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Lynch syndrome (LS) and constitutional mismatch repair deficiency (CMMRD) are hereditary disorders which significantly

increase a person’s risk of developing a variety of cancers such as colorectal, endometrial, brain and, for CMMRD also,

haematological malignancies. This increased cancer risk is due to inherited mutations in specific types of DNA repair

genes, which hampers repair of mispaired or damaged bases during DNA replication. As a consequence, somatic

mutations rapidly accumulate and typically include insertions and deletions (indels) in microsatellites that potentially can

give rise to neoantigens. These neoantigens open up avenues for neoantigen-targeting immune therapies.
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1. Introduction

Lynch Syndrome (LS) is an autosomal dominantly inherited disorder resulting from monoallelic germline aberrations in

genes that are involved in DNA mismatch repair (MMR) machinery . The four MMR genes that are implicated in the

disorder are MLH1, MSH2, MSH6 and PMS2 . Patients with LS inherit a pathogenic germline variant in only one allele

while the remaining wild type allele is somatically inactivated by point mutations, loss of heterozygosity or epigenetic

silencing due to promoter hypermethylation . In 1999, two reports described the phenotype within LS families including

children who carried homozygous germline mutations in the MLH1 gene. The children in both families displayed

haematological malignancies in early childhood and clinical features that were previously known from neurofibromatosis

type 1 . Since then, individuals who inherit bi-allelic germline mutations in one of the MMR genes have been identified

to suffer from constitutional mismatch repair deficiency (CMMRD). This rare syndrome is inherited recessively with

homozygous or compound heterozygous germline mutations in the DNA MMR genes, most commonly PMS2 and MSH6
.

LS increases a person’s risk of colorectal cancer (CRC) by 40–80% and endometrial cancer by 15–60% . Individuals

with LS are also more prone to a variety of cancers among which are urothelial (0.4–20%), ovarian cancers (4–12%),

gastric cancers (<10%), brain tumours and also cancers of the biliary tract . Similarly, CMMRD patients have an

increased risk of developing CRC in adolescence or young adulthood. In patients with CMMRD 50% develop malignant

brain tumours while 40% develop cancers of the digestive tract . The risk of developing haematological malignancies is

as high as 30% . In fact, the penetrance of cancers in CMMRD is one of the highest among childhood cancer

syndromes, and it is extremely uncommon for a patient not to have developed cancer by the third decade . The

increased cancer risk in LS patients stems from the loss of the second functional MMR allele which results in

accumulation of somatic mutations leading to carcinogenesis . In contrast, tumorigenesis in CMMRD patients does not

depend on second hit mutations since the biallelic loss of MMR functioning itself renders the cells unable to repair

damaged DNA and hence lose genomic integrity . Figure 1 summarises the key features of LS and CMMRD.
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Figure 1. Schematic view on the differences between LS and CMMRD with a focus on colorectal cancer. Abbreviations

used- LS: Lynch Syndrome, CMMRD: Constitutional mismatch repair deficiency syndrome, MMR: mismatch repair, CRC:

colorectal cancer, MSS: microsatellite stable, MSI: microsatellite instable.

The accumulation of somatic mutations and genomic instability, especially in mutation prone regions, e.g., regions of

repetitive nucleotide sequences, results in non-synonymous mutations. These mutations give rise to proteins with altered

amino acid sequences called frameshift peptides (FSPs) that can give rise to neoantigens . Neoantigens make an

attractive target for immunotherapies since they have not been subjected to central and thymic tolerance and are solely

expressed by tumour cells . Tumours with high mutational burden such as those in LS and CMMRD patients are more

likely to give rise to neoantigens and hence provide more opportunities for targeted therapies . Despite the presence of

technological facilities that help with the efficient identification of such neoantigens, therapies henceforth developed are

still in nascent stages when compared to neoantigen targeting therapies in melanoma which have shown tumour

regression in patients . This demands further probe into the aspects that are impairing a successful neoantigen

targeting regimen in LS and CMMRD.

2. Mismatch Repair Deficiency and Microsatellite Instability

DNA damage can occur endogenously through metabolic processes inside a cell and through exogenous processes like

environmental agents. The repair pathways involved in the repair of damaged DNA are broadly classified as base excision

repair, homologous recombination, non-homologous end joining, nucleotide excision repair and MMR . The role of

the DNA MMR system is to maintain genomic integrity through base pair and small insertion-deletion (indel) corrections

that are erroneously generated during DNA replication . The most important components of the DNA MMR system are

the MutS and MutL complexes. In its functional state, MutSα, consisting of MSH2 and MSH6 proteins, recognises single

base indels. Functional MutSβ, consisting of MSH2 and MSH3 proteins, recognises indels consisting of 2–8 nucleotides.

MutLα, consisting of MLH1 and PMS2, or MutLβ, consisting of MLH1 and PMS1, binds together with the MutS complex as

a heterodimer along with replicative factors to initiate repair of the mismatched nucleotides. Since MSH2 and MLH1 are

the proteins shared by both components of their respective MutS and MutL complexes, a mutation in the respective genes

will completely retard all MMR activity whereas a mutation in PMS2 or MSH6 genes will reduce MMR activity towards

single nucleotide indels only . Tumours arise from clonal expansion of cells that have inactivation of both alleles of a

MMR gene that can either be somatic or of germline origin.

Indels commonly occur in regions of repetitive nucleotide sequences called microsatellites, where the template and the

primer strands are prone to slippage (i.e., dissociation and re-annealing) during replication. Such mismatches are not

repaired in MMR deficient cells, resulting in an incorrect number of repeat units between the template and newly

synthesised strand. The microsatellite alterations can lead to a shift in the translational reading frame and therefore
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generation of FSPs . This genetic alteration is termed microsatellite instability (MSI) and is a characteristic of LS-

associated cancers. The process is briefly summarised in Figure 2. MSI is not specific for LS and CMMRD, approximately

15% of sporadic colorectal cancers also demonstrate MSI that most often originates by hypermethylation of the MLH1
promotor and somatic bi-allelic inactivation of MMR genes . While all microsatellites have an equal chance for

mutations, differences in their mutation frequency can occur due the length of the repeat and the nature of the relevant

nucleotide sequence.

Figure 2. Schematic view of the DNA mismatch repair pathway. Abbreviations used- MMR: mismatch repair.

3. Clinical Management of LS and CMMRD

Since LS patients are at risk of early onset CRC, regular colonoscopy surveillance starting from age 20–25, is essential to

diagnose early lesions with the intent to prevent development of CRC. For LS patients, regular coloscopy is quite a

burden and does not prevent the formation of new lesions, pointing to the need for other preventive measures . There

is evidence of reduced CRC risk in LS patients and sporadic MMR gene mutation carriers who took 600 mg/day aspirin for

at least 2 years . However, there are concerns regarding the risk of bleeding events in young patients . Since a

subset of chemotherapeutics rely on a functional MMR system to induce tumour damage, the efficacy of such drugs in

MMR-deficient tumours such as in LS or CMMRD has been poor . In fact worse prognosis was seen for stage II MSI

high (MSI-H) colon cancer patients in a randomised trial administering adjuvant based 5-Flurouracil chemotherapy (5-FU)

as compared to microsatellite stable (MSS) tumours, as a result of a lesser effectiveness of 5-FU in these MSI-H cancers

. The resistance of MMR deficient cells to drugs such as temozolomide, an alkylating agent used to treat glioblastoma

multiforme (GBM), can lead to a greater risk of developing second primary tumours in CMMRD patients because of the

accumulation of unrepaired mutations . MMR-deficient cells are also more resistant to cisplatin treatment in comparison

to MMR-proficient cells .

MSI-H cancers have a higher density of infiltrating lymphocytes compared to MSS cancers, which has been demonstrated

to correlate with a better prognosis . This observation highlights the potential of immunotherapy. In fact, LS-

associated cancers have more pronounced local immune responses as compared to sporadic MSI-H cancers .

However, increased infiltration is counteracted by increased checkpoint protein expression which is an important

mechanism by which the tumour microenvironment inhibits immune responses. By chronically expressing checkpoint

receptors such as CTLA-4, PD-1, TIM-3, LAG-3 and more, T-cells become functionally exhausted and dysfunctional .

The upside of this checkpoint protein overexpression phenotype is the strong efficacy of immune checkpoint inhibitor

therapies that have shown positive outcomes in MMR-deficient tumours across a range of malignancies . This outcome

has already led to FDA approval of the PD-1 antibody pembrolizumab for the treatment of refractory dMMR/MSI-H solid

malignancies, and the PD-1 antibody nivolumab with or without the CTLA-4 antibody ipilimumab for the treatment of

dMMR/MSI-H CRC after 5-FU treatment . In a trial combining nivolumab and ipilimumab (NCT02060188), a disease

control rate of 79% for >12 weeks was reported irrespective of clinical LS history . Phase II studies have shown the

safety and durable efficacy of nivolumab in patients with advanced MMR-deficient CRC (NCT01876511) where an

immune-related progression free survival rate was seen for 78% of patients with MMR-deficient cancers as compared to

the 11% of patients that had MMR-proficient cancers. However, it is important to note that while objective responses were

seen in 100% of all non-LS-associated MMR-deficient cancers, only 27% (3 of 11 patients) of LS-associated cancers

showed an objective response . In a case study of a patient with LS-associated metastatic CRC, pembolizumab

treatment reduced the metabolic activity of the cancerous lesions and improved symptoms . Additionally, another case

report from a LS patient with pancreatic adenocarcinoma and metastatic liver disease showed excellent clinical response

with regards to liver lesion shrinkage after only one cycle of pembrolizumab treatment . Nivolumab has also been

reported to have significant efficacy at inducing an anti-tumour response and prolonging survival for two patients with
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CMMRD recurrent glioblastoma . In another young child with CMMRD-associated GBM, nivolumab therapy showed a

60% reduction in tumour size and improved symptoms . These groundbreaking results have amplified interest in the

potential use of checkpoint inhibitors in combination with other therapeutics in the treatment of MMR-deficient cancers in

LS and CMMRD.

4. Targeting Neoantigens in LS and CMMRD

Tumours that arise due to LS or CMMRD are highly mutated compared to their MMR-proficient countertypes. For

instance, paediatric glioblastomas in CMMRD patients exhibit an ultra-high number of nonsynonymous mutations (≥250

mut/Mb) which contrasts the low frequency of nonsynonymous mutations (<1 mut/Mb) seen in the majority of

glioblastomas .

The high tumour mutational burden (TMB) generated because of the MMR defect can result in neoantigen formation.

These neoantigens are formed when indels result in a frameshift of the amino acid sequence in the C-terminal of the

protein producing an FSP, that acts as a substrate for antigen processing and presentation via the major histocompatibility

complex (MHC) class I and II molecules . Once presented on the cell surface, they are referred to as neoantigens and

could act as targets for tumour-infiltrating CD4  helper T lymphocytes and CD8  cytotoxic T lymphocytes (CTLs). Various

clinical trials employing neoantigen based therapies for CRC are already ongoing .

Several studies have identified neoantigens in LS patients that are highly immunogenic, for example TGFβRII, CASP5,

TAF1B, HT001 and OGT . More importantly, CTLs specific to these neoantigens have also been detected in LS

patients. CTLs directed against TGFβRII and CASP5 neoantigens are capable of lysing MSI-H colon carcinoma cells as

shown in in-vitro assays . Some of these mutations are found to be shared between LS and non-LS MSI-H CRCs

hence calling attention to neoantigen-targeting therapies encompassing more patient groups . Moreover CTLs specific

for a wide range of neoantigens have been found to be induced already in patients that have not yet developed a

cancerous lesion i.e., in healthy LS carriers . This points towards the strong immune surveillance mechanisms in LS

patients whereby the immune system recognises and possibly has the potential of eradicating MMR-deficient cells even

before they develop into cancer. These observations strongly argue in favour of a promising efficacy of neoantigen-

targeting therapy for therapeutic and preventive purposes in LS and CMMRD with added significance for prophylactic

purposes to prevent admission of chemotherapy.

Strong lymphocyte infiltration in MMR deficient cancers makes it a prime target for checkpoint inhibitor therapy, some of

which have been discussed above. In addition, it opens avenues for other immunotherapies such as dendritic cell (DC)

vaccination. DC vaccination may lead to the specific enhancement of immune responses against neoantigens and hence

lesser toxicity as opposed to general immune activation in response to checkpoint inhibition. This is already being

investigated in a DC vaccination trial in LS mutation carriers, to assess the feasibility of DC vaccination loaded with

frameshift derived neoantigens associated with MSI (NCT01885702). Preliminary data show that after DC vaccination,

neoantigen-specific T-cells are detectable in blood and delayed type hypersensitivity (DTH) tests, without the induction of

severe adverse events . Similarly, in another Phase I/II trial (NCT01461148) in LS patients, a vaccine against the

neoantigens HT001, AIM2 and TAF1B has been shown to be well tolerated with no severe adverse effects in any patient,

and induced humoral and cellular responses in all patients . Another recent case study investigated the use of a

combination of autologous DCs producing IL-12, nivolumab (anti-PD1 receptor) and radiotherapy for the treatment of a

CMMRD patient that showed a complete therapeutic response . Another promising immunotherapeutic approach was

demonstrated preclinically, with the adoptive transfer of CTLs with an engineered TCR-directed against a FSP of the

TGFβRII gene. This particular TGFβRII frameshift mutation is reported in 90% of MSI-H CRC . The adoptive transfer

induced significant reduction in tumour load in a xenograft mouse model . However, this approach has not been tested

in humans yet.

As promising as these strategies are, there are still many obstacles that need to be overcome.
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