of the immune cells within the proximity to the tumour and its
areas of spread, we discuss how these components can be targeted. Areas of future research are also
highlighted, which includes combining immunotherapy with current treatments, such as surgery,
radiotherapy and chemotherapy as well as some recent advances from basic and translational studies
that promises to improve outcomes in these patients.

Abstract: Metastatic colorectal cancer carries poor prognosis, and current therapeutic regimes convey
limited improvements in survival and high rates of detrimental side effects in patients that may not
stand to benefit. Immunotherapy has revolutionised cancer treatment by restoring antitumoural
mechanisms. However, the efficacy in metastatic colorectal cancer, is limited. A literature search
was performed using Pubmed (Medline), Web of Knowledge, and Embase. Search terms included
combinations of immunotherapy and metastatic colorectal cancer, primarily focusing on clinical
trials in humans. Analysis of these studies included status of MMR/MSS, presence of combination
strategies, and disease control rate and median overall survival. Evidence shows that immune
checkpoint inhibitors, such as anti-PD1 and anti-PD-L1, show efficacy in less than 10% of patients
with microsatellite stable, MMR proficient colorectal cancer. In the small subset of patients with
microsatellite unstable, MMR deficient cancers, response rates were 40-50%. Combination strategies
with immunotherapy are under investigation but have not yet restored antitumoural mechanisms
to permit durable disease regression. Immunotherapy provides the potential to offer additional
strategies to established chemotherapeutic regimes in metastatic colorectal cancer. Further research
needs to establish which adjuncts to immune checkpoint inhibition can unpick resistance, and better
predict which patients are likely to respond to individualised therapies to not just improve response
rates but to temper unwarranted side effects.

Keywords: colorectal cancer; immunotherapy; metastases; immune checkpoint inhibitors; anti-PD1;
tumour microenvironment; targeted therapy; microsatellite instability; mismatch repair; tumour-
associated macrophages

1. Introduction

Colorectal cancer (CRC) is the second greatest cancer threat to life in the Western
World [1]. Very few advances have been made in targeting metastatic colorectal cancer
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(mCRC) effectively. CALGB/SWOG 80405 [2], Fire-3 [3] and PEAK [4] randomised con-
trolled trials have all firmly established bevacizumab (VEGFR-inhibitor), cetuximab and
panitumumab, (EGFR inhibitors) as first-line therapies in addition to FOLFOX/FOLFOXIRI
in the management of patients with metastatic colorectal cancer. However, the margins
of benefit in addition to standard therapies are minimal, with progression-free survival
in FIRE-3 enhanced from 5.8 months to 9.7 months with the addition of cetuximab in the
truly RAS wild-type patients [4]. These responses are in contrast to those seen in other
malignancies, such as melanoma, where in BRAF mutant cancer a combination of BRAF
and MEK inhibition with immunotherapy has revolutionised treatment and led to survival
for patients extending to a median of 2 years, from less than 9 months [5].

However, hope exists for patients with colorectal cancer that targeted therapies can
start to be applied to specific subgroups of patients. The recently coordinated BEACON
study on the failure of BRAF directed inhibition alone in BRAFV600E mutant patients
sought to address the role of EGRF pathway reactivation in resistance to therapy. Using a
combination of standard chemotherapy, encorafenib (BRAF inhibitor) and MEK inhibitor,
binimetinib, significantly improved survival in this dismal prognosis disease [6]. It is
important to recognise this only applies to 10% of patients with colorectal cancer, and in
late-stage disease, outcomes remain <10 months even with targeted therapy.

Despite these recent advances, surgery provides the potential for cure in patients with
metastatic disease. However, sadly most patients are not candidates for resection due to
the burden or distribution of disease. Colorectal cancer oncological therapies must look to
capitalise on the successes achieved in other cancers with immunotherapies to enhance
patient survival, combining these in the future where possible with surgical resection to
benefit patients with lower volume oligometastatic disease. An opportunity exists to bring
forward treatments that are being used in the most advanced disease to provide opportuni-
ties to achieve long-term survival in more patients with borderline resectable/resectable
metastatic disease. This review will focus on the mutational and transcriptomic landscape
of colorectal cancer and current understanding of drug positioning in disease subtypes.
We will illustrate previous and current trials of immune oncological agents in mCRC and
explore avenues for combinatorial immune oncological approaches in this disease.

2. Colorectal Cancer—Personalised Medicine for a Heterogeneous Disease

Patients presenting with colorectal cancer can be classified by stage of disease. Patients
are increasingly presenting early through screening with pre-cancerous polyps or localised
disease (stages 0-III). However, there are still a significant proportion of patients that
present with stage IV disease, which is frequently metastatic and not surgically operable.
Whilst local excision, major colorectal resection and metastasectomy have an important
role to play, it is the patients with metastatic colorectal cancer (mCRC) in whom systemic
therapeutic strategies offer poor response rates and limited potential for disease control.
Increasing understanding of major genotypic and phenotypic variation in colorectal cancer
permits a tailored strategy to help predict likely responses to a given agent, which max-
imises the benefit whilst minimising the suffering from side effects and toxicity in patients
who do not stand to benefit.

The most common mutations that are observed in colorectal tumours include APC
(40%), TP53 (65%), KRAS (50%) and SMAD4 (12%), amongst many others [7,8]. The major-
ity of colorectal cancers occur via the adenoma-carcinoma sequence, with an accumulation
of mutations occurring over time [9]. Until recently, chemotherapy for metastatic colorec-
tal cancer has included a combination of oxaliplatin, irinotecan, fluorouracil (5-FU) and
capecitabine, such as FOXFOX, FOLFIRI, FOLFIRINOX and CAPOX [10]. It is on the basis
of certain mutations in which targeted therapy has begun to be explored in the treatment
of colorectal cancer.
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2.1. Classification by Mutational Status of CRC

B-type RAF (BRAF) mutations occur in 5-15% of mCRC and are associated with right-
sided colon cancer [11]. Patients who have BRAF-mutant mCRC (V600E being the most
common mutation) are generally treated with FOLFOXIRI plus bevacizumab (monoclonal
antibody against VEGEF-A) [10]. There is some controversy over the effectiveness of anti-
EGR therapies in patients with wild-type RAS but BRAF mutant tumours. A meta-analysis
by Rowland et al. concluded that the BRAF mutation status did not significantly affect
treatment benefit and that there was insufficient data to exclude patients with BRAF
mutations from anti-EGFR therapy [12]. This was in contrast to Pietrantonio et al., who
concluded that anti-EGFR therapy did not have any benefit beyond standard therapy in
patients with RAS wild-type, BRAF mutant colorectal cancer [13]. More recently, the VOLFI
study confirmed that the addition of panitumumab to mFOLFOXIRI in patients with RAS
wild-type metastatic CRC improved the ORR and indeed the rate of secondary resection
for metastases [14]. RAS mutations occur in approximately half of patients with colorectal
cancer and also affect the RAS-RAF-ERK signalling pathway [15]. Patients with RAS
activating mutations also have poorer prognosis and, such as BRAF, are predicted to have
resistance to anti-EGFR therapies, such as cetuximab and panitumumab [16]. Assessing the
mutation status of patients for BRAF and RAS mutant tumours allows targeted strategies to
maximise effectiveness and minimise toxicity. In patients who do not respond to anti-EGFR
therapy, MEK inhibitors are under investigation to target downstream effector pathways
(RAS-RAF-MEK-MAPK) to limit proliferation and promote tumoural apoptosis to inhibit
tumour growth [17]. It is of note that one trial is underway studying the role of cetuximab
and pembrolizumab in RAS-wild-type patients with colorectal cancer [18].

Mismatch repair (MMR) deficiency occurs through mutations or promoter hyperme-
thylation in MLH1, MSH2, MSH6 or PMS2 [19]. Due to a failure of these genes to repair
base-base mismatches during DNA replication, decreased genomic stability and progres-
sion to colorectal cancer occurs. As a result of this defect, large mutations at microsatellite
sequences are observed, termed microsatellite instability (MSI). Colorectal cancer speci-
mens undergo immunohistochemistry (IHC) as standard to assess MMR status, and PCR
to determine MSI status [20]. Fifteen percent of colorectal cancers are considered mismatch
repair deficient, microsatellite instability-high (AMMR-MSI-H) tumours [19,20]. Whilst
traditional chemotherapy is less effective, these patients have a better prognosis. As a
result of the better prognosis, only around 5% of those with metastatic CRC are dMMR-
MSI-H tumours. In patients that have a mismatch-repair deficient tumour, there is a high
tumour mutational burden (TMB) (more than 12 mutations per 10° DNA bases) which
offers a high number of neoantigens which are recognised as foreign by the local patrolling
immune cells [19,21]. As a result, largely due to an upregulated T cell response with
tumour-infiltrating lymphocytes in these tumours induced by higher neoantigen exposure,
an activated immune response, as well as a target for immune checkpoint inhibition, occurs.
As much as nearly 20% of all colorectal tumours are considered to possess high TMB [22,23].
This demonstrates that high neoantigen expression is seen in some microsatellite stable
tumours, such as those with base excision repair mutations or polymerase proofreading
mutations, including POLE and POLD1 mutations [22].

2.2. Role of Immunotherapy in Serrated Adenocarcinoma of the Colon

Approximately 15-30% of colorectal cancers derive from the serrated pathway in
contrast with the conventional adenoma-carcinoma sequence [24]. BRAF and KRAS
mutant tumours have been shown to have a role in serrated biology [25]. BRAF initiating
mutations can drive an MSI-H phenotype and often co-exists with MUC5AC mutations.
However, the vast majority of serrated adenocarcinomas arise from MSS lesions. This is
comprehensively reviewed elsewhere [26].
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2.3. Consensus Molecular Subtypes in CRC

With the increasing understanding of the heterogeneity of colorectal cancer, the CRC
consensus molecular subtype (CMS) classification has been agreed upon through the study
of patients at multiple centres and whole transcriptomic analysis of tumour tissue [27].
CMS1 (“MSI Immune”), which represents 14% of patients, has high MSI with significant
immune infiltration. Pathways affected include MMR and the PD-1/PD-L1 axis, with
BRAF mutations. The most common subtype seen in 37% is CMS2 (“Canonical”), which,
by contrast, has low MSI, but high somatic copy number alteration (SCNA) with mutations
of P53 with Wnt/Myc signalling pathways affected. CMS3 (“Metabolic”) is only seen in
13% with mixed MSI status, and hypermethylation and metabolic pathways are affected.
KRAS and PIC3CA mutations are observed in this group. Finally, CMS4 (“Mesenchymal”)
subtype occurs in 23% of tumours, with low MSI, high somatic copy number alterations
(SCNA), large stromal infiltration and driven by upregulation of TGF beta pathways,
resulting in epidermal to mesenchymal transformation and extracellular matrix (ECM)
remodelling. The CMS system aims to identify subtypes of CRC to stratify approaches
based on phenotypes. It is worth highlighting that CMS1 and CMS4 have strong immune-
related signatures. Whilst CMSI1 is associated with MSI, increased T cell infiltration,
and thus more likely to respond to immune checkpoint inhibitors, CMS4 is particularly
immunosuppressive modulated by TGF beta upregulation. Combination therapy, which
aims to activate and restore T-cell depletion whilst unlocking resistance pathways, may
offer benefits in the setting of CMS4, where patients have the poorest prognosis.

2.4. Transcriptomic Profiling of Metastatic Colorectal Cancer

Further characterisation of not just primary colorectal tumours but also the metastatic
lesion has given further insight into the complex biology of this disease. Pitroda and
colleagues investigated molecular subtypes of colorectal liver metastases by combining
CMS subtyping with mRNA and miRNA expression [28]. They concluded that in the
metastatic setting, molecular features of the primary tumour were less prognostic and
that analysis of the metastatic deposit differed and could more powerfully predict clinical
outcomes based on three groups: canonical, immune and stromal subtypes. Differential
genomic signatures between the primary tumour and the metastatic deposit have been
demonstrated by other groups [29].

We believe that future approaches will weaponise emerging technology to characterise
and define the tumour in patients with metastatic colorectal cancer, and this will guide
initial therapy. Determining how systemic treatment changes the transcriptomic phenotype
will maximise efficacy by adapting the personalised strategy to affect the T-cell response,
as well as macrophage, neutrophil and ECM as collectively important components of the
tumour microenvironment.

3. Colorectal Cancer and the Tumour Microenvironment—An Immunological Basis for
Targeted Therapy

Most solid tumours generate some form of local inflammatory response. Under
histological assessment, the invasion of adenocarcinoma through the muscularis and into
the submucosa is met with immune cells at the invasive edge. On this battleground, resident
and recruited cells aim to control and eliminate cancer cells through direct cytotoxicity,
production of cytokines and through phagocytosis. However, colorectal cancer counters
such mechanisms by the subversion of immune cells through apoptosis, converting cells to
tumour-promoting phenotypes and adopting changes in surrounding stroma, inducing
angiogenesis and ultimately, through migration and invasion. In patients with CMSI,
with AMMR-MSI-H tumours, there is a high concentration of immune cells at the invasive
edge [15]. It is likely that the degree of mutations resulting in high numbers of neoantigens
on the tumoural surface is detected by resident immune cells and generates a robust
immune response with recruitment and activation. As a result, such patients have a better
prognosis [20]. Through the upregulation of PD1/PD-L1 pathways, tumours expressing
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higher levels of PD-L1 seem to have a worse prognosis, presumably through generating the
“brakes” to achieve negative co-stimulation in surrounding immune cells and achieving
immune privilege. By comparison, higher expression of PD-1/PD-L1 in the stromal
immune cells appears to reflect active inflammation and is associated with better outcomes.

3.1. T-Cells

T-cells are traditionally considered part of the adaptive immune system. CD8 cells
differentiate into CTL (cytotoxic T lymphocytes) after engagement with antigen-presenting
cells (APC) to destroy tumour cells through perforin and granzyme granules. CD4 cells,
T-helper-1 cells, support the response through cytokine production, such as IL-2 and IFN
gamma, to promote T-cell maturation and activation of macrophages. Galon and colleagues
showed that increased CD3 and CD8 T-cells at the tumour core and the invasive front,
measurably by the Immunoscore, were associated with better prognosis [30]. Indeed, the
infiltration of T-cells into the tumour itself is termed “tumour-infiltrating” lymphocytes
(TILs) [31]. This observation suggests an activated cellular response and is associated with
survival. However, increased expression of CTLA-4 interacts with CD80 and CD86 on
APCs, preventing a co-stimulatory signal. PD-1 expression engages with PD-L1 on tumour
cells as well as APCs causing a co-inhibitory signal and decreasing APC activation and
promoting T-cell anergy and apoptosis.

T-regulatory (Treg) cells infiltrate the tumour microenvironment, which suppresses
T-cell activation and the antitumoural response. Tregs produce suppressive cytokines, such
as TGF beta, and express checkpoint proteins, such as PD-L1, LAG3 and CTLA4. Whilst
increased numbers of CD3 and CD8 T-cells to the invasive front are associated with better
outcomes in CRC, increased numbers of Tregs are associated with worse outcomes [31].
Additionally, CD4 T cells can differentiate into Th2, Th9, Th17, Th22, as well as T regulatory
cells. Th2 and Th17 promote chronic inflammation, which hampers Th1 functions and
promotes angiogenesis and immunosuppression. Additionally, along with NK cells and
Th17 cells, Th22 cells secrete IL-22, which has a similar structure to IL-10, which promotes
tumour progression. Associated STAT3 activation favours immunosuppressive functions
of other immune cells, including dendritic cells and macrophages [32].

3.2. Natural Killer Cells

Natural Killer (NK) cells are a critical part of the innate immune response, which
function to rapidly cause programmed cell death in cancerous cells lacking MHC 1. In-
creased numbers of tumour-infiltrating NK cells, as well as T cells, in the specimens of
resected colorectal liver metastases after neoadjuvant chemotherapy are predictive of
overall survival [33].

3.3. Dendpritic Cells

Dendritic cells (DCs) are resident, specialised APCs which coordinate the innate and
adaptive responses. They act to promote tumour rejection through priming effect T-cells
and phagocytose tumour antigens. DCs have been a target for vaccines against tumour
antigens [34].

3.4. Myeloid Cells

Following the extravasation of circulating monocytes, these cells become macrophages.
They are part of the innate response and are the centrepiece to cancer-associated inflam-
mation [35,36]. Activated macrophages which occur through stimulation by IFN gamma,
lipopolysaccharide (LPS) and TNF alpha, are termed M1 macrophages and are considered
to be antitumoural in their role [37]. By comparison, M2 macrophages occur through
exposure to IL-4 or IL-13 and are thought to be more tumourigenic. In later stages, tumour-
associated macrophages (TAMs) tend to polarise towards an M2 phenotype which secrete
IL-10 and TGF beta, promoting immunosuppression, impairing T cells and influencing the
tumour microenvironment (TME) through angiogenesis (such as VEGF) and the extracellu-
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lar matrix (such as through MMP9) [38]. Sites of metastases secrete CCL2 which attracts
circulating monocytes to the metastatic tumour deposit.

Myeloid-derived suppressor cells (MDSCs) represent an immature population of bone
marrow-derived cells which are broadly granulocytic (G-MDSC) or monocytic (M-MDSC).
Following activation, immunosuppressive functions are acquired through upregulation
of Argl and inducible nitrox oxide synthase (iNOS, and through CXCL1 from tumour
cells, MDSCs express idoleamine 2,3 dixoygenase (IDO) within the TME promoting T cell
apoptosis, inhibiting T cell function and suppressing T cell infiltration [32]. As a result,
MDSCs are a major player in preventing the effectiveness of immunotherapy.

3.5. Neutrophils

Neutrophils are classically the first immune cell recruited to injury or inflammation.
Tumour-associated neutrophils (TANs) demonstrate a similar phenotype in the early stage
of cancer. These N1 TANSs help educate T cells to reject tumours, promote tumour cell
apoptosis through TRAIL and secrete reactive oxygen species (ROS). However, N2 TANs
which are associated with later-stage cancer, driven by TGF beta, can promote angiogenesis,
release MMP8 to degrade the ECM and secrete leukotrienes which expand tumour cells
and worsen survival [32].

3.6. Translating Immunopathology Understanding into Therapeutics

Thus, the effect of colorectal cancer-associated inflammation leads to dysregulation
of multiple signalling pathways and stimulations, a chronic inflammatory process that
influences the local immune cell populations and their function and phenotype. Failed
antitumoural immunity and an immunosuppressive tumour microenvironment lead to the
progress of the primary tumour and create a systemic pre-metastatic niche to promote the
spread to local and distant sites. This is summarised in Figure 1. The changes in function
described in the above section highlight an opportunity to interfere with this sequence of
events, providing a natural role and rationale for immunotherapy.

Stroma

Vascular
supply

Figure 1. Cellular interactions in colorectal cancer metastasis. This proposed model illustrates the key changes in immune

cells in an immunosuppressive tumour microenvironment, preventing surveillance, control and elimination of invading

metastatic tumour cells. IDO, indoleamine 2,3-dioxygenase; IL, interleukin; MDSC, myeloid derived suppressor cells;

MMP, matrix metalloproteinase; NO, nitric oxide; PD-1, programmed cell death receptor 1; PD-L1, programmed cell death
receptor ligand 1; Treg, T regulatory cell; TAM, tumour associated macrophage; TAN, tumour-associated neutrophil; TGE,
transforming growth factor; VEGEF, vascular endothelial growth factor.



Cancers 2021, 13, 3566 7 of 17

Immune checkpoint inhibition has been the most successful form of immunotherapy
for solid tumours. There has been strong evidence leading to a new era of therapy in
malignant melanoma and lung cancer with the use of popular immune checkpoint in-
hibitors, which are being applied to colorectal cancer. The most promising results have
been demonstrated in patients with deficient MMR status and MSI-H which is discussed
in the next section. The most common immune checkpoint inhibitors in use and their
molecular target are summarised in Table 1. A summary of prospective trials of immune
checkpoint inhibitors is shown in Table 2 [39-54].

Table 1. Types of immune checkpoint inhibitors.

Classification Name Trade Name

Pembrolizumab Keytruda

Anti PD-1 Nivolumab Opdivo
Atezolizumab Tecentriq

. Durvalumab Imfinzi
Anti PD-L1 Avelumab Bavencio

. Ipilimumab Yervoy

Anti CTLA4 Tremelimumab N/A

Table 2. Prospective studies of immune checkpoint inhibitors in metastatic colorectal cancer.

Patient

First Author Journal Year Type Target Selection Generic Type Key Findings
1 Cli Immune Response rate 27% for
Chung [47] o HI 2010 checkpoint CTLA4 All patients Tremelimumab Phase 1T nivolumab only, and 15% in
neok inhibitor nivolumab plus ipilimumab.
Immune Nslgcﬂéd;s[M No clear benefit but one
Topalian [48] NEJM 2012 checkpoint PD-1 RCC r;) state, BMS-936558 Phase I patient with partial
inhibitor ca a;\g CRC. response.
Includes CRC,
Immune RCC, ovarian No obiective r nses in
Brahmer [49] NEJM 2012 checkpoint PD-L1 ca, pancreatic Phase I oo t]e N t ¢ .i;pgRsCes
inhibitor ca, gastric ca, patients wi :
breast ca
Immune Response rates at 31% by 12
Le [44] NEM 2015 checkpoint PD-1 B"g‘ dMMR & brolizumab ~ Phase IT m"“ﬂ‘lsf W“hfﬁg o dlsﬁase
inhibitor and pMMR control rate of 3 months or
mn longer.
Immune
J Clin checkpoint in- g . . No objective responses in
Bendell [55] Oncol. 2015 hibitor,/bevacizumab PD-L1 All patients Atezolizumab Phase 1b patients with CRC.
or FOLFOX
] Clin Immune PD- Nivolumab Adverse events occurred
Overman [46] Oncol 2016 checkpoint 1/CTLA4 All patients and Phase IT early, were manageable, and
. inhibitor ipilimumab did not affect outcome
Immune Response rates were 8% for
J Clin checkpoint PD- . . anti-PD-L1/bev, compared
Bendell [56] Oncol. 2016 inhibitor/MEK L1/MEK Allpatients  Atezolizumab — Phase 1b with 36% in patients with
inhibitor anti-PD-L1/bev/FOLFOX6
Immune . .
,, . - g High . Prolonged OS in advanced
Le [41] Science 2017 dl';sﬁipl?;?t PD-1 MSI/dMMR Pembrolizumab Phase II refractory CRC.
Lancet Immune Response rates at 55%, with
Overman [43] Oncol 2017 checkpoint PD-1 All patients Nivolumab Phase II disease control rates for
: inhibitor more than 3 months in 80%.
. Immune . Nivolumab Responses in 53% patients,
) J Clin - PD-1/ High N -
Overman [42] Oncol. 2018 checkp'omt CTLA4 MSI/dMMR o 'and Phase I with complete(:7 responses in
inhibitor ipilimumab 21%.
Immune . Nivolumab .
) . . PD-1/ High Response rate 40% in dMMR
Morse [45] Oncologist 2019 Checkpomt CTLA4 MSI/dMMR o _and Phase II and 0% in pMMR
inhibitor ipilimumab
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Table 2. Cont.

First Author Journal Year Type Target SI;?etL:irl()tn Generic Type Key Findings
Immune
- Annals of checkpoint PD-L1/ . . No patients had a tumour
Mettu [51] Oncol. 2019 inhibitor/ CTLA4 All patients Atezolizumab Phase 11 response.
capectabine/VEGF
Lancet dl’l?crﬁu(r);it PD-L1/ No response, disease control
Eng C [54] Oncol 2019 i nhiblijtor / MEK /VEGFR2 All patients Atezolizumab Phase III rate in 78%, progression in
MEK/VEGFR2 2%
Immune
BMC checkpoint Combination strategy
Antoniotti [39] C 2020 inhibitor/ PD-L1 All patients Atezolizumab Phase I appears safe. Ongoing
ancer FOLFOXIRI/ enrolment.
bevacizumab
JAMA Immune PD-L1/ Durvalumab No major safety concerns
Chen [40] o 2020 checkpoint All patients and Tremeli- Phase II )° y concerns.
ncol. gt CTLA4 Ongoing enrolment.
inhibitor mumab
Cancer dllrencr]r(lu;it Overall response rate 17%,
Patel [50] Medicine 2020 ;i nhib}i)tor / PD-1 MSS Nivolumab Phase 1T not
trifluridine/tipiracil associated PD-L1 expression.
. Frontiers [mmune PD-1/ . . o
Li [53] in Oncol 2020 checkpoint VEGFR2 MSS/pMMR Mixture Retrospective Response rate 8%.
' inhibitor/RTK
Immune
. MSI- . Response rate 44% vs. 33%
Andre [21] NEJM 2020 cli;sﬁi}vi?;?t PD-1 H/dMMR Pembrolizumab Phase III (chemo), improved PFS.
inica mmune urvaluma e
Clinical ! PD-L1/ Duryalumab A epectabine and
Segal [52] Cancer 2021 checkpoint pMMR and Tremeli- Phase 1T p .
S CTLA4 bevacizumab improves
Res. inhibitor /RT mumab

response rates from 4 to 8%.

4. MMR Deficient—MSI-High Metastatic Colorectal Cancer

Immune checkpoint inhibition to target metastatic colorectal cancer was investigated
by Le et al. in the Keynote-016 study. This phase I study of chemorefractory patients
included those with both deficient and proficient MMR status who were treated with
pembrolizumab [44]. In patients with deficient MMR status, this PD-1 inhibitor led to
radiographic response rates in 33%, with up to 21% having a complete response rate. A
follow-up report demonstrated a response rate of 40% in MMR deficient patients, at a 53%
rate of progression-free survival (PFS) [41].

Further PD-1 inhibition using nivolumab was utilised in the Checkmate-142 study.
Anti-PD-1 monotherapy was used in 74 patients with deficient MMR status [43]. An
objective response was found in 31% of patients, with 69% of patients exhibiting disease
control by a median follow-up of 12 months. Interestingly, immunohistochemistry of
tumoural PD-L1 expression, KRAS and BRAF status were not predictive of response to
immunotherapy. The most common side effect was fatigue and diarrhoea (in 22% of
patients each), and less frequently hypothyroidism, hepatitis, arthralgia and pancreatitis.

A further cohort of the Checkmate-142 study investigated 119 patients undergoing
combination therapy with anti-PD-1 and anti-CTLA-4 immunotherapy (nivolumab and
ipilimumab, respectively). In this group of MMR deficient patients, response rates of 55%
with disease control rates (DCR) of 80% were observed. Progression-free survival of 71% at
1 year was achieved, with overall survival (OS) at 85% at 1 year. The combination was more
effective compared with nivolumab monotherapy (overall response rate of 55% compared
with 31). However, 32% of patients experienced grade 3 or grade 4 side effects [42].

Further evidence for checkpoint inhibition in MMR deficient, microsatellite instability
(MSI)-high patients was reported in the Keynote-164 study in 2020 [57]. One hundred
twenty-four patients who had at least one previous line of therapy were recruited to this
phase II study, 33% of which demonstrated a positive response to pembrolizumab. The
first cohort of patients had >2 prior therapies and experienced a mean PFS of 2.3 months
and median OS of 31.4 months. The second cohort, who only had >1 previous therapy, had
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a median PFS of 4.1 months and median OS, which was not reached by the time of analysis.
Grade 3 or 4 side effects were seen in 16% and 13% of cohort A and B patients, respectively.

The Keynote-177 study was recently published in NEJM [21]. This phase III study
included 307 MMR deficient-MSI-high patients who were treatment naive. Pembrolizumab
was compared with traditional chemotherapy (5FU with or without bevacizumab or cetux-
imab). Pembrolizumab was superior to chemotherapy with PFS of 16.6 months compared
with 8.2 months, and the median OS has not yet been reached in the pembrolizumab group
but was 36.7 months in the chemotherapy group based on the recent update [58]. An
overall response rate was 43.8% in the pembrolizumab group, compared with 33.1% in
the chemotherapy group. Importantly, only 22% of patients experienced grade 3 or 4 side
effects in the pembrolizumab, compared with 66% in the chemotherapy group. Improved
quality of life was also reported in the pembrolizumab monotherapy group in a follow-up
report [59].

A Canadian study recently reported in JAMA Oncology investigated combination
immunotherapy with tremelimumab and durvalumab compared with best supportive care
in patients with metastatic refractory CRC [40]. In this phase II study (which included
unselected patients based on MSI status), 180 patients were enrolled and found a median
OS of 6.6 months in the immunotherapy group compared to 4.1 months in the supportive
care group. A meagre improvement in PFS was seen with 1.8 months with immunotherapy
compared with 1.9 months in the supportive care group. Up to 64% of patients experienced
at least one grade 3 side effect related to immunotherapy. The authors concluded that
OS was improved even in microsatellite stable metastatic CRC. Plasma measurements of
tumour mutational burden (TMB) highlighted that increased TMB levels were associated
with improved efficacy.

Thus, there is a rationale for upfront PD1 directed immunotherapy in MMR deficient
patients. However, late-stage patients who are refractory to other chemotherapies fail
to benefit.

5. MSS Metastatic Colorectal Cancer

The efficacy of immune checkpoint inhibitors has been far less successful in microsatel-
lite stable (MSS) colorectal cancers. The Keynote-016 study discussed in the earlier section
had included 18 patients with chemorefractory metastatic colorectal cancer and profi-
cient MMR status were treated with pembrolizumab and found no responses in these
patients [44].

Shahda and colleagues presented preliminary results of a phase II study combining
pembrolizumab alongside chemotherapy (mFOLFOX®6) irrespective of MMR status [60].
They found that of 30 patients enrolled, a complete response was seen in 1 patient, a partial
response in 15 patients and 14 patients demonstrated stable disease. This is an ongoing
study that was promising for MMR proficient patients.

Due to the poor results seen in immune checkpoint inhibition, this has led to a
number of studies using various combination strategies aiming to improve the efficacy
of immunotherapy in MMR proficient metastatic colorectal cancer [61]. Combination
strategies will be discussed in the following section.

6. Combination Strategies in Metastatic Colorectal Cancer—Overcoming Resistance

In patients with microsatellite instable-MMR deficient metastatic colorectal cancer,
the high tumour mutational burden with high neoantigen rates creates increased MHC I
expression and increased numbers of infiltrating CD8 T-cells. The concept of combining
immunotherapy with an additional modality attempts to synergistically stimulate the
tumour microenvironment to increase interferon-gamma and other cytokines and promote
immune cell recruitment.
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6.1. Immunotherapy and MEK Inhibitors

In order to assess the role of atezolizumab alongside traditional chemotherapy, the
MODUL trial used a biomarker-driven approach [62]. Following standard induction across
groups with FOLFOX and bevacizumab, depending on the status of BRAF, MSI and HER?2,
different regimes were trialled compared with 5FU or capecitabine with bevacizumab.
Atezolizumab was used alongside patents a fluoropyrimidine/bevacizumab if MSI high
was identified, or alongside cobimetanib in one of the umbrella cohorts. In BRAF wild-type
patients, the use of bevacizumab is hoped to increase T cell trafficking whilst reducing
Treg/MDSC infiltration and thus improve immune checkpoint efficacy. Similarly, the
combination with a MEK inhibitor aims to sensitise tumours to atezolizumab. Final results
are eagerly awaited.

A MEK inhibitor (cobimetanib) was used in combination with atezolizumab in the
IMblaze 370 trial [54]. This included 363 patients with unresectable or metastatic colorectal
cancer and compared the combination of MEK inhibitor and PD-L1 inhibitor against PD-L1
inhibitor alone or regorafenib (EGFR/VEGF inhibitor). Patients had microsatellite stable
disease in 93%, 92% and 89% in each group, respectively. The authors reported that median
overall survival was 8.87 months using the combination, compared with 2.1 months with
atezolizumab and 8.51 months with regorafenib. The lack of benefit using immunotherapy,
with or without the combination of a MEK inhibitor, reinforced the poor responses of
immunotherapy in patients with low levels of inflammation.

The combination of cobimetanib and atezolizumab was reported by Bendell and
colleagues in a phase 1b trial in 2016 [63]. This suggested responses in some MSS colorectal
cancer irrespective of PD-L1 expression, with responders showing upregulated PD-L1
expression and T-cell infiltration. Subsequently, Hellmann and colleagues reported a
response rate in seven patients (8%) of the cohort, of whom six patients had microsatellite
stable status [64].

6.2. Immunotherapy and CEA Inhibition

Targeting carcinogenic embryonic antigen on tumour cells and CD3 T cells is under
investigation which aims to promote T cell infiltration and upregulate PD-L1 [65]. A phase
I dose-escalation study compares this agent as monotherapy against a combination of CEA
(carcinoembryonic antigen) antibody and atezolizumab in both MSS and MSI patients.
The authors report that at high doses, many patients demonstrated tumour inflammation
and a partial response seen in 5% of patients receiving monotherapy and 20% of those
receiving the combination with immune checkpoint inhibition. Interestingly, all patients
had tumours which were microsatellite stable.

6.3. Immunotherapy and IDO Inhibitors

The immunosuppressive enzyme idoleamine 2,3-dioxygenase (IDO) has been a target
of inhibition in combination with nivolumab in the ECHO-204 study [66]. This included
241 patients with various advanced solid cancers and was performed as a phase 1/2 dose-
escalation study. In the 25 colorectal cancer patients, overall response rates were 4% and
disease control rates of 24%.

6.4. Immunotherapy and Radiotherapy

As immune checkpoint inhibitors have low efficacy alone in patients with proficient
MMR metastatic colorectal cancer, investigators are studying the potential combination
of radiotherapy (RT) and immunotherapy. Segal and colleagues studied 26 patients with
unresectable or recurrent metastatic colorectal cancer who have already failed at least
two standard therapies [67]. They received palliative RT or ablation to the lesion (this
varied between colorectum, liver, lung or bone) along with pembrolizumab. Interim
overall response rates were 9% in patients receiving radiotherapy, with no responses in the
ablation group. The hypothesis by combining radiotherapy with immunotherapy is that
irradiation will induce a local inflammatory response and thus upregulation of PD1/PD-L1
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pathways, which will improve the efficacy of immune checkpoint inhibition. This is under
investigation in the PRIME-RT trial in patients with locally advanced rectal cancer, which
includes patients with both proficient and deficient MMR status undergoing durvalumab
alongside extended neoadjuvant regimes (NCT04621370).

The Checkmate-142 study, which was discussed earlier in this review, also included
additional treatment arms utilising combinations of immunotherapy. This included
nivolumab and anti-LAG3 antibodies (another co-inhibitory protein), and combination
with nivolumab, ipilimumab and cobimetanib (MEK inhibitor) and nivolumab with dara-
tumumab (anti-CD38 antibody)—a protein previously associated with tumour cells of
myeloma.

7. Preclinical Studies Investigating Promising Immunotherapy Strategies in
Metastatic Colorectal Cancer

New targets for therapy continue to be identified via ongoing translational research to
identify underpinning molecular mechanisms of immunopathology. Macrophages within
the tumour microenvironment have been identified as key players in tumour progression,
where an M2 phenotype creates resistance to anti-PD-1/PD-L1 agents [38]. In preclinical
models, CSF1 receptor blockade has been effective in polarisation to M1 macrophages and
restoring effective immune checkpoint immunotherapy. This is now under investigation in
both pancreatic and colorectal cancer using a combination of durvalumab and pexidartinib
(anti-CSF1R) (NCT02777710).

Other emerging therapies include antibodies targeting OX40 and CD73 immunother-
apy. OX40 (CD134) is a member of the TNF receptor superfamily with a role in co-
stimulatory immune responses, which are expressed on T-cells. This interacts with OX40
ligand on antigen-presenting cells resulting in activation of NFKB and NFAT. Given the
high levels expressed on Tregs and increases in the generation of those and similar im-
munosuppressive T cell subsets, OX40 inhibition aims to counteract tumour-infiltrating
Tregs and thus aims to improve immune checkpoint efficacy [68]. CD73 is a novel immune
checkpoint protein associated with tumour progression and suppressing antitumoural
immune responses. Combination with CD73 monoclonal antibodies and immune check-
point inhibitors is under clinical investigation for solid organ tumours [69]. There are many
more examples of novel targets relating to immunotherapy that are beyond the scope of
this review.

8. Genomic Biomarkers of Response to Immunotherapy

A difficulty remains in defining which patients will respond best to immunotherapy.
Consistently across different tumour types, tumour mutational burden is a strong predictor,
particularly in melanoma and non-small cell lung cancer [70]. The more somatic mutations
a tumour has, the more likely it is to present neoantigens. However, it is dependent
on the mutation whether a peptide is loaded onto the MHC and presented to T cells,
with only a minority being presented in this fashion [71]. Amongst colorectal cancer,
mutational burden has proven to be an excellent predictor of response to ICB in MSI-H
patients [72], whilst it is acknowledged that certain MSS patients have a high mutational
burden, but these numbers, when studied, are in the order of 164/5704 [73]. However,
Alexandrov et al. took this further by examining the influence of “characteristic mutational
processes” on cancer. Through detailed examination of somatic mutations obtained from
registered genome sequences, the authors demonstrated the ability to derive multiple
new single base substitution signatures, small insertions and deletions and double base
signatures [74]. These data will, in the future, yield information on how these processes
lead to carcinogenesis and are processed by the immune system. Indeed, for example, the
identification of the APOBEC mutational signature has shown some promise in NSCLC in
combination with mutational burden in identifying patients that respond better to ICB [75].
Patients demonstrated higher levels of effector immune cell infiltration to their tumours
and reduction in regulatory T cells. Patterns of mutations in MSS CRC may include novel
DNA damage mutations, including ATM, which can sensitise patients to durable responses
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to ICB [76]. Increasingly advanced techniques of pattern recognition are being explored in
this field with advances in digital pathology. MSI status, though now universally tested, can
be predicted using deep learning algorithms and artificial intelligence from histology [77].
Additionally, common actionable mutations can be detected in a similar fashion, and this
technology holds hope for the development of personalised treatment algorithms [78].

9. Strategies to Improve Outcomes

Many basic science and clinical researchers are exploring different avenues in order
to make stepwise gains in the advancement of care for patients with metastatic colorectal
cancer. New technologies allow for better characterisation of the genomic and molecular
mechanisms underpinning colorectal cancer and the pathological responses of the local and
systemic immune components. More realistic preclinical models using autochthonous mod-
els, organoids and patient-derived xenografts in animals permit the study of novel agents
which target not just inflammatory pathways but also have potential to reprogramme
pro-tumourigenic pathways regulated by cancer-associated lymphocytes, macrophages,
neutrophils and cancer-associated fibroblasts.

Tauriello and colleagues adopted a model of murine metastatic colorectal cancer
with APC, p53, KRAS and TGF-f3 mutations [79]. This produced a microsatellite-stable
phenotype that had limited responses to PD-1/PD-L1 inhibition but revealed a TGFf3-
driven suppression of T-cells and specifically TH1 cells. Jackstadt et al. further established
using an autochthonous model of serrated adenocarcinoma that TGFf signalling drove
neutrophilic infiltration to spontaneous liver metastases, a phenotype that was inhibited
through neutrophil and TGFf inhibition [80]. Given the reproducible nature of patient-
derived organoids and patient-derived xenografts and their representative therapeutic
responses in patients, they have the power to become a tool to investigate novel im-
munotherapeutics for patients with metastatic colorectal cancer. Engraftment of colorectal
cancer to immunocompetent mice using genetically engineered mice organoids, wild-type
organoids or patient-derived human CRC organoids can be used to study in vivo immuno-
logical interactions in the setting of metastatic colorectal cancer [81]. In a world with
increasing challenges in clinical academia due to the coronavirus pandemic, supporting
the discovery and translation of new approaches in armouring and modifying the immune
response is critical. One example of this is the Accelerator Award from CRUK, which
aims to support infrastructures, such as sharing datasets, models and tissue biobanks
and support facets of oncology research, such as preclinical studies, biomarkers, imaging,
radiotherapy and engineering approaches [82]. Immunotherapies other than immune
checkpoint inhibitors, which have been studied, were identified in our literature search
and are summarised in Supplementary Table S1.

The influence of gut microbiota on the tumour microenvironment and, therefore,
responses to immunotherapy are wide-ranging, varied, and yet to be fully explored. The
microbiome in the gut is predominated by anaerobes, different species of whom have
been shown to have influences on different immune cells within tumours, in addition to
interacting directly with immune checkpoints. These interactions are thoroughly described
in previous review material [83]. Personalised responses to ICB (immune checkpoint block-
ade) are a result of this heterogeneity influenced by gut flora. Whilst enterococcus faecium
and klebsiella pneumonia are common gut pathogens associated with positive responses to
ICB, patients with high numbers of lactobacillus have poorer responses. It is increasingly
likely as trials develop, particularly in MSS colorectal cancer, that microbial species in
faeces may be first studied to help predict responses and altered to enhance efficacy.

Patients with metastatic colorectal disease range from those with low burden oligome
tastatic hepatic disease to overwhelming, aggressive widespread metastases. Given the
range of colorectal cancer subtypes based on the location of primary and CMS phenotypes,
then it is likely that it will take different strategies to improve survival for stratified
patient groups (Figure 2). For example, using immunotherapy as an adjunct in the pre- or
post-operative phases, will benefit patients with potentially curative metastatic colorectal
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widespread metastatic disease in patients that present with palliative disease.
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Figure 2. Proposed model for immunotherapy in metastatic colorectal cancer. TME, tumour microenvironment; PD-1,
programmed cell death receptor 1; PD-L1, programmed cell death receptor ligand 1; CTLA4, T-lymphocyte associated
protein 4; LAG3, lymphocyte activating gene 3; TIM3, T cell immunoglobulin mucin receptor 3; CSFIR, colony-stimulating
factor 1 receptor; IDO, indoleamine 2,3-dioxygenase; TGF, transforming growth factor; CAR-T, chimeric antigen receptor

T-cell; TACE, transhepatic arterial chemoembolisation; RFA, radiofrequency ablation; KRAS, Kirsten rat associated sarcoma;
BRAF, B-type RAF; POLE, DNA polymerase epsilon.

10. Conclusions

Metastatic colorectal cancer continues to have a dismal prognosis and is a major cause
of death in the Western world. Established regimes for chemotherapy have relatively poor
rates of response yet cause significant side effects which impair quality of life in end-stage
disease. Immunotherapy represents a new dawn of therapeutics, which could not only
improve the balance of benefit and side effect profile but also may offer better responses in
certain patient groups. We have discussed the goals of the clinical and scientific community
in discovering how to translate the benefits and efficacy of immune checkpoint inhibitors
and other novel agents to the right groups of patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cancers13143566/s1, Table S1: Other immunotherapy strategies in metastatic colorectal cancer.

Author Contributions: Conceptualisation, C.W.S. and N.J.G.; methodology, N.J.G., and C.W.S,,
writing—original draft preparation, N.J.G.; writing—review and editing, N.J.G., CW., CW.S; visu-
alisation, N.J.G.; supervision, C.W.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/article/10.3390/cancers13143566/s1
https://www.mdpi.com/article/10.3390/cancers13143566/s1

Cancers 2021, 13, 3566 14 of 17

Informed Consent Statement: Not applicable.
Data Availability Statement: There was no original data reported in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

Siegel, R.L.; Miller, K.D.; Goding Sauer, A.; Fedewa, S.A.; Butterly, L.F; Anderson, J.C.; Cercek, A.; Smith, R.A.; Jemal, A.
Colorectal cancer statistics, 2020. CA Cancer ]. Clin. 2020, 70, 145-164. [CrossRef]

Innocenti, F; Ou, ES.; Qu, X.; Zemla, T.]J.; Niedzwiecki, D.; Tam, R.; Mahajan, S.; Goldberg, R.M.; Bertagnolli, M.M.; Blanke, C.D.;
et al. Mutational Analysis of Patients With Colorectal Cancer in CALGB/SWOG 80405 Identifies New Roles of Microsatellite
Instability and Tumor Mutational Burden for Patient Outcome. J. Clin. Oncol. 2019, 37, 1217-1227. [CrossRef]

Heinemann, V.; von Weikersthal, L.E; Decker, T.; Kiani, A.; Vehling-Kaiser, U.; Al-Batran, S.E.; Heintges, T.; Lerchenmuller, C.;
Kahl, C.; Seipelt, G.; et al. FOLFIRI plus cetuximab versus FOLFIRI plus bevacizumab as first-line treatment for patients with
metastatic colorectal cancer (FIRE-3): A randomised, open-label, phase 3 trial. Lancet Oncol. 2014, 15, 1065-1075. [CrossRef]
Schwartzberg, L.S.; Rivera, F.; Karthaus, M.; Fasola, G.; Canon, ].L.; Hecht, ].R.; Yu, H.; Oliner, K.S.; Go, W.Y. PEAK: A randomized,
multicenter phase II study of panitumumab plus modified fluorouracil, leucovorin, and oxaliplatin (mFOLFOX6) or bevacizumab
plus mFOLFOX6 in patients with previously untreated, unresectable, wild-type KRAS exon 2 metastatic colorectal cancer. J. Clin.
Oncol. 2014, 32, 2240-2247. [CrossRef] [PubMed]

Luke, ].].; Flaherty, K.T.; Ribas, A.; Long, G.V. Targeted agents and immunotherapies: Optimizing outcomes in melanoma. Nat.
Rev. Clin. Oncol. 2017, 14, 463—482. [CrossRef] [PubMed]

Kopetz, S.; Grothey, A.; Yaeger, R.; Van Cutsem, E.; Desai, J.; Yoshino, T.; Wasan, H.; Ciardiello, F.; Loupakis, F; Hong, Y.S.; et al.
Encorafenib, Binimetinib, and Cetuximab in BRAF V600E-Mutated Colorectal Cancer. N. Engl. |. Med. 2019, 381, 1632-1643.
[CrossRef]

Vogelstein, B.; Kinzler, K.W. Cancer genes and the pathways they control. Nat. Med. 2004, 10, 789-799. [CrossRef]

Ye, J.; Lin, M.; Zhang, C.; Zhu, X,; Li, S.; Liu, H.; Yin, J.; Yu, H.; Zhu, K. Tissue gene mutation profiles in patients with colorectal
cancer and their clinical implications. Biomed. Rep. 2020, 13, 43-48. [CrossRef]

Leslie, A.; Carey, F.A.; Pratt, N.R.; Steele, R.J. The colorectal adenoma-carcinoma sequence. Br. |. Surg. 2002, 89, 845-860.
[CrossRef]

Benson, A.B.; Venook, A.P; Al-Hawary, M.M.; Arain, M.A.; Chen, Y.J.; Ciombor, K.K.; Cohen, S.; Cooper, H.S.; Deming, D.; Farkas,
L.; et al. Colon Cancer, Version 2.2021, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2021, 19,
329-359. [CrossRef]

Gau, L.; Ribeiro, M.; Pereira, B.; Poirot, K.; Dupré, A.; Pezet, D.; Gagniere, J. Impact of BRAF mutations on clinical outcomes
following liver surgery for colorectal liver metastases: An updated meta-analysis. Eur. J. Surg. Oncol. 2021, in press. [CrossRef]
Rowland, A.; Dias, M.M.; Wiese, M.D.; Kichenadasse, G.; McKinnon, R.A.; Karapetis, C.S.; Sorich, M.]. Meta-analysis of BRAF
mutation as a predictive biomarker of benefit from anti-EGFR monoclonal antibody therapy for RAS wild-type metastatic
colorectal cancer. Br. J. Cancer 2015, 112, 1888-1894. [CrossRef] [PubMed]

Pietrantonio, F.; Petrelli, F.; Coinu, A.; Di Bartolomeo, M.; Borgonovo, K.; Maggi, C.; Cabiddu, M.; Iacovelli, R.; Bossi, I.; Lonati, V.;
et al. Predictive role of BRAF mutations in patients with advanced colorectal cancer receiving cetuximab and panitumumab: A
meta-analysis. Eur. |. Cancer 2015, 51, 587-594. [CrossRef] [PubMed]

Modest, D.P.; Martens, U.M.; Riera-Knorrenschild, J.; Greeve, ].; Florschiitz, A.; Wessendorf, S.; Ettrich, T.; Kanzler, S.; Norenberg,
D.; Ricke, J.; et al. FOLFOXIRI Plus Panitumumab As First-Line Treatment of RAS Wild-Type Metastatic Colorectal Cancer: The
Randomized, Open-Label, Phase II VOLFI Study (AIO KRK0109). J. Clin. Oncol. 2019, 37, 3401-3411. [CrossRef] [PubMed]
Boland, PM.; Ma, WW. Immunotherapy for Colorectal Cancer. Cancers 2017, 9, 50. [CrossRef]

Ottaiano, A.; Normanno, N.; Facchini, S.; Cassata, A.; Nappi, A.; Romano, C,; Silvestro, L.; De Stefano, A.; Rachiglio, A.M.; Roma,
C.; et al. Study of Ras Mutations’ Prognostic Value in Metastatic Colorectal Cancer: STORIA Analysis. Cancers 2020, 12, 1919.
[CrossRef] [PubMed]

Napolitano, S.; Matrone, N.; Muddassir, A.L.; Martini, G.; Sorokin, A.; De Falco, V.; Giunta, E.F,; Ciardiello, D.; Martinelli, E.; Belli,
V.; et al. Triple blockade of EGFR, MEK and PD-L1 has antitumor activity in colorectal cancer models with constitutive activation
of MAPK signaling and PD-L1 overexpression. J. Exp. Clin. Cancer Res. 2019, 38, 492. [CrossRef]

Boland, PM.; Hutsons, A.; Maguire, O.; Minderman, H.; Fountzilas, C.; Iyer, R.V. A phase Ib/II study of cetuximab and
pembrolizumab in RAS-wt mCRC. J. Clin. Oncol. 2018, 36, 834. [CrossRef]

Ganesh, K; Stadler, Z.K.; Cercek, A.; Mendelsohn, R.B.; Shia, ].; Segal, N.H.; Diaz, L.A. Immunotherapy in colorectal cancer:
Rationale, challenges and potential. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 361-375. [CrossRef]

Ciardiello, D.; Vitiello, P.P.,; Cardone, C.; Martini, G.; Troiani, T.; Martinelli, E.; Ciardiello, F. Immunotherapy of colorectal cancer:
Challenges for therapeutic efficacy. Cancer Treat. Rev. 2019, 76, 22-32. [CrossRef]

André, T.; Shiu, K.K.; Kim, TW.; Jensen, B.V.; Jensen, L.H.; Punt, C.; Smith, D.; Garcia-Carbonero, R.; Benavides, M.; Gibbs, P, et al.
Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal Cancer. N. Engl. J. Med. 2020, 383, 2207-2218. [CrossRef]
Diaz-Gay, M.; Alexandrov, L.B. Unraveling the genomic landscape of colorectal cancer through mutational signatures. Adv.
Cancer Res. 2021, 151, 385-424. [CrossRef] [PubMed]


http://doi.org/10.3322/caac.21601
http://doi.org/10.1200/JCO.18.01798
http://doi.org/10.1016/S1470-2045(14)70330-4
http://doi.org/10.1200/JCO.2013.53.2473
http://www.ncbi.nlm.nih.gov/pubmed/24687833
http://doi.org/10.1038/nrclinonc.2017.43
http://www.ncbi.nlm.nih.gov/pubmed/28374786
http://doi.org/10.1056/NEJMoa1908075
http://doi.org/10.1038/nm1087
http://doi.org/10.3892/br.2020.1303
http://doi.org/10.1046/j.1365-2168.2002.02120.x
http://doi.org/10.6004/jnccn.2021.0012
http://doi.org/10.1016/j.ejso.2021.05.039
http://doi.org/10.1038/bjc.2015.173
http://www.ncbi.nlm.nih.gov/pubmed/25989278
http://doi.org/10.1016/j.ejca.2015.01.054
http://www.ncbi.nlm.nih.gov/pubmed/25673558
http://doi.org/10.1200/JCO.19.01340
http://www.ncbi.nlm.nih.gov/pubmed/31609637
http://doi.org/10.3390/cancers9050050
http://doi.org/10.3390/cancers12071919
http://www.ncbi.nlm.nih.gov/pubmed/32708575
http://doi.org/10.1186/s13046-019-1497-0
http://doi.org/10.1200/JCO.2018.36.4_suppl.834
http://doi.org/10.1038/s41575-019-0126-x
http://doi.org/10.1016/j.ctrv.2019.04.003
http://doi.org/10.1056/NEJMoa2017699
http://doi.org/10.1016/bs.acr.2021.03.003
http://www.ncbi.nlm.nih.gov/pubmed/34148618

Cancers 2021, 13, 3566 15 0f 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Priestley, P; Baber, J.; Lolkema, M.P; Steeghs, N.; de Bruijn, E.; Shale, C.; Duyvesteyn, K.; Haidari, S.; van Hoeck, A.; Onstenk, W.;
et al. Pan-cancer whole-genome analyses of metastatic solid tumours. Nature 2019, 575, 210-216. [CrossRef] [PubMed]

Jass, J.R. Classification of colorectal cancer based on correlation of clinical, morphological and molecular features. Histopathology
2007, 50, 113-130. [CrossRef] [PubMed]

Nguyen, L.H.; Goel, A.; Chung, D.C. Pathways of Colorectal Carcinogenesis. Gastroenterology 2020, 158, 291-302. [CrossRef]
[PubMed]

De Palma, ED.E.; D’Argenio, V.; Pol, ].; Kroemer, G.; Maiuri, M.C.; Salvatore, F. The Molecular Hallmarks of the Serrated Pathway
in Colorectal Cancer. Cancers 2019, 11, 1017. [CrossRef]

Guinney, J.; Dienstmann, R.; Wang, X.; de Reynies, A.; Schlicker, A.; Soneson, C.; Marisa, L.; Roepman, P.; Nyamundanda, G.;
Angelino, P.; et al. The consensus molecular subtypes of colorectal cancer. Nat. Med. 2015, 21, 1350-1356. [CrossRef]

Pitroda, S.P; Khodarev, N.N.; Huang, L.; Uppal, A.; Wightman, S.C.; Ganai, S.; Joseph, N.; Pitt, ].; Brown, M.; Forde, M.; et al.
Integrated molecular subtyping defines a curable oligometastatic state in colorectal liver metastasis. Nat. Commun. 2018, 9, 1793.
[CrossRef]

Shiomi, A.; Kusuhara, M.; Sugino, T.; Sugiura, T.; Ohshima, K.; Nagashima, T.; Urakami, K.; Serizawa, M.; Saya, H.; Yamaguchi, K.
Comprehensive genomic analysis contrasting primary colorectal cancer and matched liver metastases. Oncol. Lett. 2021, 21, 466.
[CrossRef]

Galon, J.; Mlecnik, B.; Bindea, G.; Angell, HK.; Berger, A.; Lagorce, C.; Lugli, A.; Zlobec, I.; Hartmann, A.; Bifulco, C.; et al.
Towards the introduction of the ‘Immunoscore” in the classification of malignant tumours. J. Pathol. 2014, 232, 199-209. [CrossRef]
Tosolini, M.; Kirilovsky, A.; Mlecnik, B.; Fredriksen, T.; Mauger, S.; Bindea, G.; Berger, A.; Bruneval, P.; Fridman, W.H.; Pages, F;
et al. Clinical impact of different classes of infiltrating T cytotoxic and helper cells (Thl, th2, treg, th17) in patients with colorectal
cancer. Cancer Res. 2011, 71, 1263-1271. [CrossRef] [PubMed]

Labani-Motlagh, A.; Ashja-Mahdavi, M.; Loskog, A. The Tumor Microenvironment: A Milieu Hindering and Obstructing
Antitumor Immune Responses. Front. Immunol. 2020, 11, 940. [CrossRef] [PubMed]

Donadon, M.; Hudspeth, K.; Cimino, M.; Di Tommaso, L.; Preti, M.; Tentorio, P.; Roncalli, M.; Mavilio, D.; Torzilli, G. Increased
Infiltration of Natural Killer and T Cells in Colorectal Liver Metastases Improves Patient Overall Survival. J. Gastrointest. Surg.
2017, 21, 1226-1236. [CrossRef] [PubMed]

Wrobel, P.; Ahmed, S. Current status of immunotherapy in metastatic colorectal cancer. Int. |. Colorectal. Dis. 2019, 34, 13-25.
[CrossRef]

Galbraith, N.; Walker, S.; Galandiuk, S.; Gardner, S.; Polk, H.C,, Jr. The Significance and Challenges of Monocyte Impairment: For
the Ill Patient and the Surgeon. Surg. Infect. 2016, 17, 303-312. [CrossRef]

Cassetta, L.; Fragkogianni, S.; Sims, A.H.; Swierczak, A.; Forrester, L.M.; Zhang, H.; Soong, D.Y.H.; Cotechini, T.; Anur, P; Lin, EY,;
et al. Human Tumor-Associated Macrophage and Monocyte Transcriptional Landscapes Reveal Cancer-Specific Reprogramming,
Biomarkers, and Therapeutic Targets. Cancer Cell 2019, 35, 588-602.e510. [CrossRef]

Galbraith, N.J.; Walker, S.P.; Gardner, S.A.; Bishop, C.; Galandiuk, S.; Polk, H.C., Jr. Interferon-gamma increases monocyte PD-L1
but does not diminish T-cell activation. Cell Immunol. 2020, 357, 104197. [CrossRef]

Inagaki, K.; Kunisho, S.; Takigawa, H.; Yuge, R.; Oka, S.; Tanaka, S.; Shimamoto, F; Chayama, K.; Kitadai, Y. Role of tumor-
associated macrophages at the invasive front in human colorectal cancer progression. Cancer Sci. 2021, 112, 2692-2704. [CrossRef]
Antoniotti, C.; Borelli, B.; Rossini, D.; Pietrantonio, F.; Morano, F.; Salvatore, L.; Lonardi, S.; Marmorino, F.; Tamberi, S.; Corallo, S.;
et al. AtezoTRIBE: A randomised phase II study of FOLFOXIRI plus bevacizumab alone or in combination with atezolizumab as
initial therapy for patients with unresectable metastatic colorectal cancer. BMC Cancer 2020, 20, 683. [CrossRef]

Chen, E.X,; Jonker, D.J.; Loree, ] M.; Kennecke, H.F,; Berry, S.R.; Couture, F.; Ahmad, C.E.; Goffin, ].R.; Kavan, P.; Harb, M.; et al.
Effect of Combined Immune Checkpoint Inhibition vs. Best Supportive Care Alone in Patients With Advanced Colorectal Cancer:
The Canadian Cancer Trials Group CO.26 Study. JAMA Oncol. 2020, 6, 831-838. [CrossRef]

Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S,; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409-413. [CrossRef]
Overman, M.].; Lonardi, S.; Wong, K.Y.M.; Lenz, H.].; Gelsomino, F.; Aglietta, M.; Morse, M.A.; Van Cutsem, E.; McDermott, R.;
Hill, A.; et al. Durable Clinical Benefit With Nivolumab Plus Ipilimumab in DNA Mismatch Repair—Deficient/Microsatellite
Instability—High Metastatic Colorectal Cancer. J. Clin. Oncol. 2018, 36, 773-779. [CrossRef]

Overman, M.].; McDermott, R.; Leach, J.L.; Lonardi, S.; Lenz, H.].; Morse, M.A.; Desai, J.; Hill, A.; Axelson, M.; Moss, R.A.;
et al. Nivolumab in patients with metastatic DNA mismatch repair-deficient or microsatellite instability-high colorectal cancer
(CheckMate 142): An open-label, multicentre, phase 2 study. Lancet Oncol. 2017, 18, 1182-1191. [CrossRef]

Le, D.T.; Uram, ].N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. |. Med. 2015, 372, 2509-2520. [CrossRef] [PubMed]

Morse, M.A.; Overman, M.].; Hartman, L.; Khoukaz, T.; Brutcher, E.; Lenz, H.].; Atasoy, A.; Shangguan, T.; Zhao, H.; El-Rayes, B.
Safety of Nivolumab plus Low-Dose Ipilimumab in Previously Treated Microsatellite Instability-High /Mismatch Repair-Deficient
Metastatic Colorectal Cancer. Oncologist 2019, 24, 1453-1461. [CrossRef] [PubMed]

Overman, M.].; Kopetz, S.; McDermott, R.S.; Leach, J.; Lonardi, S.; Lenz, H.-].; Morse, M.A.; Desai, J.; Hill, A.; Axelson, M.D.; et al.
Nivolumab =+ ipilimumab in treatment (tx) of patients (pts) with metastatic colorectal cancer (mCRC) with and without high
microsatellite instability (MSI-H): CheckMate-142 interim results. J. Clin. Oncol. 2016, 34, 3501. [CrossRef]


http://doi.org/10.1038/s41586-019-1689-y
http://www.ncbi.nlm.nih.gov/pubmed/31645765
http://doi.org/10.1111/j.1365-2559.2006.02549.x
http://www.ncbi.nlm.nih.gov/pubmed/17204026
http://doi.org/10.1053/j.gastro.2019.08.059
http://www.ncbi.nlm.nih.gov/pubmed/31622622
http://doi.org/10.3390/cancers11071017
http://doi.org/10.1038/nm.3967
http://doi.org/10.1038/s41467-018-04278-6
http://doi.org/10.3892/ol.2021.12727
http://doi.org/10.1002/path.4287
http://doi.org/10.1158/0008-5472.CAN-10-2907
http://www.ncbi.nlm.nih.gov/pubmed/21303976
http://doi.org/10.3389/fimmu.2020.00940
http://www.ncbi.nlm.nih.gov/pubmed/32499786
http://doi.org/10.1007/s11605-017-3446-6
http://www.ncbi.nlm.nih.gov/pubmed/28536806
http://doi.org/10.1007/s00384-018-3202-8
http://doi.org/10.1089/sur.2015.245
http://doi.org/10.1016/j.ccell.2019.02.009
http://doi.org/10.1016/j.cellimm.2020.104197
http://doi.org/10.1111/cas.14940
http://doi.org/10.1186/s12885-020-07169-6
http://doi.org/10.1001/jamaoncol.2020.0910
http://doi.org/10.1126/science.aan6733
http://doi.org/10.1200/JCO.2017.76.9901
http://doi.org/10.1016/S1470-2045(17)30422-9
http://doi.org/10.1056/NEJMoa1500596
http://www.ncbi.nlm.nih.gov/pubmed/26028255
http://doi.org/10.1634/theoncologist.2019-0129
http://www.ncbi.nlm.nih.gov/pubmed/31147488
http://doi.org/10.1200/JCO.2016.34.15_suppl.3501

Cancers 2021, 13, 3566 16 of 17

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Chung, K.Y,; Gore, I; Fong, L.; Venook, A.; Beck, S.B.; Dorazio, P,; Criscitiello, PJ.; Healey, D.I.; Huang, B.; Gomez-Navarro, J.;
et al. Phase II Study of the Anti-Cytotoxic T-Lymphocyte—Associated Antigen 4 Monoclonal Antibody, Tremelimumab, in Patients
With Refractory Metastatic Colorectal Cancer. J. Clin. Oncol. 2010, 28, 3485-3490. [CrossRef]

Topalian, S.L.; Hodi, ES.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.E; Powderly, ].D.; Carvajal, R.D.; Sosman, ].A.;
Atkins, M.B,; et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N. Engl. . Med. 2012, 366, 2443-2454.
[CrossRef]

Brahmer, ].R.; Tykodi, S.S.; Chow, L.Q.; Hwu, W.J.; Topalian, S.L.; Hwu, P,; Drake, C.G.; Camacho, L.H.; Kauh, J.; Odunsi, K.; et al.
Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. N. Engl. ]. Med. 2012, 366, 2455-2465. [CrossRef]
[PubMed]

Patel, M.R.; Falchook, G.S.; Hamada, K.; Makris, L.; Bendell, J.C. A phase 2 trial of trifluridine/tipiracil plus nivolumab in patients
with heavily pretreated microsatellite-stable metastatic colorectal cancer. Cancer Med. 2021, 10, 1183-1190. [CrossRef] [PubMed]
Mettu, N.B.; Twohy, E.; Ou, E-S.; Halfdanarson, T.; Lenz, H.; Breakstone, R.; Boland, P.; Crysler, O.; Wu, C.; Grothey, A.; et al.
BACCI: A phase Il randomized, double-blind, multicenter, placebo-controlled study of capecitabine (C) bevacizumab (B) plus
atezolizumab (A) or placebo (P) in refractory metastatic colorectal cancer (mCRC): An ACCRU network study. Ann. Oncol. 2019,
30, v203. [CrossRef]

Segal, N.H.; Cercek, A.; Ku, G.; Wu, AJ; Rimner, A.; Khalil, D.N.; Reidy-Lagunes, D.; Cuaron, J.; Yang, T.J.; Weiser, M.R;
et al. Phase II Single-arm Study of Durvalumab and Tremelimumab with Concurrent Radiotherapy in Patients with Mismatch
Repair-proficient Metastatic Colorectal Cancer. Clin. Cancer Res. 2021, 27, 2200-2208. [CrossRef]

Li,J.; Cong, L; Liu, J.; Peng, L.; Wang, J.; Feng, A.; Yue, ].; Li, L.; Wang, X.; Wang, X. The Efficacy and Safety of Regorafenib in
Combination With Anti-PD-1 Antibody in Refractory Microsatellite Stable Metastatic Colorectal Cancer: A Retrospective Study.
Front. Oncol. 2020, 10, 594125. [CrossRef]

Eng, C.; Kim, TW.; Bendell, J.; Argilés, G.; Tebbutt, N.C.; Di Bartolomeo, M.; Falcone, A.; Fakih, M.; Kozloff, M.; Segal, N.H.; et al.
Atezolizumab with or without cobimetinib versus regorafenib in previously treated metastatic colorectal cancer (IMblaze370): A
multicentre, open-label, phase 3, randomised, controlled trial. Lancet Oncol. 2019, 20, 849-861. [CrossRef]

Bendell, J.C.; Powderly, ].D.; Lieu, C.H.; Eckhardt, S.G.; Hurwitz, H.; Hochster, H.S.; Murphy, J.E.; Funke, R.P,; Rossi, C.; Wallin, J.;
et al. Safety and efficacy of MPDL3280A (anti-PDL1) in combination with bevacizumab (bev) and/or FOLFOX in patients (pts)
with metastatic colorectal cancer (mCRC). J. Clin. Oncol. 2015, 33, 704. [CrossRef]

Bendell, ].C.; Kim, T.W.; Goh, B.C.; Wallin, ]J.; Oh, D.-Y.; Han, S.-W.; Lee, C.B.; Hellmann, M.D.; Desai, J.; Lewin, ].H.; et al. Clinical
activity and safety of cobimetinib (cobi) and atezolizumab in colorectal cancer (CRC). J. Clin. Oncol. 2016, 34, 3502. [CrossRef]
Le, D.T; Kim, TW.; Van Cutsem, E.; Geva, R,; Jager, D.; Hara, H.; Burge, M.; O’Neil, B.; Kavan, P; Yoshino, T.; et al. Phase
II Open-Label Study of Pembrolizumab in Treatment-Refractory, Microsatellite Instability-High /Mismatch Repair-Deficient
Metastatic Colorectal Cancer: KEYNOTE-164. J. Clin. Oncol. 2020, 38, 11-19. [CrossRef]

Shiu, K.-K.; Andre, T.; Kim, T.W.,; Jensen, B.V,; Jensen, L.H.; Punt, C.J.A.; Smith, D.M.; Garcia-Carbonero, R.; Benavides, M.; Gibbs,
P, et al. KEYNOTE-177: Phase III randomized study of pembrolizumab versus chemotherapy for microsatellite instability-high
advanced colorectal cancer. J. Clin. Oncol. 2021, 39, 6. [CrossRef]

Andre, T.; Amonkar, M.; Norquist, ].M.; Shiu, K.K.; Kim, TW,; Jensen, B.V,; Jensen, L.H.; Punt, C.J.A.; Smith, D.; Garcia-Carbonero,
R.; et al. Health-related quality of life in patients with microsatellite instability-high or mismatch repair deficient metastatic
colorectal cancer treated with first-line pembrolizumab versus chemotherapy (KEYNOTE-177): An open-label, randomised,
phase 3 trial. Lancet Oncol. 2021, 22, 665-677. [CrossRef]

Shahda, S.; Noonan, A.M.; Bekaii-Saab, T.S.; O’Neil, B.H.; Sehdev, A.; Shaib, W.L.; Helft, P.R.; Loehrer, PJ.; Tong, Y.; Liu, Z.; et al.
A phase II study of pembrolizumab in combination with mFOLFOX®6 for patients with advanced colorectal cancer. Presented at
the American Society of Clinical Oncology 2017, Chicago, IL, USA, 2-6 June 2017.

Ghiringhelli, F.; Fumet, ].D. Is There a Place for Imnmunotherapy for Metastatic Microsatellite Stable Colorectal Cancer? Front.
Immunol. 2019, 10, 1816. [CrossRef]

Schmoll, H.J.; Arnold, D.; de Gramont, A.; Ducreux, M.; Grothey, A.; O'Dwyer, PJ.; Van Cutsem, E.; Hermann, F.; Bosanac, I.;
Bendahmane, B.; et al. MODUL-a multicenter randomized clinical trial of biomarker-driven maintenance therapy following
first-line standard induction treatment of metastatic colorectal cancer: An adaptable signal-seeking approach. J. Cancer Res. Clin.
Oncol. 2018, 144, 1197-1204. [CrossRef]

Bendell, J.C.; Ciardiello, F,; Tabernero, J.; Tebbutt, N.; Eng, C.; Di Bartolomeo, M.; Falcone, A.; Fakih, M.; Kozloff, M.; Segal, N.;
et al. Efficacy and safety results from IMblaze370, a randomised phase III study comparing atezolizumab plus cobimetinib and
atezolizumab monotherapy vs. regorafenib in chemotherapy-refractory metastatic colorectal cancer. Presented at the ESMO
World Congress on Gastrointestinal Cancer 2018, Barcelona, Spain, 20-23 June 2018.

Hellmann, M.D.; Kim, T.W.; Lee, C.B.; Goh, B.C.; Miller, W.H., Jr.; Oh, D.Y.; Jamal, R.; Chee, C.E.; Chow, L.Q.M.; Gainor, J.F,;
et al. Phase Ib study of atezolizumab combined with cobimetinib in patients with solid tumors. Ann. Oncol. 2019, 30, 1134-1142.
[CrossRef]

Tabernero, J.; Melero, I.; Ros, W.; Argiles, G.; Marabelle, A.; Rodriguez-Ruiz, M.E.; Albanell, J.; Calvo, E.; Moreno, V.; Cleary,
J.M.; et al. Phase Ia and Ib studies of the novel carcinoembryonic antigen (CEA) T-cell bispecific (CEA CD3 TCB) antibody as a
single agent and in combination with atezolizumab: Preliminary efficacy and safety in patients with metastatic colorectal cancer
(mCRC). Presented at the American Society of Clinical Oncology 2017, Chicago, IL, USA, 2-6 June 2017.


http://doi.org/10.1200/JCO.2010.28.3994
http://doi.org/10.1056/NEJMoa1200690
http://doi.org/10.1056/NEJMoa1200694
http://www.ncbi.nlm.nih.gov/pubmed/22658128
http://doi.org/10.1002/cam4.3630
http://www.ncbi.nlm.nih.gov/pubmed/33544407
http://doi.org/10.1093/annonc/mdz246.011
http://doi.org/10.1158/1078-0432.CCR-20-2474
http://doi.org/10.3389/fonc.2020.594125
http://doi.org/10.1016/S1470-2045(19)30027-0
http://doi.org/10.1200/jco.2015.33.3_suppl.704
http://doi.org/10.1200/JCO.2016.34.15_suppl.3502
http://doi.org/10.1200/JCO.19.02107
http://doi.org/10.1200/JCO.2021.39.3_suppl.6
http://doi.org/10.1016/S1470-2045(21)00064-4
http://doi.org/10.3389/fimmu.2019.01816
http://doi.org/10.1007/s00432-018-2632-6
http://doi.org/10.1093/annonc/mdz113

Cancers 2021, 13, 3566 17 of 17

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Perez, R.P; Riese, M.].; Lewis, K.D.; Saleh, M.N.; Daud, A.; Berlin, J.; Lee, ].J.; Mukhopadhyay, S.; Zhou, L.; Serbest, G.; et al.
Epacadostat plus nivolumab in patients with advanced solid tumors: Preliminary phase I/1I results of ECHO-204. ]. Clin. Oncol.
2017, 35, 3003. [CrossRef]

Segal, N.H.; Kemeny, N.E.; Cercek, A.; Reidy, D.L.; Raasch, P.J.; Warren, P.; Hrabovsky, A.E.; Campbell, N.; Shia, ].; Goodman,
K.A,; et al. Non- randomized phase II study to assess the efficacy of pembrolizumab (Pem) plus radiotherapy (RT) or ablation in
mismatch repair proficient (pMMR) metastatic colorectal cancer (mCRC) patients. Presented at the American Society of Clinical
Oncology 2016, Chicago, IL, USA, 3-7 June 2016.

Aspeslagh, S.; Postel-Vinay, S.; Rusakiewicz, S.; Soria, J.C.; Zitvogel, L.; Marabelle, A. Rationale for anti-OX40 cancer immunother-
apy. Eur. J. Cancer 2016, 52, 50-66. [CrossRef] [PubMed]

Chen, S.; Wainwright, D.A.; Wu, J.D.; Wan, Y.; Matei, D.E.; Zhang, Y.; Zhang, B. CD73: An emerging checkpoint for cancer
immunotherapy. Immunotherapy 2019, 11, 983-997. [CrossRef]

Chan, T.A.; Yarchoan, M.; Jaffee, E.; Swanton, C.; Quezada, S.A.; Stenzinger, A.; Peters, S. Development of tumor mutation burden
as an immunotherapy biomarker: Utility for the oncology clinic. Ann. Oncol. 2019, 30, 44-56. [CrossRef]

Coulie, P.G.; Van den Eynde, B.J.; van der Bruggen, P.; Boon, T. Tumour antigens recognized by T lymphocytes: At the core of
cancer immunotherapy. Nat. Rev. Cancer 2014, 14, 135-146. [CrossRef] [PubMed]

Schrock, A.B.; Ouyang, C.; Sandhu, J.; Sokol, E.; Jin, D.; Ross, ].S.; Miller, V.A.; Lim, D.; Amanam, I.; Chao, ]J.; et al. Tumor
mutational burden is predictive of response to immune checkpoint inhibitors in MSI-high metastatic colorectal cancer. Ann.
Oncol. 2019, 30, 1096-1103. [CrossRef] [PubMed]

Fabrizio, D.A.; George, T.]., Jr.; Dunne, R.E; Frampton, G.; Sun, J.; Gowen, K.; Kennedy, M.; Greenbowe, J.; Schrock, A.B.; Hezel,
AF; et al. Beyond microsatellite testing: Assessment of tumor mutational burden identifies subsets of colorectal cancer who may
respond to immune checkpoint inhibition. J. Gastrointest. Oncol. 2018, 9, 610-617. [CrossRef]

Alexandrov, L.B.; Kim, J.; Haradhvala, N.J.; Huang, M.N.; Tian Ng, A.W.; Wu, Y.; Boot, A.; Covington, K.R.; Gordenin, D.A.;
Bergstrom, E.N.; et al. The repertoire of mutational signatures in human cancer. Nature 2020, 578, 94-101. [CrossRef]

Chen, H.; Chong, W.; Teng, C.; Yao, Y.; Wang, X.; Li, X. The immune response-related mutational signatures and driver genes in
non-small-cell lung cancer. Cancer Sci. 2019, 110, 2348-2356. [CrossRef]

Keenan, B.P.; Van Loon, K.; Khilnani, A.D.; Fidelman, N.; Behr, S.C.; Atreya, C.E.; Oh, D.Y. Molecular and Radiological Features
of Microsatellite Stable Colorectal Cancer Cases With Dramatic Responses to Immunotherapy. Anticancer Res. 2021, 41, 2985-2992.
[CrossRef] [PubMed]

Kather, J.N.; Pearson, A.T.; Halama, N.; Jager, D.; Krause, ].; Loosen, S.H.; Marx, A.; Boor, P,; Tacke, F; Neumann, U.P; et al. Deep
learning can predict microsatellite instability directly from histology in gastrointestinal cancer. Nat. Med. 2019, 25, 1054-1056.
[CrossRef] [PubMed]

Kather, J.N.; Heij, L.R.; Grabsch, H.I;; Loeffler, C.; Echle, A.; Muti, H.S.; Krause, J.; Niehues, ] M.; Sommer, K.A.J.; Bankhead,
P; et al. Pan-cancer image-based detection of clinically actionable genetic alterations. Nat. Cancer 2020, 1, 789-799. [CrossRef]
[PubMed]

Tauriello, D.V.E; Palomo-Ponce, S.; Stork, D.; Berenguer-Llergo, A.; Badia-Ramentol, J.; Iglesias, M.; Sevillano, M.; Ibiza, S.;
Caniellas, A.; Hernando-Momblona, X.; et al. TGF( drives immune evasion in genetically reconstituted colon cancer metastasis.
Nature 2018, 554, 538-543. [CrossRef] [PubMed]

Jackstadt, R.; van Hooff, S.R.; Leach, J.D.; Cortes-Lavaud, X.; Lohuis, ].O.; Ridgway, R.A.; Wouters, V.M.; Roper, J.; Kendall,
T.J.; Roxburgh, C.S.; et al. Epithelial NOTCH Signaling Rewires the Tumor Microenvironment of Colorectal Cancer to Drive
Poor-Prognosis Subtypes and Metastasis. Cancer Cell 2019, 36, 319-336.€7. [CrossRef]

O'Rourke, K.P,; Loizou, E.; Livshits, G.; Schatoff, E.M.; Baslan, T.; Manchado, E.; Simon, J.; Romesser, P.B.; Leach, B.; Han, T;
et al. Transplantation of engineered organoids enables rapid generation of metastatic mouse models of colorectal cancer. Nat.
Biotechnol. 2017, 35, 577-582. [CrossRef]

Accelerator Award, CRUK. Available online: https://www.cancerresearchuk.org/funding-for-researchers/accelerator-award/
scientific-remit (accessed on 5 July 2021).

Qiu, Q.; Lin, Y.; Ma, Y,; Li, X,; Liang, ].; Chen, Z; Liu, K,; Huang, Y.; Luo, H.; Huang, R.; et al. Exploring the Emerging Role of the
Gut Microbiota and Tumor Microenvironment in Cancer Immunotherapy. Front. Immunol. 2020, 11, 612202. [CrossRef]


http://doi.org/10.1200/JCO.2017.35.15_suppl.3003
http://doi.org/10.1016/j.ejca.2015.08.021
http://www.ncbi.nlm.nih.gov/pubmed/26645943
http://doi.org/10.2217/imt-2018-0200
http://doi.org/10.1093/annonc/mdy495
http://doi.org/10.1038/nrc3670
http://www.ncbi.nlm.nih.gov/pubmed/24457417
http://doi.org/10.1093/annonc/mdz134
http://www.ncbi.nlm.nih.gov/pubmed/31038663
http://doi.org/10.21037/jgo.2018.05.06
http://doi.org/10.1038/s41586-020-1943-3
http://doi.org/10.1111/cas.14113
http://doi.org/10.21873/anticanres.15080
http://www.ncbi.nlm.nih.gov/pubmed/34083289
http://doi.org/10.1038/s41591-019-0462-y
http://www.ncbi.nlm.nih.gov/pubmed/31160815
http://doi.org/10.1038/s43018-020-0087-6
http://www.ncbi.nlm.nih.gov/pubmed/33763651
http://doi.org/10.1038/nature25492
http://www.ncbi.nlm.nih.gov/pubmed/29443964
http://doi.org/10.1016/j.ccell.2019.08.003
http://doi.org/10.1038/nbt.3837
https://www.cancerresearchuk.org/funding-for-researchers/accelerator-award/scientific-remit
https://www.cancerresearchuk.org/funding-for-researchers/accelerator-award/scientific-remit
http://doi.org/10.3389/fimmu.2020.612202

	Introduction 
	Colorectal Cancer—Personalised Medicine for a Heterogeneous Disease 
	Classification by Mutational Status of CRC 
	Role of Immunotherapy in Serrated Adenocarcinoma of the Colon 
	Consensus Molecular Subtypes in CRC 
	Transcriptomic Profiling of Metastatic Colorectal Cancer 

	Colorectal Cancer and the Tumour Microenvironment—An Immunological Basis for Targeted Therapy 
	T-Cells 
	Natural Killer Cells 
	Dendritic Cells 
	Myeloid Cells 
	Neutrophils 
	Translating Immunopathology Understanding into Therapeutics 

	MMR Deficient—MSI-High Metastatic Colorectal Cancer 
	MSS Metastatic Colorectal Cancer 
	Combination Strategies in Metastatic Colorectal Cancer—Overcoming Resistance 
	Immunotherapy and MEK Inhibitors 
	Immunotherapy and CEA Inhibition 
	Immunotherapy and IDO Inhibitors 
	Immunotherapy and Radiotherapy 

	Preclinical Studies Investigating Promising Immunotherapy Strategies in Metastatic Colorectal Cancer 
	Genomic Biomarkers of Response to Immunotherapy 
	Strategies to Improve Outcomes 
	Conclusions 
	References

