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Microsatellite instability (MSI), a hypermutable phenotype
caused by DNA mismatch repair deficiency, is an
established National Comprehensive Cancer
Network—recommended biomarker for the diagnosis and
prognosis of patients with colorectal cancer'* and other
solid tumors.” However, tumor tissue samples are less
convenient to obtain than blood plasma samples in a clinical
setting. Noninvasive cell-free DNA (cfDNA) assays have
been developed to help expand the clinical reach of MSI
analysis. Recently, several cfDNA-based MSI detection
methods have been applied to predict the patient response to
immune  checkpoint inhibitors.”” Compared  with

electrophoresis-based MSI-PCR, which evaluates a few
microsatellite loci, next-generation sequencing (NGS)—
based MSI assays can assess many more microsatellite loci,
boosting the statistical power for accurate MSI detection,
especially in samples with low cancer cell fractions.
Compared with immunohistochemistry (IHC), which
assesses the expression of mismatch repair proteins,” NGS-
based MSI assay can be part of a single mutation-checking
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NGS test, and it handles both tumor tissue and blood plasma
samples.

The MSI calling algorithms used by NGS-based tissue
MSI assays, which are broadly based on comparing the
repeat lengths of different MSI alleles between a test sample
and a normal sample (or a baseline of normal samples),” '
have been extended to NGS-based plasma MSI assays. But
the low fraction of cell-free tumor-origin DNA fragments in
plasma, typically three to four orders of magnitudes lower
than that of tumor DNA in tissue,” is a significant challenge
to overcome. It requires not only improvement in experi-
mental techniques, such as using unique molecular identi-
fiers to suppress errors and increasing the sequencing depth,
but also a more sophisticated algorithm to discriminate true
MSI signals from noises (aka contracting/shorter and
expanding/longer alleles), which are mostly errors intro-
duced during PCR amplification and sequencing.

Many existing NGS-based plasma cfDNA MSI detection
methods™ ' ~'? use a baseline-dependent statistical frame-
work for assigning a probability to both locus- and sample-
level MSI status. bMSISEA'' used 100 white blood cells
(WBCs) to establish a microsatellite stability (MSS) base-
line for each locus. Willis et al’ (2019) used a baseline of
healthy donor samples to determine the locus-level
threshold. Wang et al'’ (2020) used MSS blood samples
as the baseline in the locus selection step. Then, these
methods typically combine information of all loci and
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derive a threshold based on the fraction of unstable loci to
call the test sample MSI or MSS. plasmaMSI uses a similar
approach.

However, existing methods fail to recognize two issues
that affect MSI calling significantly: the large impact of the
duplication ratio on the noise level (ie, fraction of con-
tracting and expanding alleles, conceptually similar to
stutter ratio in MSI-PCR) and the importance of matching
the duplication ratio between the test sample and the base-
line; and the adverse impact of canonical greatest sum of
sequenced base qualities (GSBQ) deduplication strategy,
designed for detecting SNV/insertion/deletion variants, on
detecting the true microsatellite (MS) allele signal. To
address these issues, plasmaMSI uses a suite of locus se-
lection rules, which can be applied to any panel to yield
mononucleotide loci of length 10 to 13 bp and can work
with mainstream sequencing platforms (validated on four
sequencers from Illumina, San Diego, CA; and BGISEQ,
Shenzhen, China). Second, plasmaMSI adopts a new MSI-
tailored majority-voting deduplication strategy that results
in higher signal/noise ratio in uncovering the true MS allele
than the canonical deduplication strategy used by tools such
as Picard-MarkDuplicates. Note that duplicate ratio is
unique to NGS and has no equivalence in MSI-PCR as PCR
cannot distinguish different duplicate families. Third, plas-
maMSI uses Kullback-Leibler divergence (KLD) to better
measure the divergence from a duplication-level—matching
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baseline/healthy distribution (Figure 1). Through bench-
mark analyses and clinical validation, plasmaMSI is shown
to be an accurate and robust method for plasma cfDNA MSI
detection.

Materials and Methods
Study Design and Sample Information

A total of 259 patients with cancer and 108 healthy donors
were recruited from March 2018 to June 2021, and their
specimens were shipped to and processed in the Genecast
Biotechnology laboratory (Wuxi, China) (Table | and
Supplemental Table S1). Samples were prepared and pro-
cessed following an established protocol.'* Specifically,
target enrichment was conducted with a pan-cancer panel
(543 genes, 2.09 Mbp). cfDNA and WBCs were obtained
from 173 to 198 individuals, respectively. Tumor tissue
specimens were available for 149 patients. A training set of
148 peripheral WBC samples and 40 tumor tissue samples
(20 positive and 20 negative by MSI-PCR) were used
exclusively for microsatellite locus selection. A total of 70
cfDNA samples were used to assess the locus-level baseline
distribution. Four previously established MSI cell lines
(22Rv1, LNCAP, RL952, and DLD-1; COBIOER Inc.,
Nanjing, China) were used to assess the analytical accuracy.
For clinical validation, plasma cfDNA samples from 103
patients with gastrointestinal cancer were used. Tumor tis-
sue specimens for all 103 patients were tested by either
MSI-PCR or IHC. The tissue, blood cell, and cfDNA
samples of 50 positive patients (4 with stage I, 11 with stage
II, 29 with stage III, 4 with stage IV, and 2 not available)
were sequenced and analyzed via an NGS bioinformatics
pipeline (see Bioinformatics Pipeline for details) to call
point mutations and produce the maximum variant allele
frequency (max-VAF). To investigate how the sequencing
coverage varies between sequencing platforms in response
to the varying repeat lengths, an independent set of six
tumor tissue samples was used.

Sample Processing

MSI-PCR was performed using the MSI Analysis System
(Promega, Madison, WI). For IHC, the antibodies used were
postmeiotic segregation increased 2 (PMS2), MutL protein
homolog 1 (MLH1), MutS homolog 6 (MSH6), and MutS
homolog 2 (MSH2) (ZSGB-BIO, Beijing, China), and
Autostainer Link 48 (Agilent, Santa Clara, CA) was used for
staining. For the cell line experiments, a fixed amount of
genomic DNA (35 ng) was sonicated and then titrated with
NA12878 (COBIOER Inc.) to yield five concentrations
(0.13%, 0.25%, 0.5%, 1.0%, and 2.0%), each with five
technical replicates. cfDNA was extracted from plasma
samples with MagMAX (Thermo Fisher, Waltham, MA)
per the manufacturer’s instructions. Target enrichment was
performed with the HyperCap Target Enrichment Kit
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Table 1  Characteristics of Clinical Samples

Patients with Patients with

Characteristic MSI (n = 50) MSS (n = 53)
Age, mean (range), years 50 (23—86) 53 (27—88)
<40 6 (12.00) 3 (5.66)
40—49 10 (20.00) 4 (7.54)

50—59 12 (24.00) 11 (20.75)
>60 22 (44.00) 32 (60.37)
NA 0 (0.00) 3 (5.66)
Sex
Female 24 (48.00) 18 (33.96)
Male 26 (52.00) 32 (60.37)
NA 0 (0.00) 3 (5.66)
Cancer type
Colon cancer 40 (80.00) 25 (47.16)
Rectal cancer 4 (8.00) 16 (30.18)
Gastric cancer 6 (12.00) 9 (16.98)
NA 0 (0.00) 3 (5.66)
Stage of disease
I 4 (8.00) 4 (7.54)
11 11 (22.00) 17 (32.07)
III 29 (58.00) 7 (32.07)
v 4 (8.00) 2 (22.64)
NA 2 (4.00) 3 (5.66)

Data are given as number (percentage) of patients unless otherwise
indicated.

MSI, microsatellite instability; MSS, microsatellite stability; NA, not
available.

(Roche, Basel, Switzerland) following the manufacturer’s
protocol. A fixed mass of products from eight cycles of
precapture PCR was fed into 14 cycles of post-capture PCR.
The locus selection step was performed on the basis of a
2.09-Mbp, 543-gene pan-cancer panel using tissue speci-
mens sequenced to an average depth of 871. Afterwards, a
100-Kbp  gastrointestinal ~ cancer-specific panel was
designed, which included the selected MSI loci, and used to
enrich all the genomic DNA and cfDNA samples in this
study. The resulting libraries were sequenced to an average
depth of 25,144 (95% CI, 5890—46,069), corresponding to
an average duplication ratio (dup ratio) of 0.84 (95% CI,
0.56—0.93). In addition to locus selection, the 2.09-Mbp
panel was used for the targeted enrichment of tissue samples
involved in the estimation of tumor content. All libraries
were sequenced in 2 x 100-bp paired-end mode on MGI-T7
(BGISEQ). The six tumor tissue samples used for compar-
ison among sequencers were prepared and sequenced by
four sequencers: three samples sequenced by NovaSeq6000/
NextSeq500 sequencers (Illumina Inc.), and the other three
sequenced by MGI-T7 and MGI-2000 sequencers (BGI-
SEQ) with identical experimental conditions.

Bioinformatics Pipeline

For both plasma cfDNA and tissue genomic DNA samples,
adaptors were trimmed from raw read pairs using
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Trimmomatic version 0.36."> Clean reads were mapped
against the human reference genome (build hg19; Univer-
sity of California, Santa Cruz), aligned using Burrows-
Wheeler Aligner bwa-mem version 0.7.12'° and sorted
using SAMtools version 1.7."" A detailed comparison of the
majority-voting—based deduplication strategy and the ca-
nonical strategy used by Picard MarkDuplicates version
2.1.0 (https://broadinstitute. github.io/picard) is described in
The Canonical GSBQ Deduplication Strategy versus MSI-
Tailored Majority-Voting Deduplication Strategy. Mark-
Duplicates was performed in the default mode, followed by
local insertion/deletion realignment using GATK version
v3.7 (https://gatk.broadinstitute.org). For each
microsatellite locus, all fragments spanning the locus,
defined as fragments that fully cover the microsatellite
plus 2 bp in both 5 and 3’ directions, were extracted from
the realigned Binary Alignment Map file. Following
deduplication, the repeat lengths of each locus were
assessed and tallied for KLD calculation. Twice the max-
VAF of tumor-informed SNVs called in plasma cfDNA
was used to approximate the circulating tumor DNA content
in the clinical samples. The calling methods and filtering
criteria have been described previously.'* If no variant is
called or the max-VAF is below the limit of detection (refer
to Results for details), the circulating tumor DNA content
was considered too low, and the sample was regarded as
unevaluable.

plasmaMSI was benchmarked against MSIsensor-ct (lat-
est available version, version 1.0, run according to its in-
structions).'” Specifically, models for all 12 loci in the tested
panel were used for MSI status prediction on clinical
samples.

Microsatellite Locus Selection

The following are the steps to select high-performance mi-
crosatellite loci (Figure 1A). i) Only mononucleotide A or T
repeats of length between 10 and 13 bp are selected. Longer
repeats are less compatible with different sequencers
(Supplemental Figure S1). ii) The resemblance score (RS)
of neighboring nucleotides to the selected MS locus must be
<2.0. RS measures the similarity of neighboring nucleotides
to the MS locus nucleotide:

RS=Y" S( |d|—1ntd tm)) 1)

RS, =RS(S= —10,E= —1) )

RSy = RS(S = 1,E = 10) (3)

where nt,,, the repeat unit nucleotide of the mononucleotide
MS locus. nt; is the neighboring nucleotide with distance
d from the MS locus under consideration. A positive (or
negative) d indicates the nucleotide being downstream (or
upstream) of the locus. I(nt; = nt,;), an indicator function,
takes value 1 when nt; is equal to nt,, and value 0 when
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they are not equal. RS is essentially an MS locus quality
measure. A high RS score is a strong indicator of poor
alignment in the vicinity of an MSI locus, which renders the
derived MS locus length distribution highly inaccurate.
plasmaMSI only includes MS loci with both RS,, and
RS4own <2.0. iii) Only monomorphic MS loci in healthy
samples are selected. A locus is defined as monomorphic if
>95% of 118 WBC samples have a central/signal ratio
>0.6. iv) Only loci that can distinguish between MSI and
MSS samples are selected. Wilcoxon rank sum test is
applied for each MS locus comparing its KLD (details in
MSI Calling Algorithm) values in 20 MSI versus 20 MSS
tissue samples, and loci with P < 0.05 are selected.

MSI-Tailored Majority-Voting Deduplication Strategy

The MSI-tailored deduplication strategy includes the
following steps (Figure 1B). i) Only properly paired frag-
ments covering one MS locus (so-called locus-spanning
fragments/reads) are retained. ii) A PCR family consists of
fragments with the identical start and end positions. iii) On
the basis of its repeat length, each fragment within the PCR
family is classified to be the reference allele, the shorter/
contracting allele, or the longer/expanding allele. iv) Rank
all MS alleles within the PCR family by the number of
supporting fragments. v) The MS allele with the top support
is selected to represent the MS allele of the entire PCR
family. If more than one MS alleles have the identical top
support, the whole PCR family is discarded.

For one MS locus, its dup ratio is calculated as follows:

Mz

(Si—1)
e 4)
S;

dup_ratio =

M=

1

i

where N is the number of duplicate families covering the
MS locus and S; is the size of family i.

MSI Calling Algorithm

Following deduplication, the MSI status for each locus is
determined via a two-stage statistical test by first deriving a
KLD with respect to a dup ratio—matching baseline and
then producing a P value by comparing the KLLD against its
dup ratio—matching null distribution (Figure 1C). KLD
measures the loss of information when a proxy distribution
q(x) is used to approximate p(x). The higher the KLD, the
more divergent the proxy distribution ¢g(x) is from p(x)."* In
the case of plasmaMSI, p(x) is the allele frequency distri-
bution of a test sample and g(x) is that of the baseline. The
KLD is calculated as such:

YR (5)

X

Dy (plq)

where p(x) and g(x) are the frequencies of a given allele x.
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The g(x) for each locus is based on a group of 70 MSS
samples. Per observation, as the dup ratio increases, the
central/signal ratio and noise ratio of the baseline increases
and decreases, respectively (Supplemental Figure S2),
which suggests the dup ratio has a strong impact on the
allele length distribution of an MS locus. Hence, a series of
baselines with varying duplication ratios are built. First, 70
samples are downsampled to a grid of dup ratios from 0.1 to
0.99 with a step size of 0.01, randomly divided into two
equivalent groups of 35 samples, group A and B. Let us
focus on one MS locus L. At each dup ratio, the allele
frequency of an observed allele of locus L is averaged
across all samples in group A. Arranging the allele fre-
quencies of all alleles of locus L into a vector ordered by the
allele length produces ¢(x) for locus L. In group B, the allele
length distribution for locus L in a sample is regarded as
p(x) and its KLD is derived with respect to g(x). The valid
KLD values of locus L from 35 samples in group B are
fitted by a vy distribution, which is considered as the KLD
null distribution for locus L and is the basis for producing
the P value for any MS locus in a test sample.

For a locus in a test sample, the dup ratio is first calcu-
lated. Second, the corresponding dup ratio—matching g(x) is
used to calculate its KLD score, and its P value is calculated
against the dup ratio—matching null distribution. If the P
value is < 0.005, the locus is considered unstable. Last, if
the number of valid loci of the sample is >15 and the
fraction of unstable loci (MSI score) is above a clinically
determined threshold (0.13 in this clinical study), the sample
is called MSI.

In summary, the locus selection rules, the majority-voting
deduplication strategy, and the KLD method with dup
ratio—matching baselines are three key components of
plasmaMSI.

Ethical Approval and Consent to Participate

This study was approved by the First Affiliated Hospital of
Kunming Medical University Ethics Committee (2017-L3).
The informed consent was obtained from the study partici-
pants or their representatives before enrollment. All exper-
imental methods were performed in accordance with
relevant guidelines and regulations, such as the Declaration
of Helsinki.

Availability of Software, Data, and Materials

plasmaMSI source code is freely available (htips:/github.
com/zhaolili-genecast/plasmaMSI, last accessed July 4,
2024). The raw sequence data reported in this article have
been deposited in the Genome Sequence Archive'’ at the
National Genomics Data Center,”’ China National Center
for Bioinformation/Beijing Institute of Genomics, Chinese
Academy of Sciences, under accession number HRA001849
(https://mgdc.cncb.ac.cn/gsa-human/browse/HRA001849, last
accessed May 23, 2024).
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Results

Selection of Microsatellite Loci in a 2.09-Mbp Panel

Locus selection rules aim to improve the overall accuracy in
two aspects: the discriminant power of an MS locus to
distinguish MSI samples from MSS samples; and how well
an MS locus performs across different experimental (PCR)
procedures and different sequencers. The locus selection
rules are applied to an existing 2.09-Mbp panel.

Regarding the first aspect, mononucleotide repeats are
more affected by somatic mutations of mismatch repair
deficiency than dinucleotides or longer repeat units. Hence,
mononucleotide repeats are a better indicator of mismatch
repair deficiency than nonmononucleotide ones. MS loci of
shorter repeats are also less likely to manifest instability
than loci of longer repeats,””'~** but using more
mononucleotide-repeat loci can compensate for the lower
sensitivity of individual loci (Supplemental Figure S3). To
further improve the MSI detection power, loci that show
statistically significant KLD (P < 0.05, rank sum test)
among the 20 MSI and 20 MSS samples are selected.

Regarding the second aspect, A/T repeats are known to be
less mutable during PCR than C/G repeats.”” Furthermore,
experiments were conducted to explore the possible draw-
backs associated with using longer repeats. The mono-
nucleotide repeat length was found to be positively
correlated with the noise ratio, defined as the sum of the
ratios of contracting and expanding alleles to all reads
(Figure 2). The noise ratio is conceptually similar to stutter
ratio in MSI-PCR. Long simple repeats are also known to be
followed by bases of lower base quality and thus lower
coverage.”””° To evaluate how stable sequencing coverage
of MS loci is across different sequencers, and how it affects
MSI detection, an independent set of six MSS tissue sam-
ples were run on four sequencers from two companies
(MGI-T7 and MGI-2000 from BGISEQ, and NovaSeq6000
and NextSeq500 from Illumina). In particular, for Next-
Seq500, once the repeat length was beyond 15 bp, the
sequencing coverage of the locus can drop to an unaccept-
ably low level (Supplemental Figure S1). The poor showing
of NextSeq500 is largely attributed to its dual-color fluo-
rescence mechanism.

Considering the aforementioned factors, a total of 49
mononucleotide (A or T) loci with length from 10 to 13 bp
were chosen and used in subsequent stages (Supplemental
Table S2).

The Canonical GSBQ Deduplication Strategy versus
MSI-Tailored Majority-Voting Deduplication Strategy

Deduplication is a process that selects one fragment among
all duplicates that can best represent the original fragment.
The canonical GSBQ deduplication strategy used by
virtually all deduplication tools, including Picard Mark-
Duplicates, ideal for SNV/insertion/deletion calling, is
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The ratio of the sum of contracting and expanding alleles, a proxy for noise ratio, positively correlates with the mononucleotide repeat length.

Each box plot shows the noise ratio (ratio of the sum of contracting and expanding alleles, equivalent to stutter ratio in microsatellite instability PCR)
calculated at six mononucleotide loci (10 to 15 bp), each with 118 points representing white blood cell samples from patients with solid tumors. The within-
group median is indicated by the middle bar in a box. The whiskers correspond to the 1.5 interquartile range.

found to be unsuitable for MSI calling. Namely, the GSBQ
strategy selects the fragment with the greatest sum of
sequenced base qualities among all duplicates. Different
from SNV/insertion/deletion loci, an MS locus is a long
stretch of repeats (homopolymers in this study), which are
unfriendly for NGS sequencers.'® For NGS sequencers, the
ability to call bases correctly decreases sharply for bases
after an MS locus, which are reflected in the poor quality
scores for these bases.”””® In addition, the longer the
repeat is, the more the quality score decreases. Thus,
among all duplicates that span an MS locus, the shorter the
repeat within one duplicate fragment is, the higher its sum
of base qualities is. This phenomenon results in the GSBQ
strategy preferentially selecting the fragment with a shorter
repeat (aka the contracting allele) to represent the entire
duplicate family. Processing over all duplicate families
covering one MS locus, the GSBQ strategy tends to

The Journal of Molecular Diagnostics m jmdjournal.org

produce an allele spectrum that contains more contracting
alleles.

Given that GSBQ would result in a biased allele spec-
trum, a new majority-voting deduplication strategy is
generated to mitigate the bias for better MSI detection. The
majority-voting deduplication strategy is based on the
observation that the original MS allele (aka signal) remains
the most frequent allele among all duplicates and shall be
easier to be identified as duplicate ratio (sequencing depth)
increases (Figure 3). Figure 3 compares allele spectrum of 7
MS loci (7 columns) of a healthy sample (GCS209) with
deduplication-free, GSBQ, and majority-voting deduplica-
tion strategies applied. The allele spectrum of each locus is
represented by three ratios: the signal/central/reference ratio
(=fraction of reads supporting the original MS allele), the
contraction ratio (=fraction of reads supporting contracting/
shorter alleles), and the expansion ratio (={fraction of reads

67


http://jmdjournal.org

Huang et al

A Deduplication-free strategy — GSBQ strategy

Majority-voting strategy

chri_16245610_16245620_L10T chrl_46597496_46597507_L11T chr1_243667925_243667937_L12A

chr2_47635523_47635536_L13T

chr3_69988437_69988451_L14T chr2_61308569_61308584_L15T NR-24

° ————t

208 —— | |e——m——

chri_16245610_16245620_L10T chrl_46597496_46597507_L11T chri_243667925_243667937_L12A

chr2_47635523_47635536_L13T

chr3_69988437_69988451_L14T chr2_61308569_61308584_L15T NR-24

R —

chri_16245610_16245620_L10T chri_46597496_46597507_L11T chri_243667925_243667937_L12A

chr2_47635523_47635536_L13T

chr3_69988437_69988451_L14T chr2_61308569_61308584_L15T NR-24

1.0
"‘608
o
c
.906

7]
c 04

o
xo024 ]| e
w

0.0

0.10.20.30.40.50.60.70.80.9 0.10.20.30.40.50.60.70.80.9 0.10.20.30.40.50.60.70.80.9 0.10.20.30.40.50.60.70.80.9 0.10.20.30.40.50.60.70.80.9 0.10.20.30.40.50.60.70.80.9 0.10.20.30.40.50.60.70.80.9

Figure 3

Dup ratio

The relationship between the central/signal ratio (A), the contraction ratio (B), and the expansion ratio (C) versus the duplication ratio (Dup

ratio) with three deduplication strategies: greater sum of base quality (GSBQ) by Picard MarkDuplicates (green), deduplication free (red), and majority voting
(blue). The deduplication-free strategy means no deduplication is performed. A range of lower dup ratio samples were generated by downsampling one high-

coverage high dup ratio plasma sample. Chr, chromosome.

supporting expanding/longer alleles). For the deduplication-
free strategy, all three ratios remain flat as the dup ratio
increases. The canonical GSBQ strategy results in a lower
central ratio and a higher contraction ratio as the dup ratio
increases (Figure 3), which means it decreases the signal/
noise ratio as more data are becoming available. Finally, for
the majority-voting strategy, as the dup ratio increases, the
noise ratios (the contraction ratio and the expansion ratio)
decrease and the central/signal ratio increases, which means
this strategy can boost the signal/noise ratio. This result of
majority-voting strategy makes sense because a higher dup
ratio implies more repeat sequencing data per locus, and
logically it should boost the signal for the authentic allele
against noises. In conclusion, the majority-voting strategy is
better than the canonical GSBQ strategy because the former
can increase the signal/noise ratio for MSI detection as more
data become available.

Analytical and Clinical Validation of plasmaMSI

To analytically assess the performance of plasmaMSI, 70
cfDNA samples from healthy donors were tested. The
maximum MSI score of 0.13 from this healthy cohort is
used as the threshold in subsequent analyses (Figure 4).
Analytical sensitivity was then evaluated using four estab-
lished cell lines diluted to five concentrations, ranging from
0.13% to 2%, with 20 data points for each titration level (19
for 0.13% because of technical failure in one experiment).
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The sensitivity was 79% (15/19) at a minimum of 0.13%
and 100% for higher concentrations. The 95% limit of
detection was determined to be 0.15% through probit
regression (Figure 5).

The clinical accuracy of plasmaMSI was evaluated by
comparing its classification results of 103 cfDNA gastro-
intestinal cancer patient samples with the results of tissue
MSI-PCR or IHC (Figure 6A). A mixed set of tissue MSI-
PCR or IHC is not a perfect benchmark because there is
slight inconsistency among the two. It was used because of
facility constraints at different hospitals. For seven of all
samples (7/103, 6.8%), no somatic variant with VAF >0.2%
was detected and, thus, their MSI state was considered
unevaluable.” One sample was excluded because of the lack
of circulating tumor DNA content information. Among 42
evaluable MSI samples and 53 MSS samples (95/103),
plasmaMSI exhibited a positive percentage agreement
(PPA) of 92.9% (39/42; 95% CI, 79.4%—98.1%) and
negative percentage agreement of 100% (53/53; 95% CI,
92%—100%) with tissue MSI-PCR, with an overall per-
centage agreement of 96.8% (92/95; 95% CI, 90.3%—
99.2%) and a PPA of 100% (39/39; 95% ClI, 88.9%—100%)
for patients across all clinical stages. The performance does
vary among different cancer types and stages, although PPA
estimates for some cancer type or stage have a large 95% CI
because of the low number of samples (Supplemental Table
S3). Moreover, three of the seven unevaluable samples can
be correctly called by plasmaMSI (data not shown). In
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Figure 4  Violin plot showing the microsatellite instability (MSI) score
distribution for 70 cell-free DNA samples from healthy donors. The
maximum MSI score, 0.13, is used as the threshold to call MSI (>0.13) or
microsatellite stability.

addition, the concordance of plasmaMSI with tissue MSI
results for 49 (42 evaluable + 7 unevaluable) clinical
cfDNA samples of various max-VAF values was shown in
Figure 6B. The vertical dashed line at 0.075% [log (max-
VAF) approximately —3.1] indicates the threshold for
evaluable samples, and the horizontal dashed line at 0.13 is
the MSI-score threshold. Together, these results demon-
strate the excellent performance of plasmaMSI and its po-
tential for diagnosing MSI cfDNA samples.

plasmaMSI was benchmarked against MSIsensor-ct, one
of the mainstream cfDNA-based MSI detection methods.
MSIsensor-ct has a predefined set of loci, in which only 12
of them exist in the tested panel. To have a fair comparison,
plasmaMSI was restricted to use only 12 randomly sampled
loci (Supplemental Table S4). For 50 MSI tissue samples,
plasmaMSI correctly predicted 84.0% (42/50), whereas
MSlIsensor-ct correctly predicted 16.0% (8/50) (Figure 7A).
For 53 MSS tissue samples, both plasmaMSI and
MSIsensor-ct correctly predicted all patient-matching
cfDNA samples as MSS (Figure 7B). Overall, MSIsensor-
ct showed a PPA of 16.0% (8/50; 95% CI, 7.6%—29.7%)
and negative percentage agreement of 100% (53/53; 95%
CI, 91.6%—100%).

In addition, PPAs for the same cohort using fewer MS
loci have been investigated (Supplemental Table S5). The
result showed that the minimum number of MS loci to
achieve similar performance as 49 locus is approximately
18 (Supplemental Figure S3). However, many samples
were excluded because of inadequate number of quality
control—passing MS loci, especially when the number of
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Figure 5 The analytical sensitivity of plasmaMSI versus the tumor
purity. Probit regression was performed on sensitivities calculated on four
diluted cell line samples (22RV1, DLD, LNCAP, and RL952) at five circulating
tumor DNA concentrations (0.13%, 0.25%, 0.5%, 1.0%, and 2.0%, each
with four to five replicates); the 95% CI is shown by purple shading. The
dashed line indicates the 95% limit of detection (LoD) that corresponds to
0.15% tumor purity.

MS loci falls below 30 for this small cohort (approximately
100 samples). In real clinical settings, it is recommended to
use the 49-locus panel to cover as many patients as
possible.

Discussion

In plasmaMSI, the proposed locus selection criteria were
designed to achieve both high accuracy and wide compati-
bility among sequencers. The majority-voting deduplication
strategy greatly improves the signal/noise ratio in detecting
MSI than the canonical GSBQ strategy used by Picard
MarkDuplicates. The advantage of combining a dup
ratio—matching baseline with a full-spectrum divergence
metric (KLD) is also demonstrated. All three features
contribute to the overall performance of plasmaMSI.

Some of the locus selection rules were not previously
considered or explicitly formulated. First, in the absence of a
patient-matching normal sample, polymorphic loci should
first be screened for specificity,”””** and ideally, samples
from the same population should be used.”” In this study, a
set of WBC samples from the Chinese population was used
to select monomorphic loci. Note that if patient-matching
normal samples are available, they can also be used. Sec-
ond, the compatibility of MSI loci across sequencing plat-
forms has not been assessed by existing methods. In general,
loci shorter than 15 bp are likely to be compatible with
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VAF) approximately —3.1] indicates the threshold for evaluable samples.

mainstream NGS platforms (Supplemental Figure S1). The
thresholds of loci selection rules can be customized for
specific applications. For example, choosing an RS (details
in Microsatellite Locus Selection) threshold >2.0 would
result in a greater number of loci that are less specific, and
vice versa. Furthermore, a larger panel would facilitate a
more stringent threshold. Finally, including more discrimi-
nant loci should potentially increase sensitivity, although
this should be performed after careful cohort analysis
because prior literature has indicated performance can
plateau after a certain number of loci or even decrease in
certain cancer types.’’ ~~ Including more diverse samples to
select discriminant loci will also likely further improve the
performance.

Regarding the deduplication strategy, existing NGS-
based MSI detection methods have either explicitly stated
that they use the canonical GSBQ strategy by Picard to
deduplicate™* or neglect to mention whether or how they
deduplicate sequencing data.'*** plasmaMSI is the first
method addressing the signal dampening issue by GSBQ for
MSI detection. Deduplication is fundamentally a process to
distinguish signals from noise. The signal/noise ratio of MSI
detection is a function of the dup ratio, repeat locus char-
acteristics, and deduplication strategy used. By addressing
this issue, the majority-voting strategy adopted by plas-
maMSI is shown to be superior over the canonical GSBQ
strategy.

Clinical cfDNA samples vary in the amount of input
DNA, the number of cycles in PCR amplification, the li-
brary complexity, and sequencing depth. The dup ratio
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serves as a proxy that accounts for the effects of all these
factors. Matching a baseline to a test sample based on its
dup ratio is essentially constructing a background allele
length distribution (ie, calibrated for the specific test sam-
ple). This approach can potentially be applied to any
baseline-dependent MSI calling algorithm. The baseline
distribution should be built for a fixed and stable experi-
mental protocol and inspected for outliers and abnormal
variances. The dup ratio is only an approximation and is
unable to represent all different factors. It has been reported
that post-PCR contraction or expansion ratio can be affected
by i) the repeat unit length, ii) specific nucleotides in the
repeat unit, iii) the number of repeats, and iv) polymerase
types.”” To use plasmaMSI or any other MSI detection tool,
the number of PCR cycles should first be assessed. In the
current study, the number of PCR cycles was set to be 22 (8
cycles of precapture PCR plus 14 cycles of post-capture
PCR), far below the 47-cycle threshold.>®

plasmaMSI differs from other methods in additional as-
pects: the use of KLD, a distribution-based metric, that
captures the abundance and inherent order of all alleles; and
the adoption of a dup ratio—matching baseline to model
noises. Other methods typically control the noises by
excluding noisy alleles.'"'” plasmaMSI enables character-
ization of the stutters/noises in the MS allele spectrum with
better clarity, as evidenced by the strong performance of
plasmaMSI in clinical and analytic validation experiments.
An exact comparison with published methods is difficult
because of different MS loci used by different methods.
plasmaMSI was benchmarked against MSIsensor-ct version
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1 by matching the number of MS loci used and showed
significantly better performance. The poor performance of
the latter can be explained by the adoption of a black-box
machine-learning model, which probably incorporated the
sequencing-platform—specific or experiment-batch effects
into its model during training. Attempts to benchmark
against other methods were unsuccessful because of the
unavailability of tools or lack of the corresponding base-
lines. However, based on their reported performances
(Supplemental Table S6), plasmaMSI, with a limit of
detection of 0.15% and clinical sensitivity and specificity of
92.9% and 100%, respectively, is on par with or out-
performs existing methods.

Conclusion
Regarding future improvement, the 49-locus panel has been

mainly validated in gastrointestinal cancers and is likely to
perform poorly in some other cancer types. Therefore,

The Journal of Molecular Diagnostics m jmdjournal.org

instead of selecting loci from a gastrointestinal cancer
cohort, the method of plasmaMSI should be applied to a
cohort of more diverse cancer types to form cancer-specific
or pan-cancer MS panel. It is also straightforward to extend
plasmaMSI to sequencing data with unique molecular
identifiers, which will further increase its overall perfor-
mance. In conclusion, a novel plasma cfDNA-based MSI
detection method for the noninvasive diagnosis of cancer
was developed and validated.
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