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Abstract | Following initial successes in melanoma treatment, immunotherapy has rapidly
become established as a major treatment modality for multiple types of solid cancers,
including a subset of colorectal cancers (CRCs). Two programmed cell death 1 (PD1)-blocking
antibodies, pembrolizumab and nivolumab, have shown efficacy in patients with metastatic
CRC that is mismatch-repair-deficient and microsatellite instability-high (dIMMR-MSI-H),

and have been granted accelerated FDA approval. In contrast to most other treatments for
metastatic cancer, immunotherapy achieves long-term durable remission in a subset of
patients, highlighting the tremendous promise of immunotherapy in treating dMMR-MSI-H
metastatic CRC. Here, we review the clinical development of immune checkpoint inhibition

in CRC leading to regulatory approvals for the treatment of IMMR-MSI-H CRC. We focus on
new advances in expanding the efficacy of immunotherapy to early-stage CRC and CRC that
is mismatch-repair-proficient and has low microsatellite instability (pMMR-MSI-L) and discuss
emerging approaches for targeting the immune microenvironment, which might complement

immune checkpoint inhibition.

Colorectal cancer (CRC) is a major cause of cancer
death worldwide. In developed countries, early detec-
tion through screening has improved the 5-year survival
of patients with CRC, but ~25% of patients still present
with stage 4 disease, and a further 25-50% present with
early-stage disease but go on to develop metastatic dis-
ease'™". The prognosis for patients with metastatic CRC
(mCRC) remains poor, with a median 5-year survival
of only 12.5% in the USA” Thus, the development of
more effective treatments for patients with this disease
is an urgent unmet need. In the past decade, immuno-
therapy has elicited tremendous excitement owing to
its success in achieving long-term durable responses
in previously difficult-to-treat solid tumours, such
as melanoma and lung cancer. High tumour muta-
tion burden has emerged as a marker of responsive-
ness to immunotherapy in several tumour types™®. In
CRC, immune checkpoint therapy received regulatory
approval in 2017 for the treatment of heavily mutated
tumours that are mismatch-repair-deficient (IMMR)
or have high levels of microsatellite instability (MSI-H)
(termed dAMMR-MSI-H tumours). By contrast, current
immune checkpoint inhibitors (ICIs) are ineffective in
tumours that are mismatch-repair-proficient (pMMR)
and are microsatellite-stable (MSS) or have low levels
of microsatellite instability (MSI-L) (termed pMMR-
MSI-L tumours). In these tumours, low tumour mutation

burden and the lack of immune cell infiltration have been
posited as mechanisms of immune resistance”. In this
Review, we describe the rationale for using immuno-
therapy in select patients with mCRC, discuss available
clinical data supporting its use and highlight current clinical
approaches and future directions for expanding the
scope of immunotherapy in CRC.

Rationale for immunotherapy in CRC

In CRG, T cell infiltration into the tumour bed has long
been associated with favourable outcomes, suggest-
ing a possible role for immunoediting in controlling
tumour growth””'. The immune system distinguishes
self from non-self through the binding of T cell recep-
tors (TCR) on T cells to complexes of peptides with
major histocompatibility complex (MHC) class I mol-
ecules presented on the surface of all cells, including
tumour cells'"'>. Recognition of peptide-MHC class I
complexes by the TCR alone is insufficient for T cell
activation. TCR-MHC signalling pathways are modu-
lated by co-stimulatory or co-inhibitory signals, which
tumour cells exploit to escape destruction'*-"*. ICIs target
co-inhibitory receptors, such as cytotoxic T lymphocyte
antigen 4 (CTLA4) and programmed cell death 1 (PD1)
on T cells and other immune cell subpopulations, or
their ligands, such as programmed cell death 1 ligand 1
(PDL1) on tumour cells and various immune cells.
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Key points

e Colorectal cancer (CRC) can be categorized into tumours that are mismatch-
repair-deficient or have high levels of microsatellite instability (dAMMR-MSI-H;
~15%) and mismatch-repair-proficient or microsatellite instability-low tumours

(PMMR-MSI-L; ~85%).

* dMMR-MSI-H CRC is associated with a high tumour mutation burden and immune

cellinfiltration.

* Immune checkpoint inhibitor (ICI) treatment, specifically with monoclonal antibodies
targeting programmed cell death 1 (PD1) and cytotoxic T lymphocyte antigen 4
(CTLA4), results in improved survival in metastatic dIMMR-MSI-H CRC, but
pPMMR-MSI-L CRC is largely unresponsive to current ICls.

* The FDA has granted accelerated approval to the anti-PD1 antibodies pembrolizumab
and nivolumab and to the combination of nivolumab with the anti-CTLA4 antibody
ipilimumab for treatment of refractory dMMR-MSI-H CRC.

e Clinical evaluation of ICls in first-line metastatic, adjuvant and neoadjuvant settings
and in combination with other therapies and research into improved prognostic and
predictive biomarkers of ICl response and improved activity in pMMR-MSI-L CRC

are ongoing.

* Beyond PD1 blockade, monospecific and bispecific antibodies, cellular therapies,
vaccines and cytokines targeting other immune checkpoint molecules, macrophages
and other components of innate immunity are under active investigation.

Thus, ICIs prevent T cell dysfunction and apoptosis and
instead enhance T cell activation, potentiating cytotoxic
killing of tumour cells (FIC. 1).

ICIs were first shown to improve survival in meta-
static melanoma and subsequently in non-small-cell
lung cancer (NSCLC), leading to FDA approvals for
ipilimumab (targeting CTLA4) and pembrolizumab
and nivolumab (targeting PD1) for the treatment of these
solid tumours'*~*. Importantly, long-term follow-up data
showed that a subset of patients survived for 210 years
after ipilimumab treatment®. As the potential of immuno-
therapy to achieve long-term durable responses in
some advanced solid tumours was recognized, the need
for biomarkers that could distinguish tumours that did
or did not respond to immunotherapy became appar-
ent. In a study of the mutational landscapes of human
cancer, melanoma and NSCLC were the cancer types
with the highest prevalence of mutations®. The correla-
tion between mutation prevalence and immunotherapy
response suggested that tumour cells with high mutation
burdens generate and present more peptide neoantigens
on their MHC class I molecules; thus, these tumours are
more likely to be recognized as non-self, in turn priming
T cells for activation and cytotoxic killing®>*’.

dMMR-MSI-H and pMMR-MSI-L CRC

CRC can be categorized into two discrete groups on
the basis of mutation patterns: tumours that have a
dMMR-MSI-H signature and high overall mutation
burden (>12 mutations per 10° DNA bases) and tumours
that have a pMMR-MSI-L signature with a much lower
mutation burden (<8.24 mutations per 10° DNA bases)*.
Defective DNA mismatch repair (MMR) can be detected
either by the lack of immunohistochemical staining of
the MMR proteins MLH1, MSH2, MSH6 or PMS2 or
by PCR-identified alterations in the lengths of micro-
satellites between a patient’s tumour and a sample of
normal tissue or blood. In the past 5 years, computa-
tional analyses of tumour next-generation sequencing

were also shown to accurately detect microsatellite
instability (MSI) status (mSINGS*, MSIsensor’’' and
MOSAIC?). Assessment for AMMR-MSI-H was initially
used to identify patients in whom further germline test-
ing for Lynch syndrome was warranted*’. MSI-H is the
hallmark of tumours in patients with Lynch syndrome,
but the development of AMMR-MSI-H is a sporadic
event in ~70-85% of all patients with dAMMR-MSI-H
tumours owing to somatic defects in MMR gene func-
tion, most commonly hypermethylation of the MLH1
promoter. Importantly, dMMR-MSI-H tumours are
heavily infiltrated by immune cells, notably CD8*
tumour-infiltrating lymphocytes (TILs), T helper 1
(T,1) CD4" TILs and macrophages, and have a micro-
environment that is rich in type I interferons in compar-
ison with other CRCs”***** (BOX 1; FIG. 2). However, the
extent to which these two features overlap has not been
rigorously investigated, and clinical trials investigat-
ing ICIs in CRC have not specifically utilized TILs as a
predictive biomarker.

Approximately 15% of all CRCs are IMMR-MSI-H*.
Presence of AMMR-MSI-H disease is prognostic, as
stage 2 dMMR-MSI-H tumours have a lower risk
of recurrence than stage 2 pMMR-MSI-L tumours,
with a hazard ratio for overall survival associated with
MSI of 0.65 (95% CI 0.59-0.71) in pooled analysis*.
Accordingly, stage 4 IMMR-MSI-H tumours constitute
only ~2-4% of all mCRC:s. Patients with dAMMR-MSI-H
tumours that metastasize have a dismal prognosis®, but
expression of PD1, PDLI and CTLA4 is substantially
upregulated in their cancers”. These observations sug-
gested that dMMR-MSI-H CRCs might respond well to
immune checkpoint blockade.

Immunotherapy for dMMR-MSI-H CRC
Studies resulting in immune checkpoint inhibitor
approval. In initial studies published between 2010 and
2013, ICIs demonstrated very limited clinical activity
in nonselected CRC. An anti-CTLA4 immunoglobulin
G2 (IgG2) antibody, tremelimumab, was evaluated in
45 patients with treatment-refractory CRC and resulted
in a partial response in 1 individual, but the MMR sta-
tus of this patient was not known™. In a phase I study of
BMS-936559, an anti-PDL1 antibody, in refractory solid
tumours, no responses were observed”’. Nivolumab, an
anti-PD1 antibody, was evaluated in 19 patients, and
initially, no responses were reported*’; however, 1 of
the patients had a response at 21 months, and after re-
treatment, this patient achieved a complete response that
lasted =3 years**. This patient had dIMMR-MSI-H CRC.
On the basis of the knowledge of the immunogenic
microenvironment of MSI-H tumours and the observed
impressive tumour response, enthusiasm for immuno-
therapy in CRC grew, and several studies investigated
the therapeutic potential of PD1 inhibitors. A phase II
trial (NCT01876511) of the anti-PD1 antibody pem-
brolizumab was reported in 2015, in which three separate
cohorts of patients were treated: dIMMR-MSI-H CRCs,
pPMMR-MSI-L CRCs and dMMR-MSI-H non-CRCs’'.
Of the 10 patients with dAMMR-MSI-H CRC, 4 had a par-
tial response and 5 had stable disease at 20 weeks. At this
time point, the median progression-free survival (PFS)
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Fig. 1| Targets of currently FDA-approved immune checkpoint inhibitors.
Endogenous peptides are processed and presented on major histocompatibility
complex (MHC) class | molecules on the surface of all human cells, including cancer cells.
The peptide-MHC complex is recognized by T cell receptors (TCRs). The response of the
T cellis fine-tuned by a range of co-inhibitory or co-stimulatory signals. The ligands CD80
and CD86 of the B7 family of membrane-bound ligands can bind to the co-stimulatory
CD28 and, especially in activated T cells, to cytotoxic T lymphocyte antigen 4 (CTLA4).
Similarly, membrane-bound programmed cell death 1 ligand 1 (PDL1) and programmed
cell death 1 ligand 2 (PDL2) can engage programmed cell death 1 (PD1), leading to

T cell anergy and/or apoptosis. Monoclonal antibodies that bind to either the inhibitory
receptors on T cells or their cognate ligands on cancer cells antagonize inhibitory
signalling and enable T cell activation and cytotoxic tumour cellkilling. Currently, FDA-
approved immune checkpoint inhibitors target CTLA4 (ipilimumab), PD1 (pembrolizumab
and nivolumab) and PDL1 (atezolizumab and durvalumab). Pembrolizumab and
nivolumab, as well as the combination of nivolumab and ipilimumab, are currently
approved for colorectal cancer in the USA.

and overall survival were not yet reached in the dMMR-
MSI-H cohort but were 2.2 months and 5.0 months,
respectively, in the pMMR-MSI-L cohort (HR for dis-
ease progression or death 0.10 (P<0.001); HR for death
0.22 (P=0.05)). In updated results presented at the
2016 American Society of Clinical Oncology (ASCO)
Annual Meeting, the response rate was 50% (95% CI
31-69%), and the disease control rate was 89% in the
28 patients with dAMMR-MSI-H tumours. At 24 months,
PFES was 61%, and overall survival was 66%°>. None of
the 18 patients with pMMR-MSI-L CRC responded.
This study demonstrated the benefit of immune check-
point blockade in dMMR-MSI-H tumours. Analyses
demonstrated that the number of somatic mutations
significantly correlated with the chance of achieving a
response to therapy (P=0.02)%. Furthermore, results
from an expansion of this study published in 2017 across
12 tumour types demonstrated that pembrolizumab was
effective in dMMR tumours regardless of tissue of origin®.

In CheckMate 142 (NCT02060188), another PD1
inhibitor, nivolumab, was tested in 74 patients with
dMMR-MSI-H mCRC?. Study results were first pub-
lished in 2017. At a median follow-up duration of
12 months, 23 (31%) patients achieved an investigator-
assessed objective response, and in 51 (69%) patients,
disease control for 212 weeks was observed. The
median PFS was 14.3 months (95% CI 4.3 months
to not estimable), and the 12-month PFS was 50%
(95% CI 38-61%). The 12 month overall survival was
73% (95% CI 62-82%). Combination of nivolumab
with ipilimumab was also evaluated in this trial>*>.
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Of 30 patients enrolled, 9 patients (33%) achieved an
objective response, and 14 patients (52%) achieved stable
disease. Updated results of CheckMate 142 in the com-
plete cohort of 119 patients with a median follow-up dura-
tion of 13.4 months demonstrated an objective response
rate of 55% and tumour burden reduction from baseline
in 77% of patients®**°. At this time point, the median PFS
was not yet reached, and the 9-month and 12-month
PFS values were 76% (95% CI 67.0-82.7%) and 71%
(95% CI 61.4-78.7%), respectively. The median overall
survival was not reached, and the 9-month and 12-month
overall survival values were 87% (95% CI 80.0-92.2%)
and 85% (95% CI 77.0-90.2%), respectively. Treatment
with combined nivolumab and ipilimumab resulted in
an increased rate of drug-related immune-related adverse
events: 32% of patients experienced grade 34 treatment-
related adverse events compared with 20% of patients
treated with nivolumab alone™ (BOX 2). On the basis of
the compelling data in dIMMR-MSI-H CRCs, the FDA
granted accelerated approval to pembrolizumab in May
2017 and to nivolumab in July 2017 for the second-line
treatment of patients with dAMMR-MSI-H CRC. To date,
no drug or combination has been granted approval by the
European Medicines Agency (EMA), pending results of
phase III randomized controlled studies.

Current and future studies. Multiple studies are ongo-
ing to evaluate PD1 or PDLI inhibition in dAMMR-MSI-H
CRC with the potential of practice-changing results
(TABLE 1). Results of the phase II trial Checkmate 142
evaluating the efficacy and safety of combined nivolumab
and low-dose ipilimumab therapy in previously untreated
patients with stage 4 IMMR-MSI-H CRC were reported at
the 2018 European Society for Medical Oncology (ESMO)
Annual Meeting™. In 45 enrolled patients followed-up for
a median of 13.8 months, the objective response rate and
disease control rate were 60% and 84%, respectively; 7% of
patients had a complete response. PFS and overall survival
values at 12 months were 77% and 83%, respectively, and
the extent of treatment-related adverse events were accept-
able™. Keynote-177 is a phase III trial (NCT02563002)
evaluating first-line pembrolizumab in stage 4 dIMMR-
MSI-H CRC". As of May 2018, 308 patients were enrolled
to be randomly allocated to pembrolizumab or investi-
gator’s choice of first-line chemotherapy. The primary
end points are PFS and overall survival, and the second-
ary end point is overall response rate. A further study in
the first-line setting is underway (NCT02997228)%.
In this trial, 347 patients are planned to be randomly allo-
cated to the anti-PDL1 antibody atezolizumab, first-line
combination chemotherapy (comprising 5-fluorouracil,
leucovorin and oxaliplatin (FOLFOX) plus the vascular
endothelial growth factor antagonist bevacizumab) or
the combination of both treatments. The primary trial
end point is PFS, and secondary end points include
overall survival and objective response rate.

Immunotherapy for pMMR-MSI-L CRC

Unlike in patients with dMMR-MSI-H CRC, immuno-
therapy alone has not demonstrated a clinical benefit
in patients with pMMR-MSI-L CRC, who constitute
the vast majority of patients with mCRC. In the pivotal
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Box 1 | Innate immunity in cancer sensing and immunotherapy

In addition to T cells, innate immune cells, such as macrophages, dendritic cells and
natural killer cells, also infiltrate the microenvironment of mismatch-repair-deficient and
microsatellite instability-high (dIMMR-MSI-H) colorectal cancer (CRC) tumours**44,
Similar to tumour-infiltrating lymphocytes, a high proportion of tumour-associated
macrophages (TAMs) expresses programmed cell death 1 (PD1)**. In mice bearing CT26
dMMR-MSI-H CRC xenografts, PD1* TAMs displayed reduced tumour phagocytosis
compared with PD1~ macrophages, but treatment with checkpoint inhibitors targeting
PD1 or programmed cell death 1 ligand 1 (PDL1) increased phagocytosis and reduced
tumour growth'*. In a study in MC38 dMMR-MSI-H CRC tumour-bearing mice,

in vivo imaging showed that anti-PD1 antibodies were sequestered by TAMs in an Fcy
receptor-dependent manner'*. In turn, blockade of Fcy receptors inhibited anti-PD1
sequestration and improved the response rate. These observations highlight that
macrophages have important functions in modulating immunotherapy responses

and suggest opportunities for therapeutic intervention.

The endoplasmic reticulum protein stimulator of interferon genes (STING) is required
for type | interferon signalling following detection of cytosolic DNA of exogenous and
endogenous origin'*. In the presence of cytosolic DNA, the cytoplasmic nucleotidyl
transferase cGAS catalyses cyclic GMP-AMP (GAMP) formation, which binds and
activates STING'*. The STING pathway can be activated within antigen-presenting
cells in the tumour microenvironment, subsequently driving T cell priming against
tumour-associated antigens. In mice lacking STING, CD8* T cell priming against
tumours is defective, leading to an inability to reject immunogenic tumours'*.
Alteration in DNA damage responses through DNA-damaging chemotherapy or loss
of normal DNA repair capacity can further contribute to STING activation and
antitumour immunity'*. The STING pathway seems to be a major mechanism for innate
immune sensing of cancers and might provide a possibility to potentiate the effects
of cancer immunotherapy. Early-phase clinical trials employing human STING agonists
are currently underway in patients with advanced and/or metastatic solid tumours or
lymphomas to investigate this hypothesis (NCT02675439 (REF.*%), NCT03010176 (REF.'")
and NCT03172936 (REF.**)).

pembrolizumab study, no responses were observed in
patients with pMMR-MSI-L tumours®', consistent with the
lack of efficacy of immunotherapy in early studies with
nonselected patients, most of whom had pMMR-MSI-L
tumours. In the Check Mate 142 study, limited responses
were seen in pMMR-MSI-L tumours: 1 of 20 patients
responded to combination therapy with antibodies block-
ing PD1 and CTLA4 (REF*). The lack of recruitment of
immune cells to the tumour seems to be the fundamen-
tal obstacle to efficacy. Combination treatment of PD1
inhibitors and modulators of other immune checkpoint
molecules, such as CTLA4, might be beneficial in a small
subset of patients with pMMR-MSI-L tumours, but alter-
native approaches of immune modulation are required for
the majority of patients with this CRC subtype.

MEK and PDL1 inhibition. Preclinical data suggest sev-
eral opportunities for combination therapy. In addition
to direct pro-proliferative effects on tumour cells, acti-
vation of the RAS-MAPK pathway has been associated
with decreased T cell infiltration into tumours; conversely,
in preclinical models, inhibition of MEK, a downstream
effector of this pathway, induced IFNy-dependent HLA
and PDLI upregulation and synergized with PD1 inhibi-
tion to augment antitumour activity*>*. On the basis of
these data, a phase I study (NCT01988896) of the MEK
inhibitor cobimetinib and PDL1 inhibition with atezoli-
zumab was initiated®'. The study includes an expansion
cohort of patients with KRAS-mutant CRC, and of the
23 patients enrolled when preliminary data were reported
in 2016, 4 patients (17%) had a partial response. Three of

the four responders had confirmed pMMR-MSI-L CRC,
and the status of the other patient is unknown. Updated
results were presented in 2018, showing a tolerable safety
profile and partial responses in 7 of 84 patients enrolled
(8%; 3 pMMR-MSI-L, 1 MSI-L and 3 unknown status)
at a median follow-up duration of 14.3 months®. These
exciting data led to a phase III randomized trial of cobi-
metinib plus atezolizumab versus atezolizumab only or
regorafenib in patients with refractory pMMR-MSI-L
CRC (NCT02788279)%. However, in results reported
at the 2018 ESMO World Congress on Gastrointestinal
Cancer, the study failed to meet its primary end point:
atezolizumab and cobimetinib combination therapy
and atezolizumab monotherapy failed to demonstrate
statistically significant prolonged overall survival com-
pared with regorafenib®. Ongoing studies of combining
immunotherapy and targeted therapy in patients with
PMMR-MSI-L CRC include a phase II study of com-
bined cobimetinib, nivolumab and ipilimumab treat-
ment (NCT02060188)* and another phase Ib study of
cobimetinib, atezolizumab and bevacizumab combination
(NCT02876224). In addition, several trials are investi-
gating the combination of MEK inhibition with PD1
and chemotherapy (TABLE 2).

Bispecific antibody therapy. Bispecific antibodies are a
new class of engineered agents with the ability to bind to
two separate targets. CEA-TCB (also known as RG7802
or RO6958688) is a T cell bispecific antibody that simul-
taneously binds carcinoembryonic antigen (CEA) on
tumour cells and CD3 on T cells, thus crosslinking can-
cer cells and T cells and leading to T cell engagement
and activation independent of pre-existing immunity,
T cell infiltration and tumour inflammation. CEA-TCB
is being explored in two ongoing phase I studies: as a
monotherapy (NCT02324257)% and in combination
with atezolizumab (NCT02650713)%. Following the
data cut-off point in March 2017, encouraging clinical
activity was reported in patients with metastatic MSS
CRC treated with CEA-TCB monotherapy, which was
enhanced by combination with atezolizumab®. In the
combination therapy group, the response rate was 18%
(n=2), and stable disease was observed in 7 patients
(64%), for an overall disease control rate of 82%.
Overall, toxic effects were manageable. CEA-TCB is the
first T cell bispecific antibody to show efficacy in solid
tumours and in MSS CRC in particular. These studies

are ongoing®.

Chemotherapy and antiangiogenic combinations.
Preclinical data in lung cancer models demonstrated
sensitization of tumours to checkpoint blockade through
chemotherapy”. The immunomodulatory potential of
bevacizumab and antiangiogenic agents was observed
in a trial in patients with melanoma that combined ipili-
mumab with bevacizumab treatment”'. In this study,
the addition of bevacizumab increased CD8* T cell
infiltration into the tumour compared with ipilimumab
alone. Combinations of immune checkpoint blockade
with bevacizumab treatment are under investigation,
and preliminary results indicate activity. In prelimi-
nary data presented as an abstract from one trial of the
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combination of atezolizumab plus bevacizumab with or
without chemotherapy (NCT01633970), 14 patients with
refractory pMMR-MSI-L CRC were treated with atezoli-
zumab plus bevacizumab; 1 patient (7%) had an objec-
tive response, and 9 patients (64%) had stable disease’"”.
Subsequent correlative analysis showed that CD8* T cell
infiltration and PDL1 expression were increased in
tumours following chemotherapy administration with

a Haematoxylin and eosin PD1

{ ??.

dMMR-MSI-H

pMMR-MSI-L

REVIEWS

or without atezolizumab and bevacizumab”. Several
ongoing studies are investigating the combination of ICIs
with antiangiogenic agents and chemotherapy (TABLE 2).

Radiotherapy combinations. As radiation causes DNA
damage and probably generates an enlarged neoantigen
repertoire for T cell priming, the immunogenic poten-
tial of radiotherapy is an active area of investigation”.

PDL1
:? " %

B,-microglobulin

‘ dMMR-MSI-H e Mutant
e CRC cell peptide
o Wild-type
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CRC cell ° o IFNy
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Fig. 2 | The tumour microenvironment of dMMR-MSI-H and pMMR-MSI-L CRC. Colorectal cancers (CRCs) can

be grouped into subtypes by distinguishing those that are mismatch-repair-deficient (dMMR) and have high levels of
microsatellite instability (MSI-H) (termed dMMR-MSI-H) and those that are mismatch-repair-proficient (pMMR) and are
microsatellite-stable or have low levels of microsatellite instability (MSI-L) (pMMR-MSI-L tumours). a| dMMR-MSI-H CRC
shows prominent tumour-infiltrating lymphocytes that are programmed cell death 1 (PD1)*, accompanied by increased
levels of programmed cell death 1 ligand 1 (PDL1)* immune cells that are primarily present at the tumour-stroma interface.
This tumour also shows loss of B,-microglobulin expression. pPMMR-MSI-L CRC shows conventional morphology with

no appreciable tumour-infiltrating lymphocytes. PD1* lymphocytes in the stroma are rare, and no PDL1 labelling can be
seen. This tumour has retained 8,-microglobulin expression. Tissue sections are stained with haematoxylin and eosin.
Positive immunohistochemistry staining is shown in brown. b| dMMR-MSI-H and pMMR-MSI-L CRCs have distinct
tumour microenvironments. dMMR-MSI-H tumour cells are characterized by a high number of genomic mutations and,
consequently, present mutated peptides on their major histocompatibility complex (MHC) class I molecules. Complexes
of mutant peptides with MHC class | are recognized as foreign neoantigens, triggering immune cell priming and infiltration.
Tumour-associated macrophages are an important component of the tumour microenvironment, influencing tumour
growth and progression. dAMMR-MSI-H CRCs are characterized by high levels of CD8* T cellinfiltration, T helper 1 (T;1)
CD4* T cellinfiltration and IFNy secretion. To evade immune-mediated killing in this T cell-inflamed microenvironment,
tumour cells strongly upregulate T cell inhibitory ligands, such as CD80 and CD86 of the B7 family and PDL1, which bind
co-inhibitory receptors, such as cytotoxic T lymphocyte antigen 4 (CTLA4) and PD1. Immune checkpoint inhibitors (ICls)
exploit this pre-existing inflamed microenvironment by antagonizing T cell inhibitor signalling, exposing the tumour cells
to cytotoxic destruction. By contrast, pMMR-MSI-L tumours do not generate immunostimulatory neoantigens and are
characterized by T cell exclusion from the tumour. They express relatively low levels of immune-inhibitory ligands. These
features suggest reasons for the differential response of dMMR-MSI-H and pMMR-MSI-L CRCs to ICls and might be
suitable as predictive biomarkers for patient selection. TCR, T cell receptor.
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Interim results of a study investigating pembrolizumab
combined with either radiofrequency ablation or exter-
nal beam radiation (NCT02437071) in patients with
CRC were reported in 2016. Of 22 patients who received
external beam radiotherapy, 1 patient responded,
and no responses were observed in the ablation arm.
In patients with melanoma, tumour regression was
demonstrated for the combination of radiotherapy
with dual immune checkpoint blockade (anti-CTLA4
and PDL1)"". Dual immune checkpoint blockade of
CTLA4 and PDL1 in combination with radiotherapy or
radiofrequency ablation is currently under investigation
(NCT03122509)”” (TABLE 2).

Biomarkers of response to immunotherapy

Mutational load and neoantigens. Presence of AMMR-
MSI-H in colorectal tumours, as well as in other solid
tumours, is a clear biomarker for potential response to
immunotherapy, but identification of more precise and
reliable predictive biomarkers continues to be an unmet
clinical need. The relationship between mutational load
and response to immunotherapy was initially described
in melanoma for CTLA4-blocking antibody treatment
and subsequently in NSCLC, in which an increased non-
synonymous mutation (that is, mutations that alter the
peptide sequence) burden was associated with improved
response to the anti-PD1 antibody pembrolizumab®*’%”.
Mutational burden is certainly an important marker of

potential response, but high mutational burden alone
does not seem to be sufficient for driving immunother-
apy response. The nearly 20-times-higher mutation bur-
den in dMMR-MSI-H compared with pMMR-MSI-L
CRC:s results in the generation of neo-epitopes, which
are thought to trigger and be a target for host antitumour
immune responses via T cell infiltration and cytolytic
activity****. Somatic mutational load and neoantigen
density correlate with benefit from immune checkpoint
blockade in many malignancies, with data suggesting
that the high density of mutation-associated neoanti-
gens (MANAs) generated results in T cell diversity*.
Furthermore, immune responses might be driven by
specific generated MANAs. For example, high levels
of clonal neoantigens seem to be markers of response,
whereas subclonal neoantigens, usually resulting
from tumour heterogeneity, might predict resistance
to immunotherapy®-®.

Interestingly, a high mutational load might not
always be necessary to drive immunotherapy response.
Evaluation of the presence of tumour-infiltrating
CD3*CD8* lymphocytes, through assignment of an
immunoscore based on the density and the location of
subsets of T cells, was prognostic of clinical outcome
in patients with early-stage CRC, performing better
than MSI and MMR status”**. High immunoscores
were also reported in pMMR-MSI-L CRCs, raising the
question of whether immunophenotyping might enable

Box 2 | Inmune-related adverse events of checkpoint inhibitors

Immune checkpoint inhibitors (ICls) promote T cell activation by blocking negative regulators of T cell function'*. Because
these regulators help keep the immune response in balance, blockade can lead to an unchecked immune response causing
autoimmune-like adverse effects on normal organ systems, known as immune-related adverse events (irAEs). As ICls

have been used longest in patients with melanoma, adverse events have been studied most extensively in this patient

population. Cytotoxic T lymphocyte antigen 4 (CTLA4) inhibitors tend to have more reported irAEs than programmed cell
death 1 (PD1) and programmed cell death 1 ligand 1 (PDL1) inhibitors, but the combination of CTLA4 and PD1 inhibitors is
associated with many more irAEs than each therapy alone?'. The most common irAEs are dermatological, gastrointestinal,
hepatic and endocrine events, but ICls have also been reported to cause pulmonary, pancreatic, renal, cardiac, neurological,
haematological and rheumatological adverse effects. The development of irAEs has been associated with better response
to treatment and improved survival'****'. irAEs occur frequently and are usually manageable; however, they can be

severe and, rarely, fatal. Recognition and prompt treatment of these toxic effects are crucial. In the future, an increased
understanding of their underlying mechanisms will help guide prevention and management to help decrease irAEs caused
by these important cancer treatments.

Type of irAE Symptoms Incidence (%) Median Treatment by severity
PD1or PD1+CTLA4 ?v';:::(s) Grade Treatment Stop
PDL1 ICI?
Dermatological Rashand 15-20 40 3-6 1 Antihistamines and/or  No
pruritus topical corticosteroids
2 Topical corticosteroids  No
>3 Oral corticosteroids Yes
Gastrointestinal Diarrhoea 10-20 44 6-8 1 Conservative No
and/or colitis management
2 Budesonide Yes
>3 Corticosteroids Yes
Hepatic Abnormal <5 18 8-12 >3 Steroids Yes
enzyme levels
Endocrine Fatigue, nausea 10 NA NA NA Routine corticosteroids NA

and headache not recommended

NA, not available.
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Table 1| Ongoing trials in d(MMR-MSI-H CRC

Checkpoint
inhibitor

Atezolizumab

Pembrolizumab

Avelumab

Nivolumab +
ipilimumab

Atezolizumab

Trial type

* Phase lll
* Stage 3 CRC

* Phase lll
® First-line metastatic CRC

* Phase lll
* First-line metastatic CRC

¢ Phase |
* mCRC: refractory or >1 prior
therapy

¢ Phaselll
* mCRC: >1 prior therapy

 Phasell
¢ Refractory CRC

¢ Phase |
* Locally advanced or metastatic

Study treatment groups Trial identifier
Adjuvant atezolizumab + FOLFOX versus NCT02912559
FOLFOX alone

Atezolizumab versus atezolizumab + FOLFOX NCT02997228
+bevacizumab versus FOLFOX + bevacizumab

Pembrolizumab versus standard-of-care NCT02563002
chemotherapy

Pembrolizumab NCT02460198
Avelumab NCT03150706
Nivolumab +ipilimumab or daratumumab or NCT02060188
anti-LAG3 antibody

* Atezolizumab + bevacizumab NCT01633970

 Atezolizumab + bevacizumab + FOLFOX

solid tumours

* Atezolizumab +carboplatin + paclitaxel

* Atezolizumab + carboplatin + pemetrexed
* Atezolizumab + carboplatin + nab-paclitaxel
* Atezolizumab + nab-paclitaxel

Data partially from"*. Clinical trial details can be accessed at ClinicalTrials.gov database. CRC, colorectal cancer; dMMR-MSI-H,
mismatch-repair-deficient and microsatellite instability-high; FOLFOX, 5-fluorouracil, leucovorin and oxaliplatin; LAG3, lymphocyte

activation gene 3 protein; mCRC, metastatic colorectal cancer.

prediction of immunotherapy benefit. Hence, combin-
ing the immunogenic features of the tumour microenvi-
ronment with mutational burden might be more precise
in predicting immunotherapy response than either fea-
ture alone. Further validation of immunophenotyping
as a predictive biomarker of immunotherapy response,
specifically in metastatic disease, is needed for broad
clinical utility.

POLE proofreading domain mutations. In addition to
hypermutation of tumours caused by the d(MMR-MSI-H
pathway, large-scale genomic studies have revealed
that tumours with mutations in the POLE exonucle-
ase domain also result in a remarkably hypermutated
somatic profile, which is commonly referred to as an
ultramutated phenotype’**. POLE mutations in CRC
have been well described. Recurrent mutations such as
R286R, R286H, V411L and S459F are present in 1-2%
of CRC tumours, with rare occurrence in mCRC¥. In
contrast to dMMR-MSI-H tumours, the mutation
rate in POLE-mutated tumours often exceeds 100 per
10° DNA bases. In the majority of CRCs, these muta-
tions are somatic events; however, germline mutations in
the exonuclease domain of POLE, and to a lesser extent
in that of POLDI, can also occur and are characterized
by the presence of colonic polyposis, early-onset CRCs
and potential risk of other cancers”. POLE-mutated
tumours are usually MSS, as the MMR system remains
intact, although dAMMR-MSI-H tumours in the setting
of a POLE mutation, resulting from acquired somatic
mutations in MMR genes, have been described’>.
Similar to immunogenic dMMR-MSI-H tumours,
POLE-mutated CRCs also display increased CD8*
lymphocyte infiltration, expression of cytotoxic T cell
markers and effector cytokines and upregulation of

genes encoding immune checkpoints, such as PDI,
PDL1 and CTLA4 (REF). With respect to clinical
characteristics, patients with POLE-mutated CRCs gen-
erally have an excellent prognosis, and these tumours
are associated with early disease stage at presentation,
male sex, right-sided tumour location and younger age
at diagnosis™. Given the similarly enhanced immuno-
genicity of POLE-mutated CRCs to dMMR-MSI-H
CRGCs, the therapeutic potential of immune checkpoint
blockade in the subset of POLE-mutated CRCs is of
particular interest and deserves further investigation.
Clinical trials that include investigation of PD1 and
PDL1 inhibitors in other POLE-mutated malignancies
are currently ongoing (NCT02912572 (endometrial
cancer)”, NCT02899793 (endometrial cancer)® and
NCT02658279 (malignant glioma)®).

Other biomarkers for anti-PD1 therapy. Various other
biomarkers of response to anti-PD1 therapy are cur-
rently being explored. Perhaps the most widely investi-
gated marker is tumour PDL1 expression measured by
immunohistochemical staining. Interestingly, in some
tumour types, such as NSCLC, gastric cancer and gastro-
esophageal junction tumours, PDL1 expression might
be useful as a predictive marker of response to anti-PD1
therapy*>”, but in CRC, PDLI expression was not found
to be associated with response or survival in the registra-
tion studies®”*. Markers of resistance to PD1 blockade,
such as acquired mutations in JAKI, JAK2 and B2M,
have been discovered in patients with cancers such as
melanoma”’, but their role in patients with CRC is not
well defined. Truncating mutations in B2M, encoding
B,-microglobulin, lead to impaired MHC class I antigen
presentation and generation of immune escape variants
that fail to elicit a T cell response. Although clinical data
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Table 2 | Combination trials in pMMR-MSI-L CRC

Checkpoint inhibitor

Atezolizumab

Durvalumab

Durvalumab +
tremelimumab

Durvalumab

Nivolumab

Nivolumab *ipilimumab

Pembrolizumab

PDR001

Avelumab

Trial type

® Phase |
e mCRC

* Randomized phase Il
e Refractory CRC

* Phase lll
e mCRC

* Phaselll
¢ First-line metastatic CRC

* Phase I/Il
e Refractory CRC
* Phase |

e mCRC

* Phaselll
e mCRC

* Phaselll
e mCRC

* Phaselll
*mCRC

* Phaselll
*mCRC

® Phase I/l
* CRC and solid tumours

e Phase I/Il
* Locally advanced rectal cancer

* Phasell
e Refractory CRC

* Phasell
e Refractory CRC

e Phase I/Il
* Metastatic pretreated CRC

* Phaselll
e CRCarm

® Phase I/Il
* Metastatic pretreated CRC

* Phaselll

* RAS-wild-type CRC
* Phaselll

e Stage 1-3 CRC

¢ Phase |

* Metastatic pretreated CRC
* Phase Ib

*mCRC

* Phase I/Il
*mCRC

e Phase I/Il
e Refractory CRC and NSCLC

* Phase Ib/Il

* Metastatic pretreated CRC
* Phaselll

e Gl tumours and CRC arm

* Phaselll

*mCRC

* Phase |

e First-line metastatic CRC

* Phase |

* Metastatic pretreated CRC

Phase Il

Combination treatment (target)
Cobimetinib (MEK) and bevacizumab

(VEGFA)

Capecitabine and bevacizumab
(VEGFA)

Cobimetinib (MEK) and regorafenib

Cobimetinib (MEK)
Cediranib (VEGFR and KIT)
Radiation

Radiation or ablation
Radiation

Trametinib (MEK)
Azacitidine (DNMT)
Epacadostat (IDO1)
Chemoradiation
TAS-102

» Cobimetinib (MEK)

® Daratumumab (CD38)
Binimetinib (MEK)
Radiation

Trametinib (MEK)
Panitumumab (EGFR)
Celecoxib (COX2)

Oral azacitidine (DNMT) and

romidepsin (HDAC1 and/or HDAC2)

* Binimetinib (MEK)
* + FOLFOX or FOLFIRI

Nintedanib (VEGFR, PDGFR and FGFR)

Azacitidine (DNMT) and epacadostat

(IDO1)
Cetuximab (EGFR)

Tumour-infiltrating lymphocytes, IL-2,

cytoxan and fludarabine

Binimetinib (MEK), FOLFOX and
FOLFIRI

FOLFOX and bevacizumab (VEGFA)

Regorafenib (multikinase)

eFT508 (MNK)

Trial identifier
NCT02876224

NCT02873195

NCT02788279

NCT02291289

NCT02484404

NCT02888743

NCT03122509

NCT03007407

NCT03428126

NCT02811497

NCT02327078

NCT02948348

NCT0280546

NCT02060188

NCT03271047

NCT03104439

NCT03377361

NCT03442569

NCT03026140

NCT02512172

NCT03374254

NCT02856425

NCT02959437

NCT02713373

NCT01174121

NCT03374254

NCT03176264

NCT03081494

NCT03258398

Data partially from™. Clinical trial details can be accessed at ClinicalTrials.gov database. CRC, colorectal cancer; DNMT, DNA
methyltransferase; FOLFIRI, 5-fluorouracil, leucovorin and irinotecan; FOLFOX, 5-fluorouracil, leucovorin and oxaliplatin; Gl,
gastrointestinal; IDO1, indoleamine 2,3-dioxygenase 1; mCRC, metastatic CRC; NSCLC, non-small-cell lung cancer; pMMR-MSI-L,
mismatch-repair-proficient and microsatellite instability low.
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suggest that patients with B2M-mutant dIMMR-MSI-H
CRCs have a favourable prognosis'®, interestingly,
acquired B2M mutations were observed in tumours that
developed resistance to pembrolizumab®. Mutations
that inactivate JAK1 or JAK2 lead to both acquired as
well as primary resistance to anti-PD1 therapy in mela-
noma’”'"!, but their role in anti-PD1 response in CRC
remains to be fully elucidated. Further, the aetiology of
dMMR-MSI-H disease (germline versus somatic event)
does not seem to be a predictive marker, as tumours
arising in patients with Lynch syndrome have similar
responses to anti-PD1 therapy as sporadic dMMR-
MSI-H tumours®. Various groups have developed gene
expression signatures associated with intratumoural
cytotoxic T cell infiltration, but these signatures have
not been explored as predictive biomarkers in the
context of ICI clinical trials in CRC'*>'*,

Adjuvant and neoadjuvant therapy
Only ~4% of patients with mCRC have dMMR-MSI-H
tumours, but this phenotype is present in 12% of patients
with stage 3 CRCs, in whom adjuvant chemotherapy
(fluorouracil plus oxaliplatin) is routinely adminis-
tered. In an effort to determine the potential efficacy of
immunotherapy in the adjuvant treatment of early-stage
CRC, arandomized phase III trial is evaluating the com-
bination of chemotherapy and atezolizumab compared
with chemotherapy only in 700 patients with stage 3
dMMR-MSI-H colon cancer (NCT02912559)'%41%, In
the experimental arm, patients receive FOLFOX plus
atezolizumab for 6 months followed by atezolizumab
monotherapy for 6 months. The primary trial end
point is disease-free survival, and overall survival and
incidence of adverse events are the secondary end points.
Exciting preliminary results from an ongoing single-
arm study of short-term combination nivolumab and
ipilimumab in patients with resectable, early-stage CRC
were presented at the 2018 ESMO meeting'®. The pri-
mary end points of this study are safety and feasibil-
ity, and the secondary end points include pathological
response. All patients underwent surgery a maximum of
6 weeks after informed consent. All of the seven patients
with dAMMR-MSI-H tumours achieved a major patho-
logical response, and four of these (57%) had complete
responses. In the eight patients with pMMR-MSI-L
tumours, no major pathological responses were noted,
but significant increases in T cell infiltration were seen
after treatment in both dAMMR-MSI-H (P=0.0009)
and pMMR-MSI-L (P=0.018) tumours. If these results
are corroborated in expanded cohorts with long-term
follow-up, they raise the intriguing question whether
surgical resection, which has long been the mainstay
of curative-intent treatment for early-stage CRC, might
be safely avoided in a select subgroup of patients with
dMMR-MSI-H CRC.

Primary prevention

In addition to opportunities in the treatment of exist-
ing tumours, the advent of immunotherapy also pro-
vides the possibility of precision prevention oncology
for individuals with germline mutations in MMR
genes, diagnostic of Lynch syndrome. Patients with
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Lynch syndrome have an increased lifetime risk of
several malignancies, for example, CRC and endome-
trial, ovarian, gastric, pancreatic and ureteral cancer'”.
Cancer screening or risk-reducing surgical interven-
tions, such as colonoscopy or prophylactic hysterectomy
and oophorectomy, are part of the management consid-
erations for these individuals'®, but immune-response-
based prevention is also being explored for risk
reduction. The applicability of ICIs, including anti-PD1
or anti-PDLI agents, for cancer prevention is currently
limited by drug toxicity; however, other immunologi-
cal intervention strategies including vaccines are being
explored. Defective MMR results in the accumula-
tion of frameshift mutations at microsatellite tracts,
with the generation of frameshift-mutation-derived
peptides (FSPs) when the mutation is in the coding
regions of the genome'”. Compared with neoantigens
resulting from single-nucleotide alterations, FSP-based
neoantigens can encompass long antigenic amino acid
stretches that contain multiple immunologically rele-
vant neoepitopes and can be highly immunogenic''*'"".
Given that microsatellite tracts occur at specific loci,
FSPs have predictable sequences, providing an oppor-
tunity for targeted vaccine development strategies. For
example, vaccination with three commonly mutated
FSP antigens was tested in a phase I/IIa trial in patients
with stage 3 or 4 dIMMR-MSI-H CRC following com-
pletion of standard chemotherapy''. In 22 enrolled
patients, FSP-specific immune responses were induced
in all vaccinated patients, with 1 heavily pretreated
patient with bulky metastases demonstrating stable dis-
ease for 7 months. Although these are early data, FSP
vaccination is a promising approach for improving the
prognosis of patients with AMMR-MSI-H cancers in
the adjuvant setting or potentially for cancer preven-
tion in individuals with Lynch mutations but without
a cancer diagnosis.

Beyond PD1 blockade

T cell checkpoint modulation. PD1 blockade is cur-
rently the only FDA-approved immunotherapeutic
strategy for CRC, but PD1-PDL1 interaction is only
one of several immune checkpoint interactions that
regulate T cell activation in the tumour microenvi-
ronment (FIG. 2). On the basis of promising preclinical
data'"*-"'%, molecules that block other T cell checkpoint
inhibitors (for example, T cell immunoglobulin mucin
receptor 3 (TIM3; also known as HAVCR2), lym-
phocyte activation gene 3 protein (LAG3) and T cell
immunoreceptor with Ig and ITIM domains (TIGIT))
are in clinical trials for various advanced malignancies,
including CRC'"” (TABLE 3). Complementing immune
checkpoint blockade, molecules that promote T cell
differentiation, survival and proliferation are being
studied either as single agents or in combination
with checkpoint blockade (FIC. 3; TABLE 3). Several
of these molecules are antibody agonists of the co-
stimulatory group of the TNF receptor superfamily (for
example, CD27, OX40 (also known as CD134), 4-1BB
(also known as CD137), glucocorticoid-induced TNF
receptor-related gene (GITR; also known as CD357)
and CD40)"#-1%0.
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Table 3 | Next-generation immune checkpoint modulator studies in CRC

Drug
Antagonists of T cell inhibition
TSR022 +anti-PD1 antibody

LY3321367 £LY3300054
MBG453 +PDR001
Relatlimab + nivolumab
TSR033 +anti-PD1 antibody
IMP321

REGN3767 +REGN2810

MGDO013

OMP313M32
MTIG7192A £ atezolizumab
Agonists of T cell activation
TRX518

GWN323+PDR001
MEDI1873

OMP336B11

INCAGNO01876 + nivolumab or
ipilimumab

Anti-OX40 + tetanus vaccine + keyhole

limpet antigen
MEDI6469

MOXR0916 + atezolizumab

MEDI6383+MEDI14736

MEDI0562 + durvalumab or
tremelimumab

GSK3174998 + Pembrolizumab

INCAGN01949 + nivolumab and/or
ipilimumab

PF05082566 + MK-3457

PF04518600+PF05082566

Target

*TIM3
*PD1

*TIM3
*PDL1

*TIM3
*PD1

*LAG3
*PD1

*LAG3
*PD1

LAG3

*LAG3
*PD1

*LAG3 and PD1
* Bispecific antibody

TIGIT

TIGIT

GITR

*GITR
*PD1

GITR

GITR

* GITR
*PD1
* CTLA4

OX40
OX40

* OX40
*PDL1

* OX40
*PDL1

* OX40
PDL1
* CTLA4

OX40

* OX40
«PD1
* CTLA4

* 4-1BB
*PD1

* OX40
* 4-1BB

Trial type

® Phase |
* Advanced solid tumours

* Phase |
* Advanced solid tumours

* Phase I/Il
* Advanced solid tumours

* Phase I/Il
* Advanced solid tumours

* Phase |
* Advanced solid tumours

* Phase |
* Advanced solid tumours

* Phase |
* Advanced solid tumours

e Phase |l
* Advanced solid tumours
* Haematologic neoplasms

¢ Phase |
* Advanced solid tumours

* Phase |
* Advanced solid tumours

° Phase |
e Unresectable stage 3—4 solid
tumours

* Phase |
* Advanced solid tumours

¢ Phase |
* Advanced solid tumours

* Phase |l
* Locally advanced or metastatic
solid tumours

® Phase I/Il
* Advanced solid tumours

* Phase |
* Advanced cancer

* Phase |
* Metastatic colorectal cancer

* Phase Ib
¢ Locally advanced or metastatic
solid tumours

* Phase |
* Recurrent and/or metastatic solid
tumours

® Phase |
* Advanced solid tumours

¢ Phase |
* Advanced solid tumours

* Phase |
* Advanced solid tumours

® Phase |
* Advanced solid tumours

* Phase |
* Neoplasms

Trial identifier

NCT02817633
NCT03099109
NCT02608268
*NCT01968109
* NCT02966548
NCT03250832
*NCT03252936
* NCT02676869

NCT03005782

NCT03219268

NCT03119428

NCT02794571

NCT01239134

NCT02740270

NCT02583165

NCT03295942

* NCT02697591
*NCT03126110

NCT01644968

NCT02559024

NCT02410512

NCT02221960

*NCT02318394
* NCT02705482

NCT02528357

* NCT02923349
*NCT03241173

NCT02179918

NCT02315066
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Table 3 (cont.) | Next-generation immune checkpoint modulator studies in CRC

Drug Target
Agonists of T cell activation (cont.)
Avelumab +PF04518600 or *PDL1
PD-0360324 * OX40
or utomilumab * M-CSF
* 4-1BB
JTX2011 +nivolumab *|COS
*PD1
GSK3359609 + pembrolizumab *|COS
*PD1
SEA-CD40+ pembrolizumab * CD40
*PD1
APX005M + nivolumab * CD40
*PD1
ChilLob 7/4 CD40
ADC1013 CD40
CDX1140 CD40
JNJ64457107 CD40
RO7009789 + atezolizumab CD40
CP870,893 CD40
Varlilumab + nivolumab *CD27
* PD1
ARGX110 CD70

Trial type Trial identifier
* Phase ll NCT02554812
¢ Advanced malignancies

* Phase | NCT02904226
* Advanced solid tumours

* Phase I/Il NCT02723955
¢ Advanced solid tumours

¢ Phase | NCT02376699
* Advanced solid tumours

e Phase I/Il * NCT02482168
* Advanced solid tumours * NCT03123783
* Phase | NCT01561911
* Advanced cancer

¢ Phase | NCT02379741
* Advanced solid tumours

* Phase | NCT03329950
* Advanced solid tumours

¢ Phase | NCT02829099
* Advanced solid tumours

® Phase | NCT02304393
* Advanced solid tumours

* Phase | NCT02225002
* Advanced solid tumours

* Phase I/Il NCT02335918
* Advanced solid tumours

* Phase I/l NCT01813539

* Advanced solid tumours

Clinical trial details can be accessed at ClinicalTrials.gov database. CRC, colorectal cancer; CTLA4, cytotoxic T lymphocyte antigen
4; GITR, glucocorticoid-induced TNF receptor-related gene; ICOS, inducible T cell co-stimulator; LAG3, lymphocyte activation
gene 3 protein; PD1, programmed cell death 1; PDL1, programmed cell death 1 ligand 1; TIGIT, T cellimmunoreceptor with Ig and

ITIM domains; TIM3, T cell immunoglobulin mucin receptor 3.

Cellular inmunotherapy. Adoptive cell therapy (ACT)
is an exciting emerging modality for treating CRC. ACT
involves the collection of T cells from tumours, lymph
nodes or peripheral blood of patients, in vitro expansion
and transfer of tumour-destroying T cells into patients'”'.
In vitro, tumour-targeting T cells can be selected for
binding to tumour antigens or engineered to express
chimeric antigen receptors (CARs) that improve T cell
recognition of tumour proteins other than MHC class I'*
T cells can also be engineered to secrete cytokines or
express immunostimulatory ligands that further poten-
tiate their efficacy (termed armoured CAR T cells)'*,
for example, IL-12, IL-7 receptor and lipid nanoparticles
containing IL-15 (REF.'*).

Several groups have investigated CEA, which is
overexpressed in many CRCs, as a target for ACT'»'%7.
In a small study, CAR T cells targeting CEA were
administered to three patients with mCRC'*. One
of the patients had an objective response in lung and
liver metastases, and serum CEA levels declined in all
three patients. However, all three patients developed
severe colitis as a dose-limiting toxic effect. In another
study, 7 of 10 patients with heavily treated mCRC had
stable disease 4 weeks after CAR T cell infusion, and
2 patients experienced tumour shrinkage'”’. At 30 weeks,

2 patients continued to have stable disease. In this study,
treatment was well tolerated, with no reports of colitis.

In an intriguing advance, researchers in one study
collected TILs from a patient with lung metastases from
KRASS?P-mutant CRC and selected clonal T cell cul-
tures with the highest specific CD8" T cell reactivity to
KRASS" for adoptive transfer into the patient'*. All
seven lung metastases regressed, and the patient had
a partial response according to Response Evaluation
Criteria in Solid Tumours (RECIST) at 9 months, when
1 lesion progressed. This lesion was resected, and the
patient was clinically disease free for 3 months follow-
ing resection. This early success suggests an exciting
new strategy for therapeutically targeting mutant trans-
cription factors that drive CRC growth, which has been
difficult to achieve to date.

To date, CAR T cell therapy has been successfully used
in the treatment of B cell malignancies, in which treat-
ment with CAR T cells targeting the B cell antigen CD19
resulted in complete responses and has gained approval
from the FDA and the EMA Committee for Medicinal
Products for Human Use'*”'*". However, the applicability
of CAR T cell therapy to solid tumours, such as CRC,
remains to be proved. Concerns regarding the limited
extent of infiltration of adoptively transferred T cells into
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the dense microenvironment of solid tumours and poten-
tial safety concerns related to systemic cytokine release
syndrome and on-target-off-tumour effects against
normal epithelial cells remain to be resolved'*"'*>. In the

Tcell Tumour cell or antigen-presenting cell

e
Atezolizumab
Durvalumab
Avelumab

L LY3300054

CTIA4 @@= (D30 or CD86

Pembrolizumab b
Nivolumab
PDROOl

PD1 G @mm—— pD| |

Iplllmumab
Tremehmumab

Relatlimab
TSR033

N /—\ f—\.

—————— LAG3 @@ms={@mms= MHC class | or MHC class Il

IMP321
REGN3767
MGDO013
‘ LY3321367 TIM3 Galectin 9
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( MTIG7192A

L OMP313M32 Ji TIGIT ﬂ_' CD155
-

B
MEDI6469 | Epacadostat
MEDI6383 P IDO | NLG802
MEDI0562 HTI1090
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Fig. 3 | Targets of selectimmunomodulatory drugs in clinical trials for metastatic
CRC. Many drugs that modulate immune checkpoints are currently in clinic trials in
patients with colorectal cancer (CRC) (TABLE 3). These agents act as antagonists of T cell
inhibitory signals or agonists of T cell activating signals by targeting ligands expressed
on the surface of tumour cells or antigen-presenting cells, receptors on the surface of

T cells or metabolites and cytokines that serve as paracrine signalling molecules.

4-1BBL, 4-1BB ligand; CD40L, CD40 ligand; CTLA4, cytotoxic T lymphocyte antigen 4;
ICOS, inducible T cell co-stimulator; ICOSL, inducible T cell co-stimulator ligand; IDO,
indoleamine 2,3-dioxygenase; GITR, glucocorticoid-induced TNF receptor-related gene;
GITRL, glucocorticoid-induced TNF receptor-related gene ligand; LAG3, lymphocyte
activation gene 3 protein; MHC, major histocompatibility complex; OX40L, OX40 ligand;
PD1, programmed cell death 1; PDL1, programmed cell death 1 ligand 1; TIGIT, T cell
immunoreceptor with Ig and ITIM domains; TIM3, T cellimmunoglobulin mucin receptor 3.

real-world clinical setting, the feasibility and affordability
of highly individualized, technically sophisticated cell
manipulation approaches also present a challenge.

Other approaches. Vaccines and immunostimula-
tory cytokines were first investigated as potential CRC
immunotherapeutics >30 years ago but have not changed
clinical practice to date'*>'*. The efficacy of PD1 block-
ade in dAMMR-MSI-H CRC has provided definitive
evidence of the clinical utility of immunotherapy and,
hence, has renewed interest in these approaches, both
as single agents and in combination with PD1 inhibi-
tion. Several trials are ongoing that investigate oncolytic
bacteria or viruses or peptide, tumour, virus or dendritic
cell antigens in combination with various adjuvants
with the goal of improving tumour immunogenicity
in the adjuvant and metastatic settings in CRC and
other solid tumours. As crucial drivers of inflammation
conducive to tumour progression, tumour-associated
macrophages are attractive targets to complement cur-
rent PD1-targeted and PDL1-targeted ICIs'*. A key
target is colony-stimulating factor 1 receptor (CSF1R),
which is expressed on mononuclear phagocytes and
dimerizes upon binding to colony-stimulating factor 1
(CSF1) or IL-34, activating macrophage proliferation
and function"**'¥. CSF1R-specific inhibitors and other
macrophage modulators are currently being inves-
tigated in clinical trials for solid tumours including
mCRC'%, either as single agents or in combination with
chemotherapy or ICIs (for example, NCT02777710)"%.

Conclusions

Owing to their high mutation burden, dMMR-MSI-H
CRC:s present peptide neoantigens on MHC class I mole-
cules and, therefore, prime T cells to recognize them as for-
eign. Building on initial successes in other heavily mutated
tumour types such as melanoma, monoclonal antibodies
that block immune checkpoints prevent T cell anergy, pro-
mote cytotoxic CD8" T cell destruction of tumours and
can induce long-term durable responses in some patients
with an increasing range of malignancies. This strategy
has proved remarkably successful in the small subset of
patients with mCRC whose tumours are characterized by
a dMMR-MSI-H phenotype, resulting in FDA approval
in 2017 of two checkpoint inhibitors: pembrolizumab
and nivolumab for the treatment of dMMR-MSI-H
mCRC. Indeed, pembrolizumab is now FDA-approved
for the treatment of all AIMMR-MSI-H metastatic solid
tumours, becoming the first biomarker-based, tumour
type-agnostic treatment for cancer®.

The success of PD1 inhibitors in achieving durable
responses in some patients with dAMMR-MSI-H CRC
heralds the dawn of a new era in the treatment of patients
with a subtype of mCRC. However, not all patients with
dMMR-MSI-H respond to current ICIs. Further insight
into the mechanisms of immunotherapy resistance is
needed, and biomarkers that predict therapy response
in patients with dAMMR-MSI-H CRC are required.
Beyond dMMR-MSI-H CRC, the critical challenge is
to develop strategies for targeting pMMR-MSI-L CRCs,
which constitute the vast majority of mCRC cases and
for which current immunotherapy approaches have been
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