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Microsatellite instability-high (MSI-H) and tumor mutational burden (TMB) are predictive
biomarkers for immune-checkpoint inhibitors (ICIs). Still, the relationship between the underlying
cause(s) of MSI and TMB in tumors remains poorly defined. We investigated associations of TMB
to mismatch repair (MMR) protein expression patterns by immunohistochemistry (IHC) and
MMR mutations in a diverse sample of tumors. Hypothesized differences were identified by the
protein/gene affected/mutated and the tumor histology/primary site. Overall, 1057 MSI-H tumors
were identified from the 32 932 tested. MSI was examined by NGS using 7000+ target
microsatellite loci. TMB was calculated using only nonsynonymous missense mutations
sequenced with a 592-gene panel; a subset of MSI-H tumors also had MMR IHC performed.
Analyses examined TMB by MMR protein heterodimer impacted (loss of MLH1/PMS2 vs.
MSH2/MSH®6 expression) and gene-specific mutations. The sample was 54.6% female; mean age
was 63.5 years. Among IHC tested tumors, loss of co-expression of MLH1/PMS2 was more
common (n = 544/705, 77.2%) than loss of MSH2/MSH®6 (n = 81/705, 11.5%; P < .0001), and was
associated with lower mean TMB (MLH1/PMS2: 25.03 mut/Mb vs MSH2/MSH®6 46.83 mut/Mb;
P<.0001). TMB also varied by tumor histology: colorectal cancers demonstrating MLH1/PMS2
loss had higher TMBs (33.14 mut/Mb) than endometrial cancers (20.60 mut/Mb) and other tumors
(25.59 mut/Mb; P<.0001). MMR gene mutations were detected in 42.0% of tumors; among
these, MSH6 mutations were most common (25.7%). MSH6 mutation patterns showed variability
by tumor histology and TMB. TMB varies by underlying cause(s) of MSI and tumor histology;
this heterogeneity may contribute to differences in response to ICI.

Keywords

microsatellite instability; mismatch repair; tumor mutational burden; MSI; TMB; immune
checkpoint inhibitors

INTRODUCTION

DNA mismatch repair (MMR) is crucial to ensure the integrity of the genome. The primary
function of the MMR pathway is to identify and correct base-base mismatches and
insertions/deletions (indels) generated during DNA replication and recombination.® A direct
consequence of MMR deficiency is instability (ie, gains or losses) in microsatellite regions
of the genome, consisting of mono- and di-nucleotide base pair repeats. The microsatellite
instability (MSI) phenotype is widely used as a diagnostic marker for MMR deficiency in
tumor cells and generally equates to reduced or deficient activity of the mutSa protein
complex (responsible for initial recognition of DNA mismatches) due to mutation or
inactivation of the heterodimer partners MSH2 or MSH®, or the mutLa protein complex
(which subsequently nicks DNA at sites of mismatch to begin the repair) due to mutation or
inactivation of the heterodimer partners MLH1 or PMS2. Clinically, the integrity of MMR is
frequently assessed using immunohistochemical (IHC) staining for expression of the four
MMR proteins, with loss of MLH1/PMS2 and/or MSH2/MSH6 expression being the most
common patterns seen in tumors with MMR deficiency. The integrity of MMR may also be
assessed by fragment analysis for MSI at five predefined genomic regions (ie, Bethesda
panel), or, more recently, by next-generation sequencing (NGS).2:3 While MSI-H along with
tumor mutational burden (TMB), measured on NGS tumor profiles has emerged as a
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relevant biomarker for predicting tumor response to immune checkpoint inhibitors (ICls),4%
studies have shown TMB varies significantly among MSI-H tumors,”:8 and their
independent and combined impact on responsiveness to ICI remains under investigation.8-10

To date, studies of MSI as a predictive therapeutic marker have not examined patients
according to the MMR protein/heterodimer pair impacted (MLH1/PMS2 vs MSH2/MSH6)
or the individual MMR gene(s) mutated.11-13 Analyses have also not characterized how
underlying cause of MMR deficiency may impact potentially relevant molecular and clinical
factors such as the rate of TMB-H and TMB as measured by total mutations per megabase
(mut/Mb).

The aim of our study is to characterize a large commercial clinical sample of MSI-H tumors,
and specifically to characterize how MMR protein expression patterns (by IHC) and MMR
gene mutations (by NGS) are associated with TMB. Our goal is to better elucidate how
relevant clinical predictors of response to ICI, such as MSI-H and TMB, are related across a
broad spectrum of clinically tested tumor histologies. We hypothesized TMB would show
significant differences depending on whether the MSI-H phenotype was associated with loss
of co-expression of MLH1/PMS2 or MSH2/MSHB®. Further, we also hypothesized that
overall TMB magnitude would show significant variability by MMR gene(s) mutated.

2| METHODS

2.1| Patients

A retrospective analysis was conducted on consecutive MSI-H tumors from an unselected
international sample of patients undergoing commercial tumor genomic profiling using a
single platform between January 30, 2015, and January 18, 2018. IHC protein expression of
the four MMR proteins was also conducted on 66.7% of tumors [primarily colorectal cancer
(CRC) and endometrial cancer (EC) due to clinical relevance].

2.2 | Next-generation sequencing

NGS was performed on genomic DNA isolated from formalin-fixed paraffin-embedded
(FFPE) tumor samples using the NextSeq platform (Illumina, Inc., San Diego, California).
Tumor enrichment was achieved by harvesting targeted tissue using manual microdissection
techniques. Only tumor was sequenced (no matched normal). A custom-designed SureSelect
XT assay was used to enrich 592 whole-gene targets (Agilent Technologies, Santa Clara,
California). All variants were detected with >99% confidence based on allele frequency and
amplicon coverage, with an average sequencing depth of coverage of >500 and an analytic
sensitivity of 5%. Only pathogenic/presumed pathogenic variants were included. No
amplification of MMR genes was identified. Analyses of copy number variation and gene
fusions were not available on this dataset.

2.3| MMR protein expression by immunohistochemistry

MMR protein expression was tested by immunohistochemistry (IHC) using antibody clones
(MLH1, M1 antibody; MSH2, G2191129 antibody; MSHS, 44 antibody3; and PMS2,
EPR3947 antibody, Ventana Medical Systems, Inc., Tucson, Arizona). The complete
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absence of protein expression of any of the four proteins tested (0+ in 100% of cells) was
considered deficient MMR. Because the MMR proteins function as heterodimers, we
conducted analyses of MSH2/MSH®6 deficient tumors vs MLH1/PMS2.

2.4 MSI testing

MSI was examined using over 7000 target microsatellite loci and compared to the reference
genome hg19 from the University of California, Santa Cruz (UCSC) Genome Browser
database. The number of microsatellite loci that were altered by insertion or deletions
(indels) was counted for each sample. Only indels that increased or decreased the number of
repeats were considered. Genomic variants in the microsatellite loci were detected using the
same depth and frequency criteria as we used for mutation detection. MSI-NGS results were
compared to results from over 2000 matching clinical cases analyzed with traditional PCR-
based methods. The threshold to determine MSI-High by NGS was determined to be 46 or
more loci with indels to generate a sensitivity of >95% and specificity of >99%.3

2.5| Tumor mutational burden

TMB was measured by counting all nonsynonymous missense mutations found per tumor
that had not been previously described as germline alterations in gnomAD, dbSNP and in
house Caris databases (592 genes and 1.4 megabases [MB] sequenced per tumor). TMB was
considered as both a binary variable (TMB-L vs TMB-H defined as =17 mut/Mb) and a
continuous variable measuring TMB magnitude. The threshold to define TMB-H was
established by comparing TMB with MSI by fragment analysis in CRC cases.®

2.6 | Statistical analysis

Comparisons of TMB among molecular groups were tested with Analysis of Variance
(ANQOVA) and confirmed with nonparametric Wilcox test using JMP (13.2.1); biomarker
alteration prevalence comparisons were done by Fisher-Exact test. A nonparametric test of
association between microsatellite loci and TMB was performed using Spearman’s rank-
based measure of association using R statistical software version 3.4.3. P< .05 was
considered statistically significant for all tests performed.

2.7 | Ethics statement

All human subjects’ data were de-identified. Thus, this research was determined to be
exempt from the requirement for informed consent per the Western Institutional Review
Board (WIRB).

3| RESULTS

3.1| Sample characteristics

In total, of 32 932 tumors tested, 1057 (3.2%) were found to be MSI-H by NGS testing. This
sample included 283 CRCs, 449 ECs, and 325 other tumors (OTs) from 29 other cancer
types (Table 1). The sample was 54.6% female, and median patient age of the time of tumor
testing was 63.5 years.
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Paired IHC of the four MMR proteins was conducted on 66.7% (705/1057) of the sample
[MLH1 67.9%; PMS2 67.6%, MSH2 68.5%, MSH6 68.1%]. NGS DNA sequencing of the
four MMR proteins was conducted in nearly 100% of the sample [MLH1, 99.6%; MSH2,
96.5%; MSHS6, 98.2%; PMS2, 59.1%]. PMS2, notably, had more indeterminate results due
to poor sequencing of large germline deletions and result ambiguity due to structural
complications of the gene including PMS2CL pseudogene.

3.2 | Baseline variability in MMR IHC patterns

Sex, age, and tumor histology variability in IHC patterns was seen. For example, in CRC,
where a female:male ratio of 50:50 would be anticipated, females had higher rates of loss of
MLH1/PMS2 co-expression by IHC (57.6%) than males (42.4%), and lower rates of loss of
MSH2/MSH®6 co-expression (45.0%) than males (55.0%). Patients with loss of MSH2/
MSH6 co-expression were also substantially younger than those with loss of MLH1/PMS2
co-expression among CRCs (48.9 vs 64.8 years; £<.0001), with differences less striking
among ECs (59.1 vs 64.5 years; P=.14) and other cancers (59.2 vs 65.9 years; P=.33).

3.3 | Association of MMR IHC patterns with TMB

We examined patterns of MMR protein losses in the subset of MSI-H tumor undergoing IHC
(705/1057 tumors), and the relationship of those patterns to TMB. Loss of MLH1 expression
(78.2%) and/or PMS2 expression (82.0%) occurred at higher frequency than loss of MSH2
(12.1%) or MSH6 (15.9%; P < .0001), and loss of MLH1/PMS2 co-expression (n = 544/705,
77.2%) was more common than loss of MSH2/MSH6 co-expression (n = 81/705, 11.5%; P
<.0001; Figure 1). When examined by tumor histology, ECs were more likely to have loss
of co-expression of MLH1/PMS2 (90.1%) than CRCs (67.5%; £<.001) and OTs (61.9%; P
<.001), and less likely to have loss of co-expression of MSH2/MSH6 (3.0%) than CRCs
(15.9%; P<.001) and OTs (25.4%; P<.001). Overall, abnormalities in expression of the
MLH1/PMS?2 proteins were >fivefold more common than abnormalities in expression of the
MSH2/MSHB® proteins in our sample.

Associations of patterns of MMR protein losses and TMB were then investigated (Figure 2).
TMB ranged from 4 to 361 mut/Mb over the entire sample (9-360 mut/Mb in CRCs, 4-239
mut/Mb in EC and 7-361 mut/Mb in OTs). Among all tumors, loss of co-expression of
MSH2/MSH®6 was associated with higher mean TMB (46.83 mut/Mb) than loss of MLH1/
PMS2 (25.03 mut/Mb; P<.0001). Similarly, CRCs that exhibited loss of MSH2/MSH6 (h =
40, 55.45 mut/Mb) tended to have higher TMBs than ECs (n = 10, 45.30 mut/Mb) and OTs
(n =32, 36.53 mut/Mb; £=.09). As noted above, TMB associated with loss of MLH1/
PMS2 was generally lower than that associated with loss of MSH2/MSH6. Among tumors
with loss of MLH1/PMS2, CRCs had higher TMBs (n = 170, 33.14 mut/Mb) than ECs (n =
303, 20.60 mut/Mb) and OTs (n = 80, 25.59 mut/Mb; £ < .0001).

3.4 | Association of MMR gene mutations with TMB

Mutations were heterogeneously distributed among the MMR genes and by tumor histology.
Overall, 58% (614/1057) tumors had no detectable MMR mutation. A substantial minority
(41.9%, 443/1057) of tumors had at least one MMR mutation, and many tumors bore
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multiple mutations (Figure S1). ECs (27.3%; 123/449) had lower rates of MMR mutations
compared to CRC (59.7%; 169/283) and OTs (46.1%; 150/325; P< .0001).

MSH6 mutations were identified in 25.7% (267/1038) tumors, and were the most common
MMR mutations detected [60.3% (267/443) of total mutations]. MSH6 mutations were more
common in CRCs (106/275, 38.5%) than ECs (98/449, 21.9%, P < .0001) or OTs (63/325,
19.9%, P < .0001) (Figure 3). A previously described* recurrent passenger mutation in an
MSH&6 exon 5 coding microsatellite, MSH6 F1088fs, was found in 20.0% (212/1057) of all
tumors, comprising a substantial minority 39.6% (212/535) of all MMR mutations detected
overall and nearly 64.6% of all MSH6 mutations observed (Figure S2). The MSH6 F1088fs
mutation was more prevalent in CRC than OTs (18.3% of all EC, 29.5% of all CRCs and
15.5% of OTs; P=.0007 for CRC vs ECs; £<.0001 for CRC vs OTs; Figure 3)

A sizable subset of tumors (418/1057 or 39.5%) underwent complete 4-gene MMR NGS
testing and 4-gene MMR IHC staining (Table 1 and Figure S3). Gene-specific IHC protein
expression and NGS mutations for MLH1 and PMS2 demonstrated high levels of
discordance. The majority of tumors that showed loss of MLH1 (67%) and PMS2 expression
(78%) had no detectable mutations in the MLH1 or PMSZ2 genes—only 11% of tumors
showed a concordance between MLH1 protein loss and an MLH1 mutation, and only 5% of
PMS2 tumors showed concordance. MSH6 in comparison frequently showed normal
expression even when an underlying MSH6 mutation was detected—among 599 tumors with
intact MSH6 expression on IHC, 21.4% (n = 128) had underlying MSH6 mutations.

Finally, we examined associations between MMR mutations and TMB, and stratified results
by the presence or absence of concurrent protein losses by IHC. Overall, substantial
variability was seen depending on whether gene-specific mutations were concurrent with
IHC protein losses (Figure 4). When examined by histology, ECs bearing MMR mutations
generally had lower TMBs than CRCs and OTs. For example, TMB associated with MSH6
mutations in CRCs (44.5 mut/Mb) and OTs (52.0 mut/Mb) was significantly higher than in
ECs with MSH6 mutations (26.7 mut/Mb; P=.0001). It was interesting to note that TMB
among all tumors that bore the passenger MSH6 F1088fs mutation (n = 212, 36.34 mut/Mb)
was lower than the TMB of tumors bearing other MSH6 mutations (n = 55, 52.96 mut/Mb; P
=.0063). This difference varied by disease site: TMB associated with MSH6 F1088fs in ECs
(25.8 mut/Mb) were significantly lower than those in CRCs (43.2 mut/Mb) (£ =.0008) and
OTs (42.7 mut/Mb; P=.0008; Table S1).

DISCUSSION

In the current study, we demonstrate MMR gene and protein expression associated variation
in TMB; our data show that tumors with loss of MLH1/PMS2 co-expression by IHC are
associated with a lower TMB compared to tumors with loss of MSH2/MSH6 co-expression,
a relationship that is consistent across tumor histologies. We hypothesize this variability may
be related to (a) gene-specific and tissue-specific differences in the molecular events that
precede loss of MLH1/PMS2 vs MSH2/MSH6 co-expression (eg, MLH1 promoter
methylation as the dominant cause of loss of MLH1 expression) or (b) gene-specific and
tissue-specific events that occur in tumors subsequent to the loss of MMR function when the
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MLH1/PMS2 or the MSH2/MSH6 heterodimers are rendered nonfunctional. Whether the
underlying cause of MSI is, in parallel to TMB, important in determining differential
responses to ICI therapy, response durability or development of resistance remains uncertain,
but further research is warranted due to the potential relevance of this finding to clinical
practice. While early studies in CRC have not detected differential responses to ICI in the
Lynch syndrome population vs MSI-H patients with MLH1 promoter methylation,
differences in outcomes or toxicities may still be observed in future studies and with longer
follow-up.11-13

Our results additionally demonstrate histology-specific patterns of MMR IHC protein co-
expression and associated TMB. Compared to the OTs examined, ECs exhibited more
frequent loss of MLH1/PMS2 by IHC, lower histology-specific TMBs, and lower TMBs
associated with loss of MLH1/PMS2 co-expression and loss of MSH2/MSH®6 co-expression.
In comparison, CRCs demonstrated the highest rates of loss of MSH2/MSH6 co-expression
and overall highest mean TMBs relative to EC and OTs. The contribution of inactivation of
the MLH1/PMS2 heterodimer in ECs (vs CRCs) due largely to methylation of the MLH1
promoter is well-documented, but the consistent association of MLH1/PMS?2 inactivation
with lower TMBs than seen in comparison to inactivation of the MSH2/MSH6 heterodimer
is new. Our findings suggest that the role of the mutSa protein complex (MSH2/MSH6) due
to poor recognition of sites of nucleotide mismatches may be more critical to ensuring intact
MMR than the mutLa complex (MLH1/PMS2). Malfunction of mutSa may lead then to a
higher burden of mutations in the tumor overall that may be mitigated in some tumor
histology types by secondary DNA repair pathways better than in others (leading to
histology-specific differences in TMBs across similar IHC protein loss patterns). Taken as a
whole, these data reveal the diversity of gene- and histology-specific heterogeneity within
MSI-H tumors.

Sequencing of the MMR genes demonstrated several interesting findings. Our results
showed that MMR mutations occur in less than half of MSI-H tumors—nearly 60% of the
tumors examined here did not carry an MMR mutation. Recently published research
examining unselected tumors via paired tumor/normal sequencing identified germline MMR
mutations in only 16.3% MSI-H tumors overall, with CRC and EC representing over half of
this group, and Lynch syndrome spectrum tumors over 90%.1° Unfortunately, our results
lack paired germline data to conduct similar analyses. However, among those tumors in our
sample without an MMR mutation, we found the most common abnormality by IHC was
loss of MLH1/PMS2 across all tumor types. This suggests that loss of function of the
MLH1/PMS2 protein heterodimer, most often caused by methylation of the MLH1 gene
promoter inhibiting MLH1 gene transcription and MLH1 protein expression, is likely the
major mechanism that drives MSI in diverse adult tumors, not just CRC and EC. Moreover,
it further suggests the contribution of functional MLH1 to MMR may be particularly
vulnerable to inactivation across a wide variety of tumors, although this does not exclude the
possibility that other mechanisms also exist. Research demonstrating that hypomethylating
agents can reactivate an MLH1 gene silenced by promoter methylation may support future
novel approaches to cancer treatment and prevention.16
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An additional finding was the significant histology-specific variability in TMB associated
with the MSH6 F1088fs passenger mutation. This mutation of a Cg coding microsatellite in
exon 5 of MSH6 has been previously described in tumors and germline.16:17 In our study,
this was the only MMR mutation seen in 35% of tumors. Further, it was differentially
distributed by histology and differentially associated with TMB by histology—that is it
represented a greater portion of the total mutations seen in CRC (compared to EC or OT;
Figure 3) but in EC was associated with a lower TMB than in CRC and OTs (Table S1). We
found other MSH6 mutations identified in this cohort (data not shown) were more often
associated with POLE mutations, high TMB (>100 mut/mb), and a high frequency of
premature stop codons. Taken together, these findings suggest that MSI and TMB could be
modulated by tissue and cause-specific factors that ultimately impact a tumor’s individual
mutational spectrum. Individual variability in causes of MSI, TMB, and the resultant
downstream passenger mutational patterns may then also impact each tumor’s neo-antigen
profile and, perhaps, ICI responsiveness, although further research is needed to demonstrate
the latter.

Our findings may have direct impact on our clinical practice. In fact, recent literature data
showed that overall response rate (ORR) to ICI (eg, pembrolizumab) are quite different
among MSI-H tumors based on tumor types. For example, ORR was 57% in MSI-H EC,18
33% in CRC19 and 34% in non-CRC.20 In addition, among non-CRC tumor types, a huge
variability in ORR was noticed, such as 18.2% for pancreatic cancer and 0% for CNS
cancers.20:21 Our data shown here may explain the variability in ICI benefit among MSI-H
tumors, based on primary sites.

It is worth mention that not all MSI-H tumors are associated with TMB-H, as we already
showed elsewhere.”8 This phenomenon may have direct impact of response to ICI in clinical
practice and deserve further evaluation in prospective studies.

Our study has several limitations. As we analyzed a convenience sample of commercial
tumor profiling data, the only available clinical data were age, sex, and tumor histology
gathered from a nonclinical test requisition. Because a matched blood sample was not
collected, our ability to distinguish germline mutations from tumor-only mutations was
diminished, increasing the chances of inaccurate calls. This is particularly a problem among
individuals from racial/ethnic subpopulations that have undergone limited germline and
tumor genetic sequencing and may be underrepresented in public sequencing databases that
are used to determine whether observed variants are benign vs damaging. Also, MLH1
promoter methylation testing was not available at the time these data were collected, limiting
our ability to more fully characterize MLH1 expression loss by IHC. Finally, small sample
sizes necessitated analyses of non-CRC non-EC as one group of OTs.

CONCLUSION

In summary, we identified substantial MMR gene- and histology-specific heterogeneity
among MSI-H tumors and among variables that are considered predictors of response to
ICIs. TMB varies significantly according to the MMR protein heterodimer affected and the
MMR gene affected, and inactivation of MLH1/PMS2 appears to be the dominant
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mechanism driving MSI in this diverse tumor sample. These findings offer insight into what
underlying molecular events are most prevalent in MSI-H tumors and how these events
impact variability in TMB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IHC immunohistochemistry
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NGS next-generation sequencing
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TMB tumor mutational burden

TMB-L tumor mutational burden-low
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What’s new?

Immunotherapy based on checkpoint inhibitors shows promising results in a variety of
cancer types, but still benefits a minority of patients. High microsatellite instability (MSI)
and tumor mutational burden (TMB) have both been identified as biomarkers predictive
of response to checkpoint inhibitors. Here, the authors investigated how the underlying
causes of MSI influence TMB. Tumors lacking the mismatch repair protein duo MLH1/
PMS2 had lower TMB than those lacking a different protein heterodimer, MLH2/MSH®.
Even among tumors lacking the same mismatch repair proteins, the tissue of origin
influenced mutational burden.
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Rates of MMR protein expression by IHC stratified by tumor histology. (a) Difference in
rate of MLH1/PMS2 protein expression loss vs MSH2/MSH6 in EC. (b) Difference in rate
of MLH1/PMS2 protein expression loss in EC vs MLH1/PMS2 protein expression 10ss in
CRC. (c) Difference in rate of MLH1/PMS2 protein expression loss vs MSH2/MSH6 in OT.
(d) Difference in rate of MSH2/MSH6 protein expression loss in EC vs CRC. (e) Difference
in rate of MSH2/MSH6 protein expression loss in EC vs OT. (f) Difference in rate of MLH1/

PMS?2 protein expression loss vs MSH2/MSH6 in all tumors
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