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Biological heterogeneity and low inherent immunogenicity are two features that greatly impact therapeutic
management and outcome in colorectal cancer. Despite high local control rates, systemic tumor dissemination
remains the main cause of treatment failure and stresses the need for new developments in combined-modality
approaches. In this context, cytotoxic agents such as radiation and certain chemotherapeutics can be utilized to
enhance the immunogenicity of an otherwise immunologically silent disease and enable responsiveness to immune
therapy.

Here, we explore the immunological characteristics of colorectal cancer, the effects that standard-of-care
treatments have on the immune system, and the opportunities arising from combining immune checkpoint-blocking

therapy with immune-modulating conventional treatments.
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| 1. Introduction

Colorectal cancer (CRC) is the third-most commonly diagnosed cancer worldwide with 1.4 million new cases
annually [, contributing to the fourth-most common cancer-related deaths [2. Age is considered to be the strongest
risk factor with the majority of cases being diagnosed in those aged over 50, and with a significant rise in incidence
from the age of 60. CRC is more prevalent in developed, Western countries where the average lifetime risk of 3—

5% rises significantly in individuals with a family history of CRC 2,

Even though the majority of CRC cases are of a sporadic nature, a subgroup of patients presents with hereditary
forms of CRC, such as the common manifestation of Lynch syndrome or the rare familial adenomatous polyposis.
In individuals with the former, inherited mutations or epigenetic inactivations of DNA mismatch-repair (MMR) genes
result in a deficient MMR (dMMR) function. For those developing CRC, MMR deficiency usually causes a high
tumor mutational burden or microsatellite-instable (MSI) status [El. Apart from Lynch syndrome, sporadic cases of
early-stage dMMR tumors contribute to a total population of approximately 15% of CRC cases and are associated

with better long-term outcomes than those with proficient MMR (pMMR) function !,

A quarter of all CRC patients present with metastatic disease at the time of diagnosis, whereas approximately half
of the total patient population will eventually have developed metastases. The most frequently affected distant

organ is the liver, followed by the lungs and peritoneum . The prevailing theory of metastatic progression in
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cancer is the classic seed-and-soil concept, and CRC liver metastasis (CLM) is perfectly explained by this theory
as the mesenteric venous drainage filters directly to the liver. Regarding primary tumors of the lower rectum, the

inferior rectal vein communicates to the inferior vena cava, making these tumors more prone to metastasize to the
lungs B,

Generally, no curative treatment exists for multi-organ metastasis. In the past two decades, a number of new
systemic therapies of cytotoxic and biologically targeted agents have been taken into routine use for advanced
CRC, extending patients’ lives and most importantly, alleviating their symptoms. Nevertheless, unresectable
metastases, particularly in abdominal cavity organs, remain the cause of severe morbidity and poor survival [&l,
New insights into the underlying biology of systemic tumor dissemination may guide the next milestone in CRC

management, the control of metastatic progression.

Within this frame of reference, the potential of using the immune system to fight progressing cancer has opened
paradigm-changing therapeutic avenues. Tumor-defeating immunity involves both tumor-antigen recognition and
the action of cytotoxic T-lymphocytes. However, as the tumor is also “self’, protective mechanisms against auto-
immunity impede immune surveillance. This counterbalance between the cancer and the immune system creates a
state of equilibrium, or immune tolerance, which can be edited therapeutically. Therefore, immune therapies are
aimed at overcoming tumor-induced immune-suppressive mechanisms and invoking antitumor immune responses.
So far, this concept has proven successful in the treatment of a limited number of immunogenic tumors, but for less
immunogenic cancers such as the majority of CRC cases, additional stimulation is required to breach the immune

tolerance and for patients to achieve beneficial and durable treatment responses.

| 2. The Tumor Microenvironment (TME)
2.1. The Hypoxic TME and Its Immune Attributes

Hypoxia (low tumor oxygenation), a major TME (tumor microenvironment) hallmark, continuously selects for tumor
cell clones with aggressive phenotypes and stimulates epithelial-to-mesenchymal transition, a process during
which tumor cells lose the ability to adhere to each other in favor of increased migration within the extracellular
matrix &I, Hypoxic conditions promote resistance to cytotoxic therapies and contribute to metastatic progression 2
(L2 Fyrthermore, inflammation in the hypoxic TME provokes immune tolerance via tumor- and T-cell expression
of immune checkpoint proteins 28Il14] For example, increased expression of programmed death receptor 1 (PD-1)
ligand, PD-L1, in tumor cells renders them more effective in binding to PD-1 on cytotoxic T-cells, thereby silencing
T-cell activity. On the other hand, immune checkpoint-blocking antibodies such as anti-PD-1 and anti-PD-L1
agents, approved for treatment of immunogenic tumors such as melanoma, classic Hodgkin lymphoma, and
others, act by unleashing the cytotoxic T-cell activity because they deblock the inhibitory binding of the PD-L1 on
tumor cells to the PD-1 immune checkpoint T-cell receptors. Thus, this phenomenon is commonly referred to as

immune checkpoint blockade (ICB).
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Studies have demonstrated major responses and long-term survival to ICB in early-stage, locally advanced, and
metastatic IMMR CRC, characterized by high tumor mutational burden and positive MSI status and therefore high
densities of tumor-associated antigens LI26IL7I8I1 Additionally, strong ICB responsiveness has been observed
in advanced CRC with a rare gene locus copy-number gain that causes enhanced PD-L1-mediated immune
checkpoint activity 29, However, unlike the case for melanoma and non-small-cell lung cancer, tumor-cell
expression of PD-L1 has not shown utility as a predictive biomarker for ICB response in CRC [21122](23] Because
the efficient activation of tumor-defeating T-cells requires their neo-antigen priming by antigen-presenting dendritic
cells, the dominant population of CRC patients with pMMR disease and low tumor mutational burden is inherently
non-immunogenic 24123 |n theory, either the eradication of TME hypoxia or the enhanced release of tumor-
associated antigens may breach the immune tolerance, a notion supported by recent findings 28/ where CRC
patients with poor prognosis in any disease stage had tumors that were concurrently hypoxic and sparse in stromal

T-cells and displayed an epithelial-to-mesenchymal transition molecular signature 27,

2.2. Molecular CRC Subtypes

The heterogeneous nature of CRC at the molecular and clinical level has warranted a more comprehensive
method of classification that combines molecular signatures of tumor cells with TME features (immune cells and
other stromal components) 24, The consensus molecular subtype (CMS) classification, which is the one most
commonly used, is based upon data from six different classification systems and categorizes CRC primary tumors
into four different subtypes (CMS1-4) with varying degrees of mutations, immune-cell infiltration, metabolic
activations, and other TME changes [28. For example, CMS1, also referred to as the Immune Subtype, applies to
14% of cases and includes hypermutated tumors with a high degree of immune-cell infiltration and strong immune
activation. CMS4, also referred to as the Mesenchymal Subtype, is characterized by upregulation of genes
involved in the epithelial-to-mesenchymal transition, angiogenesis, and matrix remodeling. The CMS classification

has been validated in preclinical models and holds promise with respect to clinical utility [22123],

2.3. The CRC Immunoscore

It has been over a decade since Galon and colleagues elegantly demonstrated that the tumor’s immune—cell
contexture, as assessed in large cohorts of CRC patients with early-stage disease, was better at predicting patient
survival than well-established histopathological methods [22. This contexture, which describes the type, density,
and location of adaptive immune cells in the TME, varies greatly between individual patients Y. Specifically
investigated in localized CRC, both tumor infiltration of cytotoxic T-cells and molecular T-cell signatures were
correlated with the absence of histological signs of invasiveness and good clinical outcome B, This work was
further expanded to show that the Immunoscore, a quantification of cytotoxic T-cells in the tumor core and invasive
margin, exceeded the capability of positive MSI status and was independent at predicting disease-free survival in
patients undergoing primary tumor resection 2231 Finally, an international consortium consisting of 14 centers in
13 countries assessed samples from more than 2600 patients with localized colon cancer by standardized
protocols for immunohistochemistry and digital image analysis, and validated that the Immunoscore was

independent of factors such as age, sex, TN-stage, and MSI status at predicting disease-free survival B4, The
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prognostic power of the Immunoscore was recently confirmed within a prospective adjuvant chemotherapy study
331 Furthermore, it has been approved as an in vitro diagnostic device in clinical practice but at present without

reimbursement by the public health services [2€l.

However, it has been argued that the Immunoscore fails to include other immune-cell populations hosted by the
TME such as macrophages, dendritic cells, and natural killer cells, all of which may also be important for predicting
prognosis BZ. These cell types have been studied extensively in predominantly early-stage CRC, where high
infiltration within the tumor, and peripherally in the case of dendritic cells, is associated with favorable prognosis 28]
(391491 paradoxically, this is also true for regulatory T-cells, which are central in the maintenance of immune
tolerance [41; however, this may be due to an alternative T-regulatory population that participates in immune
surveillancel#2. To date, the Immunoscore and CMS classification have not been integrated nor evaluated head-to-
head with regard to clinical utility by the respective developers. In T1 CRC (the most superficially invasive tumors
with excellent prognosis and consequently few CMS4 cases), no significant association was found between the

Immunoscore and CMS subtypes 431,

| 3. Immune Modulation by Cytotoxic Therapies
3.1. Fluoropyrimidines

This class of agents constitutes the mainstay of most CRC treatment regimens. Their mechanism of action relies
on disruption of DNA synthesis by the incorporation into DNA and RNA structures and by inhibition of the DNA
synthesis enzyme thymidylate synthase “4. The most commonly used fluoropyrimidine over the years is
fluorouracil, which is usually given with folinic acid to increase its affinity for thymidylate synthase. With respect to
its immune-related effects, fluorouracil is shown to have an ambivalent role through its selective targeting of
myeloid-derived suppressor cells (MDSC), an innate immune-cell population. By targeting MDSC, fluorouracil lifts
some of the inhibition that MDSC impose on T-cell activation, but at the same time, the activation of the
inflammasome complex in the dying MDSC leads to the release of pro-inflammatory cytokines that ultimately
promote angiogenesis and tumor growth (431461 Additionally, an in vitro study showed that fluorouracil increased
PD-L1 expression in CRC cell lines 47,

3.2. Oxaliplatin

This agent is a third-generation platinum analog. The mechanism behind its cytotoxicity relies on the adduct
formation with DNA, resulting in the blocking of DNA replication and transcription. Reduction of thymidylate
synthase synthesis is considered as a secondary effect of oxaliplatin that contributes to the synergy observed

when oxaliplatin is combined with fluorouracil 48],

Oxaliplatin perfectly illustrates the interplay between cytotoxic and immune-modulating effects of chemotherapy,
the latter in terms of immunogenic cell death (ICD) 4259 (Figure 1). In the dying tumor cell, ICD is preceded by the

translocation of calreticulin, an endoplasmic reticulum stress response protein, to the plasma membrane and the
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extracellular release of ATP and the high-mobility group box-1 (HMGBZ1) protein. Calreticulin serves as an “eat me”
signal, ATP recruits dendritic cells to the tumor sites to cause their maturation to antigen-presenting cells, and
HMGBL1 facilitates the Toll-like receptor 4 dependent cross-presentation of the released tumor antigens to cytotoxic

T-cells.

2] ® O

oxaliplatin tumor antigens

SHAPED

SCIENCE

Figure 1. The concept of immunogenic cell death by oxaliplatin. Cytotoxic damage by oxaliplatin (1) causes
release of tumor antigens from the dying tumor (2). These are taken up (3) by dendritic cells (DC) and presented to
cytotoxic T-cells (4), resulting in their activation and clonal proliferation (5). This will in principle enable specific T-

cell-targeting of any tumor manifestation systemically (6).

The ability of oxaliplatin to initiate ICD may play a critical role with respect to its rational combination with ICB
therapy. Preclinical studies demonstrated that oxaliplatin provoked TME infiltration of cytotoxic T-cells and
sensitization of CRC and other adenocarcinomas to ICB therapy BUB2B3 Another study using a CLM model
showed that oxaliplatin (in cooperation with interleukin-12) reduced the TME content of immune-suppressive T-

regulatory cells and MDSC independently of HMGB1 and calreticulin release 541,

Another platinum analog, cisplatin, was unable to sensitize CRC models to ICB therapy L. Interestingly, both
oxaliplatin and cisplatin induced the release of HMGB1, but it was only oxaliplatin that caused calreticulin
translocation and effectively contributed towards tumor immunogenicity B2, Moreover, HMGB1 binding to Toll-like
receptor 4 seemed to be critical for the oxaliplatin efficacy, since patients carrying a loss-of-function TLR4 allele

had impaired progression-free survival (PFS) when given oxaliplatin for metastatic disease 23,

3.3. Radiation

Approximately 50% of cancer patients receive radiotherapy during the disease course 28l |onizing radiation is
cytotoxic in the sense that DNA damage in the targeted cells causes senescence or cell death by means of
apoptosis, necrosis, autophagy, or mitotic catastrophe 7. In addition to the release of tumor-associated antigens,
radiation also provokes the release of calreticulin and ATP, leading to the recruitment and activation of dendritic

cells. As such, radiation can be viewed as an in situ vaccine with the potential to induce tumor regression
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systemically (8. Systemic effects of radiation, away from the radiotherapy target volume, constitute the
phenomenon known as abscopal effect. Even though abscopal events are rare, they have been observed both in
experimental and clinical settings 2. The clinical manifestation of the abscopal effect occurs when radiotherapy
has been administered together with factors that enhance the antitumor immune response, such as the dendritic-
cell stimulator granulocyte-macrophage colony-stimulating factor or ICB therapies [BBQ6LI62][63)[64][65] The
majority of studies combining radiation with ICB therapy have utilized single-site irradiation, a setting that has been
recently proposed to be partially responsible for low response rates. The heterogeneity of tumor-associated
antigens in the metastatic lesions and the varying degrees of immunogenicity generated by different organs may

warrant irradiation at different sites in order to achieve an adequate immune response (661671,

However, not all radiation effects are in favor of the antitumor response, and radiation has been shown to also
enhance TME immune-suppressive features in experimental models. For example, dendritic cells co-cultured with
irradiated murine mammary carcinoma cells had significantly reduced surface expression of both antigen-
presenting and co-stimulatory markers [€8l. Transforming growth factor-b1, one of the major immune-suppressive
factors induced by radiation, contributes to inhibition of T-cell cytotoxicity ©2, immune evasion 2%, expansion of T-
regulatory cells X1, inhibition of dendritic cell activation, as well as to the induction of pro-tumorigenic phenotypes
in both tumor-associated neutrophil and macrophage populations 273l This complex role of radiation in immune
responses emphasizes the necessity for combination treatments aimed at enhancing the synergy among the
various modalities. Preclinically, radiation has been shown to enhance pro-immunogenic responses for both ICD-
inducing chemotherapeutic agents and immune checkpoint inhibitorsZ4lZ3  |mportantly, radiation dose and
fractionation are determinative for suppressive or activating effects; therefore, dose and sequence of delivery,
especially in conjunction with other modalities, should be considered Z8. For example, in a mammary carcinoma
mouse model, irradiation with high doses induced a DNA exonuclease, which through degradation of immunogenic
DNA fragments accumulating in the cytosol in irradiated cells caused a decline in the recruitment of dendritic cells
crucial for T-cell-mediated systemic tumor rejection. However, lower dose fractions did not result in the

exonuclease induction £,

| 4. Immune-Modulating Opportunities in the Standard-of-Care
4.1. Cytotoxicity and Tumor-Defeating Immunity

In principle, three scenarios can be set for “on-target” cytotoxicity combined with “off-target” tumor-targeting
immune responses in the standard-of-care CRC management. They are: neoadjuvant treatment of locally
advanced disease in order to impede metastatic progression, neoadjuvant treatment of oligometastatic disease in
order to achieve systemic tumor clearance, and early-line therapy in unresectable metastatic disease for durable

systemic control.

4.2. Neoadjuvant Treatment of Locally Advanced Disease
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In locally advanced rectal cancer (LARC), neoadjuvant chemoradiotherapy (CRT) with a fluoropyrimidine in a non-
cytotoxic radiosensitizing dose and resection of the residual tumor result in low local recurrence rates 28 but
metastatic progression remains a dominant cause of failure [Z2Y  \While there is no consensus whether
postoperative systemic therapy may reduce metastatic risk BUE283] various regimens involving neoadjuvant
chemotherapy (NACT) prior to or immediately following radiation have been investigated. Specifically,
oxaliplatin-/fluoropyrimidine-based NACT has been administered before CRT (in trials not randomized for the
induction therapy) or following short-course radiation prior to surgery (the experimental arm of the RAPIDO trial)
with the aim of delivering adequate systemic therapy for metastasis prevention without compromising local disease
control [B4IB5][86I[E7I[88][B9[90][91I[92] Because radiation has the ability to deliver cytotoxic effects in a focused tumor
volume, it has been argued that improved systemic outcome may be achieved by intensifying the local effects that
enhance elimination of clonogenic cells 22l In that regard, only two of seven randomized studies that have
evaluated the potentially radiosensitizing effect of concomitant oxaliplatin in fluoropyrimidine-based CRT met the
primary efficacy endpoint R493IR6I97I[98I199] The same two studies showed high patient compliance to the chosen
dose scheduling of oxaliplatin [22. |t is tempting to speculate that oxaliplatin-based neoadjuvant therapy, when
administered at an intensity that does not compromise patient compliance to the multimodal treatment protocol,

may promote an abscopal immune response 199,

4.3. Neoadjuvant Treatment of Oligometastatic Disease

In liver-confined metastatic CRC with a therapeutic intent for surgical resection or radiofrequency ablation,
oxaliplatin-based NACT can be used for patient selection with respect to tumor aggressiveness, disease down-
sizing, or conversion of initially unresectable disease, three sides to the same story. Although the EPOC trial
showed no overall survival (OS) benefit for patients randomized to perioperative oxaliplatin-based chemotherapy
compared to those receiving only surgery, perhaps explained by the study power to investigate PFS and the
inclusion of more than 50% of patients with a single metastatic lesion, the combined-modality study arm has
become the standard-of-care [LOLIL02103] A correlative examination of the surgical specimens revealed that the
neoadjuvant therapy caused tumor infiltration of CD3-positive lymphocytes and that a high count of the CD3-
positive cells at the invasive margin between tumor and the liver tissue was beneficial for PFS %4, |n terms of
response rates of initially unresectable CLM, the best outcomes in randomized trials were observed for regimens
containing irinotecan or cetuximab in addition to oxaliplatin-based NACT [L95I108] \ith improved long-term
outcomes for both resected and non-resected patients reported for the former regimen (107108l Meta-analyses
have been discordant regarding survival benefit of perioperative chemotherapy in patients with initially resectable
CLM [109][L10],

Hepatic artery infusion (HAI) chemotherapy is attractive as it limits systemic toxicity and allows combination with
systemic therapy. A number of early-phase trials have investigated the concept, using oxaliplatin as the HAI
compound for unresectable CLM with treatment toxicity and response as endpoints, but only one study has been
carried on with the aim of transforming to resectable disease by using oxaliplatin, irinotecan, and fluorouracil 111,
The investigators have also examined systemic exposure of the HAI chemotherapeutics in terms of

pharmacokinetics analyses [£121 and pharmacogenetics determinants of outcome 1131,
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It is clear that immune responses arise from the "off-target” effects of these various treatment approaches.
However, their involvement towards the eradication of occult tumor at other sites (abscopal effect) has been
essentially unexamined. Thus, we studied antitumor immunity invoked by oxaliplatin-HAI and the long-term
outcome of primarily unresectable CLM in patients who had their first recurrence of oxaliplatin-naive isolated CLM
that was considered technically unresectable (114, Those who presented a rapid and substantial rise in a circulating
ICD factor over the initial treatment and at its completion could proceed to CLM ablation (hepatic resection or
radiofrequency ablation) or had complete response, were alive at final follow-up 8-12 years later, which is a
remarkable outcome. In contrast, those who remained with technically unresectable CLM or had the disease
converted to resectability but presented a slow and gradual accretion of the ICD factor, later died of the metastatic
disease. Consequently, complete and durable tumor eradication appeared to be contingent on CLM conversion to
resectable disease (for macroscopic tumor clearance) along with a strong antitumor immune response (for

elimination of disseminated microscopic tumor cells that might cause systemic failure).

4.4. Early-Line Therapy in Unresectable Metastatic Disease

Patients with disseminated CRC make up an extremely heterogeneous group, with survival rates depending on the
metastatic sites, tumor load, and severity of systemic inflammation; however, median OS has improved to
approximately 30 months in clinical trials 1131, The powerful ICB effects with respect to tumor regression rates and
disease control durability in patients with dMMR/MSI-high CRC have not been seen in pMMR cases. A variety of
studies that investigate strategies to enhance cytotoxic T-cell activation and tumor infiltration in combination with
ICB therapy are ongoing (218 and the first reports on outcomes can soon be expected L1118l Examples of how to
combine ICB with immune-modulating conventional therapies will be discussed below. If such attempts succeed to
become early-line treatments of metastatic disease, advanced CRC may be converted into a lifelong controllable

illness for the dominant pMMR patient population.
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