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ABSTRACT

More than 1.6 million new cases of cancer will be diagnosed
in the U.S. in 2016, resulting in more than 500,000 deaths.
Although chemotherapy has been the mainstay of treatment in
advanced cancers, immunotherapy development, particularly
with PD-1 inhibitors, has changed the face of treatment for a
number of tumor types. One example is the subset of tumors
characterized by mismatch repair deficiency and microsatellite
instability that are highly sensitive to PD-1 blockade. Hereditary

forms of cancer have been noted for more than a century, but
the molecular changes underlying mismatch repair-deficient
tumors and subsequent microsatellite unstable tumors was not
known until the early 1990s. In this review article, we discuss the
history and pathophysiology of mismatch repair, the process
of testing for mismatch repair deficiency and microsatellite
instability, and the role of immunotherapy in this subset of
cancers. The Oncologist 2016;21:1200-1211

Implications for Practice: Mismatch repair deficiency has contributed to our understanding of carcinogenesis for the past 2
decades and now identifies a subgroup of traditionally chemotherapy-insensitive solid tumors as sensitive to PD-1 blockade. This
article seeks to educate oncologists regarding the nature of mismatch repair deficiency, its impact in multiple tumor types, and its
implications for predicting the responsiveness of solid tumors to immune checkpoint blockade.

INTRODUCTION

Although the success of numerous checkpoint inhibitors has
changed the therapeutic paradigm for several cancers, many
tumors remain highly resistant to immunotherapy. A recent
study has demonstrated that a well-known subpopulation of
patients with solid tumors has since achieved excellent and
durable responses to these new therapies [1]. These tumors
demonstrate alterations in the mismatch repair (MMR)
pathway that leads to high levels of microsatellite instability
(MSI-H). This clinical entity is most familiar as the molecular
etiology of Lynch syndrome, which was characterized more
than 20 years ago. In this review, we discuss a brief history of
MMR deficiency, the diagnostic tools for detecting deficient
MMR (dMMR) and MSI-H, and the prognostic and predictive
value they play in cancer care, including recent studies
investigating the therapeutic potential of treating dMMR/
MSI with checkpoint inhibitors.

HisTORY
In the early 1900s, Dr. Aldred Warthin first traced the pedigree
of Family G, who were plagued with early-onset uterine and

gastrointestinal tumors. However, it was not until the mid-
1960s that Dr. Henry Lynch revisited the genealogy and
cataloged a cancer family syndrome afflicting two large
families with a propensity for early tumor development [2].
Over the subsequent years, similar pedigrees were noted
worldwide, each with slight differences in cancer predisposi-
tions but characterized by high rates of nonpolyposis colon,
endometrial, and gastric cancers. By the mid-1980s, the terms
Lynch syndrome and hereditary non-polyposis colon cancer
(HNPCC) were coined, but identifying those at risk remained
difficult without a molecular etiology [3]. In the spring of 1993,
several groups (Aaltonen et al., lonov et al., Peltomaki et al.,
and Thibodeau et al. [4-7]) published findings that these
tumors demonstrated high rates of mutations, particularly in
regions of short tandem repeats (named microsatellites), a
phenomenon referred to as replication error or MSI [8]. These
changes showed uncanny similarity to known Escherichia coli
strains with mutations in the proteins mutS and mutL, which
coordinate DNA MMR. Over the next several years, the human
homologs were sequenced and identified, thereby beginning
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our understanding of the molecular basis of Lynch syndrome
and a novel form of carcinogenesis [6, 9-19].

MOLECULAR BAsis oF MMR DEFICIENCY

Alterations in four key human proteins in the DNA MMR
pathway—MLH1, MSH2, MSH6, and PMS2—were identified in
1993-1996 as the predominant causative germline mutations
responsible for Lynch syndrome [9, 13-15, 19-21]. During
normal DNA replication with proficient MMR (pMMR), small
DNA mismatch errors are initially detected and bound by MSH2/
MSH6 and MSH2/MSH3 heterodimers. MLH1/PMS2 hetero-
dimers are subsequently recruited for excision and resynthesis of
anew, corrected strand. Throughout the genome are, more than
100,000 areas of short tandem repeat sequences named
microsatellites (mono-, di-, tri, or tetranucleotide repeats) that
are particularly prone to “slippage” during replication and thus
rely more heavily on the MMR system for repair. Deficiency in
MMR through qualitative or quantitative protein abnor-
malities leads to accelerated accumulation of genetic errors
(i.e., mutations) at these microsatellites and subsequent
diffuse MSI. The damage to the MMR process leads to additive
mutations throughout the genome, leading to a “hypermutator”
phenotype. Although most microsatellites are located in noncoding
regions of the genome, ill-placed mutations can cause frameshift
mutations, which can lead to subsequent inactivation, constitutive
activation, or truncated/nonfunctional proteins necessary for DNA
repair, apoptosis, cell growth, and epigenetics. Commonly targeted
regions include the promoter regions of MMR genes, TGFBRII,
IGFRII, BAX, Caspase5, BCL10, and PTEN [22]. Accumulation of
mutations of these key proteins that control DNA repair, cell
signaling, and apoptosis thus facilitates carcinogenesis.

Lynch syndrome arises from germline mutations in the MMR
pathway, and affected patients are prone to a number of tumor
types, mainly nonpolyposis colon cancerand endometrial cancer.
Other mutations in these proteins produce different clini-
cal syndromes, with autosomal dominant MLH1 and MSH2
mutations and reduced-penetrance MSH6 and PMS2 mutations.
MSH2 variants have higher rates of extracolonic cancers, whereas
MSH6 variants demonstrate development of tumors later in the
lifetime [23]. More than 1,500 variants of Lynch syndrome
mutations have been identified, comprising mainly deletions in
MLH1 (50%) and MSH2 (39%) and less frequently in MSH6 (7%) or
PMS2 [24, 25]. Inherited epigenetic modifications, such as the 3'-
end deletions in the EPCAM gene, have also been identified that
lead to inactivation of the adjacent MSH2 gene [26].

Although dMMR can lead to Lynch syndrome, sporadic
somatic mutations in the MMR pathway can also be found in
tumors unrelated to hereditary syndromes. Sporadic dMMR
more often results from epigenetic changes, in particular
methylation of the MLH1 promoter, which leads to subsequent
silencing of MLH1. This methylation may be sporadic or
associated with a CpG island methylator phenotype (CIMP),
which is rarely seen in Lynch syndrome patients. Additional
studies suggest that alterations in microRNA pathways,
particularly miR-155 and miR-21, can also lead to suppression
of mismatch repair proteins, with subsequent MSI-H [27-29].

Although MMR deficiency and MSI-H pathways are linked in
our understanding of the pathogenesis of these tumors, there are
both familial and sporadic cases in which MSI-H and dMMR are not
definitively seen together. AMMR resulting from MSH6 mutations
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results in lower rates of MSl and thus may not reach the criteria
for defining MSI-H tumors; in contrast, MSI-H-positive tumors
occasionally do not reveal a known underlying protein loss,
potentially reflecting heretofore unidentified proteins in the MMR
pathway [30, 31]. Additionally, low rates of MSI (MSI-L) are noted in
many tumors, particularly in regions of di- or trinucleotide repeats
[32]. In some studies, these tumors appear to have an increased
association with KRAS mutations compared with microsatellite-
stable (MSS) disease [32], but overall MSI-L tumors show few
genetic differences from MSS disease in colorectal cancer (CRC) lines
and appear to have little meaningful clinical impact on CRC patients
[33, 34]. Results showing the similarity of MSI-L/MSS tumors have
also been seen in endometrial and gastric cancers [27, 35]. These
factors suggest that low levels of baseline mutability may occur in
tumors even without clinical significance or basis in dAMMR. This has
pushed the classification MSS/MSI-L tumors into a single category,
in contrast to MSI-H tumors. This change in classification has led
to discrepancies in results between studies that use different
definitions of MSI to investigate its use in prognostication and
prediction. In addition, older studies include testing of tetranucleo-
tide repeats (elevated microsatellite instability at selected tetranu-
cleotide repeats, or EMAST), which appear to derive from a different
molecular driver than traditional MMR and may hold different
clinical significance than mono- or dinucleotide repeats; these are
not included in newer definitions of MSI-H [36].

DiaGNosis oF DMMR anp MSI

Two forms of testing are commonly used in screening patients
and tumors for a deficiency in MMR or MSI: immunohisto-
chemical staining (IHC) for altered proteins and polymerase
chain reaction (PCR) testing for MSI. IHC works by staining slides
of tumor samplesto evaluate for the presence of the four known
MMR proteins (Fig. 1A). IHC is inexpensive and readily available
at most institutions, allowing for widely disseminated use;
however, it may miss abnormalities caused by untested proteins
or mutations that lead to qualitative, but not quantitative,
changes in the tested proteins. For example, more than 30%
of MLH1 mutations are missense mutations and therefore
would not alter protein expression. Additionally, staining can be
heterogeneous throughout tumor samples, and scoring may
not be readily reproducible [37]. However, the sensitivity for
detection of dMMR is increased when all four MMR proteins are
tested. Because of the heterodimer structure of MLH1/PMS2
and MSH2/MSH6, when MLH1 or MSH2 is functionally lost, the
heterodimer becomes unstable and PMS2 or MSH6, respec-
tively, is degraded (although the inverse is not seen). IHC
sensitivity can be improved when combined with testing for
MLH1 promoter methylation status, and BRAF V600E mutations
can usually help identify sporadic tumors in CRC patients. In
those patients who have histories and IHC consistent with a
germline protein loss, IHC also allows for subsequent screening
for Lynch syndrome in the proband and relatives.

MSI testing by PCR is considered the gold standard and
directly compares the length of repeats at microsatellites to the
patient’s germline tissue. This provides a more objective measure
of functional dMMR activity, with better reproducibility between
testing centers, and allows for identification of abnormalities
even in the setting of nontruncating protein mutations in the four
tested MMR proteins, as well as identification of MSI caused by
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Figure 1. Test schemas for mismatch repair deficiency with IHC staining (A) and MSI with PCR (B) per NCI guidelines.
Abbreviations: dMMR, deficient mismatch repair; IHC, immunohistochemical; MSI, microsatellite instability; NCI, National Cancer

Institute; PCR, polymerase chain reaction.

other defects that result in dMMR [38]. However, PCR-based
testing is more labor-intensive and requires comparison with
nontumor tissue [37]. In 1998, the National Cancer Institute (NCI)
proposed a standardized microsatellite panel for CRC testing that
includes five microsatellite markers: two mononucleotide
repeats (BAT25 and BAT26) and three dinucleotide repeats
(D2S123, D55346, and D175250). Tumors with MSI at more
than 30%—40% of sites (two or more of five sites) are
considered MSI-H, those with less than 30%—40% (one of five)
mutations are considered MSI-L, and those without in-
stability are MSS (Fig. 1B). Because of higher mutability at
dinucleotide repeats, further testing is advised if only
dinucleotide repeats show instability [39] (Fig. 1B). However,
there are many microsatellites throughout the genome, and
investigators have argued that using only the NCI panel is
controversial because of of inclusion of dinucleotide repeats
and unclear applicability to all tumor types [40, 41]. Even for
CRC, the updated NCI guidelines suggest that a pentaplex
of quasimonomorphic mononucleotide repeats may have
improved sensitivity and specificity over the NCI panel [21].
This lack of standardization has led to significant heteroge-
neity in historical studies, with researchers testing between
one and hundreds of microsatellites, whereas testing of a
single site can lead to decreased sensitivity, and testing of
excess sites can lead to poor specificity or a MSI-L phenotype
[33]. PCR may additionally be less effective at identifying
MSH6 abnormalities, leading to lower rates of MSI [30].

Both IHC and PCR are sensitive and specific for dMMR and
MSI, and the two tests show high concordance (>95%) across a
number of tumor types [42-44]. Because of the limitations
discussed above, however, they will likely continue to remain
complementary to one another, with PCR determining functional
abnormalities and IHC identifying underlying protein abnormal-
ities [37]. Multiple next-generation sequencing platforms are
being explored that may improve on speed and the ability to
identify MSI across the whole genome by identifying high-
mutational-load tumors, with several platforms already showing
high concordance with traditional PCR testing [45—47].

THE AMSTERDAM AND BETHESDA CRITERIA

Current testing guidelines for AIMMR or MSI are based on the
original Amsterdam and Bethesda criteria, which sought to
identify families at high risk for Lynch syndrome. More recent
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recommendations now take into consideration the prognostic
and predictive value of dMMR and suggest a need for potential
expansion of the pool of patients who undergo testing.

The Amsterdam |l criteria (1999) require that a patient (a) has
at least three relatives with Lynch-associated tumors, (b) one of
whom is a first-degree relative of the other two, with (c) two
successive generations affected and (d) at least one relative
diagnosed before age 50; (e) familial adenomatous polyposis
should be excluded [48]. In contrast, the revised Bethesda
guidelines (2004) advise testing in (a) diagnosis at <50years old of
synchronous or metachronous CRC or other HNPCC-associated
tumors (including colorectal, endometrial, gastric, ovarian,
pancreas, ureteral and renal pelvic, biliary, brain, or small bowel
tumors or sebaceous gland adenomas or keratoachanthomasy); (b)
diagnosis at <60 years old of CRC with MSI-H histology (Crohn’s-
like lymphocytic reaction, presence of tumor-infiltrating lympho-
cytes, mucinous/signet-ring differentiation, or medullary growth
pattern); (c) diagnosis of CRC in one or more first-degree relatives
with an HNPCC-related tumor, one of which was diagnosed at
<50 years old; and (d) diagnosis of CRC in two or more first- or
second-degree relatives with HNPCC-related tumors [39].

However, as the role of dMMR in nonhereditary tumors
affects prognosticand predictive indices for various tumor types,
suggestions for broadening testing has increased. At this time,
per NCCN guidelines, MSl testing should be considered in tumors
from all colon cancer patients <70 years of age or those with
stage Il colon cancers, even without a family history of cancer,
and most recently all those diagnosed with metastatic colon
cancer [49], as well as in those with endometrial cancer
diagnosed inyounger patients (<50 years old) or with significant
family history. Some institutions are now undertaking universal
MSl testing for all newly diagnosed endometrial tumors and CRC,
to increase identification of Lynch syndrome patients [50].

FREQUENCY OF MSI Across TumoR TYPES

In part because of the lack of standardization of testing, reports
on MSI-H frequency in the literature have varied greatly
(Fig. 2A), but repeatedly demonstrate higher percentages in
endometrial, gastric, and colon cancer, although there is large
variability even between tumor subtypes or populations
[51-105]. In endometrial cancer, the rates of MSI-H vary from
40% to 50% in endometrioid tumors to 2% in serous types.

Oncologist
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Figure 2. MSI-H frequency. (A): Colon, small bowel, endometrial, gastric ovarian, gallbladder, prostate, glioma, and breast cancer based
on MSI-H frequency rates in populations reported in the literature. (B): Colon cancer MSI-H frequency by stage.

Abbreviations: MSI-H, high-frequency microsatellite instability.

Gastric cancer rates also differ in Asian countries (8%—12%) in
contrast to Western nations (20%—25%), suggesting different
pathways of carcinogenesis [106]. Stage Il colon cancers show
higher rates of MSI-H than more advanced tumors (Fig. 2B),
and rectal cancers and other left-sided colon cancers are noted
to have lower frequencies of MSI-H tumors [7].

PROGNOSIS IN TUMORS WITH MISMATCH

REPAIR DEFICIENCY

Although dMMR deficiency with MSI-H is seen in a number of
tumor histologies with or without corresponding Lynch syn-
drome, the clinical presentation varies depending on tumor type.

Colon Cancer

Colon cancer with MSI-H is often identified by pathologists
as presentation with larger, more proximal tumors, poor
differentiation, increased mucin secretion, increased lympho-
cytic infiltrates, and signet ring morphology [107]. Despite
some negative prognostic characteristics, overall localized
MSI-H colon cancers have better overall survival (OS) than MSS
counterparts [108, 109]. However, patients with metastatic
MSI-H disease have significantly poorer survival compared
with MSI-L/MSS disease, which may be related to the high rates
of BRAF mutations in sporadic MSI-H tumors [110]. Compar-
isons of metastatic dMMR and pMMR CRC of a small group at
our institution demonstrated comparably short durations of
treatment on prior therapies and before enrollment in trials,
suggesting similar development of treatment resistance
[1, 111, 112]. Sporadic MSI-H tumors are also commonly
associated with CIMP, which is rarely seen in Lynch syndrome
patients [113]. The Cancer Genome Atlas (TCGA) analyzed 276
CRC samples, with 97 undergoing whole-genome sequencing.
Of the tumors found to be hypermutated (16%) in the TCGA
analysis, only 75% were MSI-H, and these were highly
associated with concurrent mutations in multiple tumor
suppressors and oncogenes, including APC, TGFBRII, MSH3,
and MSH6 [20].

Gastric Cancer

MSI-H gastric cancer is more frequently identified in older
female patients, with tumors presenting in the distal stomach,
of intestinal and mucinous type, with lower incidence of lymph
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node metastases and p53 abnormalities [114]. MSI-H tumors
also show improved prognosis: pooled data from 24 studies
with 712 cases of MSI-H showed an OS advantage of 0.76
compared with MSS/MSI-L cases [115].These sporadic tumors,
similar to colon cancer, are most frequently associated with
loss of hMLH1 in the context of CIMP [116]. TCGA subdivided
tumors into EBV "' tumors, genomically stable tumors, tumors
with chromosomal instability, and tumors with MSI (22%) [51].
Both EBV' and MSI tumors exhibited CIMP, but in distinct
profiles, with EBV* tumors lacking hMLH1 promoter hyper-
methylation [117]. Notably, these MSI tumors also included
increased alterations in major histocompatibility complex
(MHC) class | genes, including B2M and HLA-B, as well as
recurrent amplifications in PIK3CA, ERBB3, ERBB2, and EGFR
and frequent inactivation of ARID1A (83% of MSI tumors),
which regulates chromatin structure [118]. Unlike MSI-H colon
cancers, MSI-H gastric tumors were not associated with BRAF
V600E mutations [119]. Similar outcomes were seen in Asian
Cancer Research Group whole-genome sequencing [120].

Endometrial Cancer

Endometrial cancers are commonly classified into type |
endometrioid tumors, 30%—-40% of which demonstrate MSI-H,
versus type Il serous or clear-cell tumors that have a clinical
presentation similar to ovarian cancers and less often express
MSI-H, and then only in the setting of underlying Lynch
syndrome [90]. Sporadic MSI-H endometrial tumors are more
often associated with MLH1 deficiency and present with
higher-grade tumors and more lymphovascular invasion than
Lynch syndrome and MSS sporadic tumors [121]. Although
multiple trials in endometrial cancer have shown that MSI-H is
associated with poorer prognosis and acts as a negative
prognostic factor in early-stage endometrial cancers, a meta-
analysis of 23 trials showed no definitive detrimental effect on
disease-free survival or OS [90, 122]. A TCGA analysis recently
subdivided endometrial cancers into four molecular cate-
gories: POLE ultramutated, MSI, copy number-low, and copy
number-high [84]. Most MSI-H tumors were secondary to
MLH1 promoter hypermethylation, associated frequently with
KRAS and ARID5B mutations (same family as ARID1A), as well
as low PTEN expression that correlated with alterations in the
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PI3K pathway. p53 mutations were seen infrequently, and
POLE mutations, which affect DNA polymerase proofreading,
were present in approximately 5% of MSI-H disease and only in
tumors without hypermethylation of MLH1 [123].

Ovarian Cancer

Ovariantumorsare seeninincreased numbersin Lynch syndrome
cohorts and are often noted to include a higher frequency of
nonserous subtypes and earlier-stage presentation, with small
studies showing improved prognosis [124—-126].

Other Tumors

Although the risk of cancer development in Lynch syndrome
patients is increased over the general population for a number
of tumor types (colon, endometrial, gastric, ovarian, hepato-
biliary, upper urinary tract, small bowel, central nervous system
[Turcot syndrome], sebaceous [Muir-Torre syndrome], and
prostate cancer), MSI-H tumors in sporadic malignancies of
these types is rare [23, 127]. Breast cancer is not considered a
part of Lynch syndrome; some studies suggest a fourfold risk in
Lynch syndrome carriers, while others show no difference from
the general population [128]. Sporadic breast cancer tumors
with dMMR are rare (<2% in 316 breast cancers, including 226
triple-negative breast cancer, and may be associated with ER/
PR-negative tumors; however, variations in earlier studies may be
due to testing for MSI using tetra- and trinucleotide repeats [71,
129].The inclusion of prostate cancer as a part of Lynch syndrome
is controversial, although multiple studies demonstrate a near
twofold increase in prostate cancer in carriers of Lynch syndrome
mutations, with one meta-analysis finding 73% of those tumors
being dMMR [130, 131]. Most studies evaluating MSI-H in
sporadic prostate cancer have been small and inconclusive, but
rates of MSI-H are thought to be low. Glioblastomas arise in arare
subset of Lynch syndrome patients with Turcot syndrome. A few
small studies suggest that MSI-H may be associated with lower-
grade astrocytomas; however, studies of MSI in central nervous
system tumors remain limited [59]. Few recent trials have looked
into the incidence of MSI in leukemias, but older studies suggest
that de novo leukemias and myelodysplasia rarely demonstrate
MSI-H, whereas the rate is increased by up to 33% in some
secondary leukemias (including treatment-related leukemias and
leukemias arising from myelodysplasia) [132, 133].

CHEMOTHERAPY RESPONSE IN MISMATCH REPAIR-
DEFICIENT TUMORS

Because of the differences in underlying mutational drivers
and prognosis, MSI-H status is hypothesized to predict
responses to therapy. Carethers et al. first studied CRC cell
lines with dMMR and found that they had limited response to
5-fluorouracil (5-FU) in contrast to MSS cell lines [134]. It is
theorized that an intact MMR system is necessary to identify
the DNA damage by 5-FU to halt cell growth.

Colon Cancer

The mainstay of treatment for early-stage colon cancer
involves surgical resection and adjuvant chemotherapy for
stage Ill tumors and high-risk stage Il tumors. Initial studies in
2000 showed dramaticimprovementsin 5-year OS, up to 90%,
when patients with Duke stage C MSI tumors were treated
with adjuvant chemotherapy [135, 136]. However, those
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publications were believed to be limited by their retrospective
strategies, inclusion of mainly younger patients with MSI, and
use of only a single site (BAT26) in MSI testing. Prospective trials
have since shown a detrimental effect of adjuvant 5-FU
monotherapy in patients with MSI-H disease [137] or no
difference in disease outcome after 5-FU therapy, although
MSI-H maintains superior survival over MSS disease regardless
of treatment [138, 139]. Subpopulation analysis suggests that
subsets of stage II/Ill MSI-H CRC with concurrent TGFBRII
mutations may benefit from adjuvant 5-FU [140, 141]. Several
meta-analyses of stage |-l CRC were unable to demonstrate a
statistically significant benefit for adjuvant 5-FU-based therapy
for MSI-H disease, and so controversy remains over exactly how
MSI status should be used in clinical decision making [8, 100,
101, 142-144], although the NCCN advises against adjuvant
5-FU in MSI-H stage Il colon cancer patients [49, 145, 146]. In
contrast, a retrospective Association des Gastro-Entérologues
Oncologues (AGEO) study suggests that addition of oxaliplatin to
adjuvant therapy in dMMR stage Il patients may overcome the
detrimental effect of 5-FU monotherapy [147]. In metastatic
disease, response to chemotherapy s less clear, likely because of
the smaller relative percentage of MSI-H cases. A retrospective
review of 55 patients showed no improvement in prognosis in
patients with metastatic MSI-H CRC with or without chemo-
therapy [111]. Additionally, a pooled analysis of COIN, CAIRO,
CAIRO2, and FOCUS trials suggested inferior prognosis with
dMMR colon cancers, in part driven by association with BRAF
mutations [148].

Gastric Cancer

The benefit of adjuvant therapy after curative resection in
gastric cancer was not clear until 2001 with INT-0016, and the
subsequent MAGIC, ACTS-GC, and CLASSIC trials [149]. Like
colon cancer, however, MSI-H tumors do not appear to show
the same clear OS benefit after adjuvant chemotherapy as MSI-L/
MSS tumors, with some trials suggesting worse outcomes with
chemotherapy. A retrospective analysis of 1,276 Korean patients
demonstrated a hazard ratio of 0.49 for MSI-H versus MSI-L/MSS
without chemotherapy, which decreased to 1.16 when adjuvant
therapy was provided [57]. MSI and MMR testing are not part of
the NCCN guidelines for determining treatment at this time.

IMMUNOGENICITY OF TUMORS WITH MISMATCH

REPAIR DEFICIENCY

It has long been recognized that the infiltration of lymphocytes
within tumors (tumor-infiltrating lymphocytes [TILs]) represents
a positive prognostic factor in many cancer types [150, 151]. In
particular, certain lymphocyte subsets (CD45R0™, a memory T
cell marker) appear to play important roles in limiting tumor
dissemination and ultimately improving survival [152]. MSI-H
tumors are associated with increased TIL density [153, 154],
although the rationale for this has not always been understood.
They are associated with an abundance of CD37CD8™ cytotoxic
TILs, suggesting that these tumors trigger an immune response
in the host [155]. Tumor cells interact with the immune system in
the tumor microenvironment, resulting in cancer immunoedit-
ing, which is described in three phases: elimination, equilibrium,
and escape. The attempted elimination of tumor cells by T
lymphocytes leads to residual immune-resistant tumor cells
[156]. This is followed by a period of immunologic pressure on
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these tumor cells (equilibrium), which ultimately results in
immune escape, where the downregulation of major histocom-
patibility complex molecules occurs. The end result is immune
tolerance, where tumor antigens prevent rejection by the host
immune system by creating unsuitable conditions in the tumor
microenvironment that prevent appropriate immune responses
[157].This process ofimmunoediting is regulated through a series
of checkpoint receptors, including CTLA-4, programmed death 1
pathway (including PD-1 and its ligand PD-L1), and LAG3.
Inhibitors of these pathways (including US Food and Drug
Administration-approved ipilimumab, nivolumab, and pembro-
lizumab) interrupt this pathway, leading to stimulation of
activated T-cells and antitumor immunity [158].

MSI-H tumors are thought to possess higher TIL densities
relative to MSS tumors because of their higher mutational load.
Next-generation sequencing studies have shown that MSI-H
tumors typically harbor more than 1,000 coding somatic mutations
per tumor cell genome compared with the 50 to 100 somatic
mutations found in MSS tumors [159] (Fig. 3). dMMR tumors result
in frameshifting mutations within coding sequences, often
resulting in functionally inactive proteins [160, 161]. These
abnormal peptides have the potential to be presented through
the tumor’s MHC | to cytotoxic T-lymphocytes (CTLs) as neo-
antigens, resulting in the increased TIL density synonymous with
MSI-H tumors.

MSI-H tumors are thought to possess higher TIL
densities relative to MSS tumors because of their
higher mutational load. Next-generation sequencing
studies have shown that MSI-H tumors typically
harbor more than 1,000 coding somatic mutations
per tumor cell genome compared with the 50 to 100
somatic mutations found in MSS tumors.

The MSI-H CRC tumors identified in the TCGA exhibited
a strong expression of a group of tightly coregulated
immune-related genes (coordinate immune response
cluster) [162]. This cluster predominantly consists of
T-helper 1 (Th1) genes but also contains class land Il genes
and genesrelatingtoimmune checkpoints, innateimmune
recognition, and T cell activation. This cluster confirmed
previous findings of the presence of a strong density of Th1
T cells in MSI-H tumors relative to MSS tumors and higher
expression of chemokines CCL5, CXCL9, and CXCL10, which
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are associated with the Th1l response [163]. The Thl
response is particularly antitumorigenic because of the
role of interferon (IFN)-vy in tumor surveillance [164].

Looking specifically at T cell subsets within CRC tumors,
Llosa et al. showed that MSI-H tumors displayed a high
degree of infiltration with CD8™" CTLs, activated Th1 cells
characterized by the production of IFN-y (the canonical
Th1 cytokine) and T-bet, the Th1 transcription factor [165].
Conversely, MSI-H and MSS tumors have similar expression
of interleukin (IL)-13 and IL-14 (Th2 response) and FOXP3
(Treg-associated gene), indicating that MSI-H tumors have
selective Thl and CTL infiltration. There is also evidence of
increased macrophage density in MSI-H tumors compared
with MSS CRC [166].

MSI-H tumors also express genes encoding check-
point receptors at significantly higher levels than MSS
tumors, including PD-1, CTLA-4,and LAG-3[165]. Both PD-1
expression in TILs and PD-L1 expression on tumor cells
differin MSI-H compared with MSS tumors. [167] TILs from
MSI-H tumors have 77% PD-1 expression compared with
39%in MSS tumors. MSI-H tumors have 32% PD-L1 expression
compared with 13% in MSS tumors. The expression of
checkpoint receptors is induced by IFN-y, which may
represent adaptive resistance to an active Th1/CTL
microenvironment induced by MSI-H [168]. Modulation
of IFN-y receptor (IFN-yRa) expression on tumor cells can
result in tumor immunoediting, acquiring a stem cell-like
phenotype and the development of resistance to CTL-
mediated death [169—-171].The extent of PD-L1 expression
is modest compared with other classically immunosensi-
tive tumors (renal cell cancer, non-small-cell lung cancer)
[172]. Instead, MSI-H tumors are infiltrated with PD-L1-
expressing myeloid cells (CD115~-CD147cD33*cD11c™),
which produce IFN-v, suggesting that these cells have an
importantroleinthe PD-1 pathway interactionsin the MSI
tumor microenvironment [165]. Because of the heteroge-
neity inimmune gene expression between MSI-H and MSS
tumors, efforts have been made to establish a scoring
system that can predict clinical outcomes independently
of MMR status. The immunoscore, based on the immuno-
histochemical quantification of cytotoxic and memory
T cells at the tumor’s core and invasive margin, has been
shown to be predictive of survival in stages |I-11l CRC [166].
A high score (13/14) indicates high densities of TILs and is also
associated with overexpression of PD-1. A scoring system has
the potential to predict subsets of patients with MSI-H and
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Figure4. Responsestoanti-PD-1therapyintumorswithdMMR. (A):
Single patient response after 20 weeks of anti-PD-1 therapy with
complete response of retroperitoneal lymphadenopathy. (B): CEA
response to checkpoint inhibition in the same patient with durable
response over time. (C): Radiographic response to pembrolizumab as
represented by the largest percentage change of SLD based on RECIST.
Each bar represents one patient.

Abbreviations: CEA, carcinoembryonic antigen; CRC, colorectal
cancer; dMMR, deficient mismatch repair; MMR, mismatch repair; anti-
PD-1, antibodies to programmed cell death protein 1; RECIST, Response
Evaluation Criteria in Solid Tumors; SLD, sum of longest diameters.

Figure 4B adapted from [1].

MSS tumors likely to benefit from immune checkpoint
therapy.

IMMUNE CHECKPOINT INHIBITION IN TUMORS WITH
MiISMATCH REPAIR DEFICIENCY

In mid-2015, we published results of a phase 2 trial
demonstrating the benefit of PD-1 inhibitors for patients
with MSI-H tumors [1]. Three cohorts of patients were
recruited: cohort A, patients with dMMR CRC (n = 11);
cohortB, pMMR CRC (n = 21); and cohort C,dMMR non-CRC
cancers (n = 9, including ampullary/cholangiocarcinoma,
endometrial, small bowel, and gastric tumors). All patients
with CRC had previously received at least two lines of
therapy, and all patients in cohort C had received at least
one prior regimen. Patients received 10 mg/kg pembrolizu-
mab every 14 days. All patients had heavily pretreated
advanced cancer, with the CRC population receiving a median
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of four prior chemotherapy regimens and with non-CRC
patients receiving a median of two prior regimens. In general,
patients with dMMR tumors were younger than those
with pMMR tumors, and 31.7% had germline mutations or
known Lynch syndrome. Patients were considered evaluable
if they underwent radiographic scanning at 12 weeks. The
primary endpoints were immune-related objective response
rate and immune-related progression-free survival at 20
weeks.

Both PD-1 expression in TILs and PD-L1 expression on
tumor cells differ in MSI-H compared with MSS
tumors. TILs from MSI-H tumors have 77% PD-1
expression compared with 39% in MSS tumors. MSI-H
tumors have 32% PD-L1 expression compared with

13% in MSS tumors.

Upon treatment, virtually all patients with dMMR had
an immediate clinical and biomarker (CEA or CA19-9)
response; a representative patient is shown in Figure 4. In
cohorts A, B, and C, immune-related objective response
rates were 40%, 0%, and 71%, respectively, and immune-
related progression-free survival rates were 78%, 11%, and
57% (Fig. 4).

IHC of MSI-H tumors showed greater densities of CD8 * TILs
and PD-L1 expression (not seen in any pMMR tumors), which
were associated with a trend toward objective response and
stable disease, although this did not reach statistical significance.
Whole-exome sequences also showed an average 1,782 somatic
mutations and 578 potential mutation-associated neo-
antigens per dMMR tumor, in contrast to 73 mutations and
21 neoantigens per tumor in pMMR cancers. Those in cohorts A
and C with objective partial or complete responses have yet
to reach median progression-free survival as of 1 year after
publication; this is in contrast to cohort B, for whom median
PFS was only 2.2 months (95% confidence interval, 1.4-2.8
months) [173, 174]. On November 2, 2015, the Food and Drug
Administration granted breakthrough therapy designation for
pembrolizumab in MSI-H advanced CRCs. Future studies are
ongoing in MSI-H colon cancer in the first metastatic setting,
as well in other tumor types with dMMR [175]. These studies
will not be limited to metastatic or treatment-refractory dis-
ease, but will likely move to first-line therapy compared with
standard-of-care treatment. In addition, trials evaluating this
approach in the neoadjuvant and adjuvant setting are in de-
velopment, especially in high-risk disease. If checkpoint block-
ade in this population of patients achieves curative results
in the metastatic setting, then one could envision a time
when checkpoint blockade could even replace surgery for
this subgroup of patients.

WHERE Do TuMORS WITH MISMATCH REPAIR DEFICIENCY
FIT INTO THE CHECKPOINT INHIBITION PARADIGM?

The human studies of PD-1 blockade in MSI-H tumors,
although encouraging, will need to be validated in a larger
cohort of patients. Nonetheless, the role of somatic cancer
mutations in priming the immune system is becoming more
evident, and data from prospective clinical trials is more clearly
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defining the association between mutations and response to
checkpoint blockade. This trial in MSI-H solid tumors is the first
prospective demonstration that mutation burden may influ-
ence response to PD-1 inhibitors. Retrospective studies in
melanoma and non-small-cell lung cancer have also demon-
strated the importance of mutational burden and response to
checkpoint blockade [176, 177]. However, other tumor
types, such as renal cell carcinomas, have a relatively low
mutational burden and yet still show significant activity to
checkpoint inhibitors [178-180]. These observations, sum-
marized in Figure 5, suggest that different mechanisms of
tumorigenesis may be related to tumors responsiveness to
checkpoint blockade.

The checkpoint blockade data in pMMR and dMMR
tumors suggest that clinically there are three groups
of tumors that respond differently to immunotherapy:
(1) tumors that are not immunogenic and will likely never
respond to any immunotherapy (MSS tumors that rapidly
progressed on immunotherapy), (2) tumors that are highly
immunogenic (MSI-H tumors that briskly respond to single-
agent immunotherapy), and (3) tumors that are borderline
immunogenic (MSStumorsthatdevelop stable disease with
immunotherapy). It is the borderline immunogenic tumors
that will likely need combination therapy for a significant
durable response. Strategies for combination therapy—
radiation, small molecules, or even other immunomodulatory
agents—will likely dominate drug development in the next few
years. Equally as important will be understanding how to
molecularly define these subgroups before initiating therapy
and identifying a host of novel predictive biomarkers that
modulate immune-therapeutic response. Whether these pre-
dictors of response and resistance are tumor cell intrinsic
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(i.e., somatic mutations) or extrinsic (tumor stroma) remains to
be seen but will certainly be an active area of research.

CONCLUSION

Current guidelines suggest dMMR/MSI testing in select
groups of patients with colon and endometrial cancer. The
data summarized in this review suggest that dMMR/MSI
testing will go beyond testing for heritable risk and likely be
used to dictate therapy. In fact, this testing will likely not be
limited to colon or endometrial cancer, but may be beneficial
for any cancer in which dMMR has been reported. If the data
continue to show such durable responses of MSI-H tumors
to PD-1 blockade, MSI status may be a pan-cancer bio-
marker predictive for response to immunotherapy that is
independent of tumor histology and fully dependent on a
tumor’s genetic composition.
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