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Abstract

Purpose: To analytically and clinically validate microsatel-
lite instability (MSI) detection using cell-free DNA (cfDNA)
sequencing.

Experimental Design: Pan-cancer MSI detection using
Guardant360 was analytically validated according to estab-
lished guidelines and clinically validated using 1,145 cfDNA
samples for which tissue MSI status based on standard-of-care
tissue testing was available. The landscape of cfDNA-based
MSI across solid tumor types was investigated in a cohort of
28,459 clinical plasma samples. Clinical outcomes for 16
patients with cfDNA MSI-H gastric cancer treated with immu-
notherapy were evaluated.

Results: cfDNA MSI evaluation was shown to have high
specificity, precision, and sensitivity, with a limit of detection
of 0.1% tumor content. In evaluable patients, cfDNA testing
accurately detected 87%(71/82) of tissueMSI-H and99.5%of

tissue microsatellite stable (863/867) for an overall accuracy
of 98.4% (934/949) and a positive predictive value of 95%
(71/75).Concordanceof cfDNAMSIwith tissuePCRandnext-
generation sequencing was significantly higher than IHC.
Prevalence of cfDNAMSI formajor cancer typeswas consistent
with those reported for tissue. Finally, robust clinical activity of
immunotherapy treatmentwas seen in patients with advanced
gastric cancer positive for MSI by cfDNA, with 63% (10/16) of
patients achieving complete or partial remission with sus-
tained clinical benefit.

Conclusions: cfDNA-based MSI detection using Guar-
dant360 is highly concordant with tissue-based testing,
enabling highly accurate detection of MSI status concurrent
with comprehensive genomic profiling and expanding access
to immunotherapy for patients with advanced cancer for
whom current testing practices are inadequate.

Introduction
Microsatellite instability (MSI) is a National Comprehensive

Cancer Network (NCCN) clinical practice guidelines-
recommended biomarker in at least nine cancer types—cervical,
cholangiocarcinoma, colorectal, endometrial, esophageal and
esophagogastric, gastric, ovarian, pancreatic, and prostate

cancers (1–9)—due to its importance as a predictive biomarker
for response to immune checkpoint blockade (ICB) as exempli-
fied by pan-cancer approval of pembrolizumab (10, 11). Detec-
tion of MSI in a patient with advanced cancer can also alert the
clinician to evaluate the patient's asymptomatic family members
for hereditary cancer risk.
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MSI is the manifestation of defective DNA mismatch repair
(dMMR), which leads to dramatically increased mutation rates
throughout the genome, including gain and/or loss of nucleotides
within repeating motifs known as microsatellite tracts, from
which the entity derives its name. MSI is most prevalent in
endometrial, colorectal, and gastroesophageal cancers, where it
can be a sequela of sporadic mutations inMMR-related genes or a
manifestation of Lynch syndrome, a hereditary cancer predispo-
sition syndrome most commonly caused by germline mutations
inMLH1,MSH2,MSH6, PMS2,orEPCAM (12).However, despite
an increased prevalence in these cancer types, landscape analyses
have shown that MSI also occurs at nonnegligible rates in most
other solid tumors, including common tumor types such as lung,
prostate, and breast cancer (13).

Recent studies have shown that MSI predicts clinical benefit
from ICB with PD-1/PD-L1 inhibitors, which has led to the
approval of these agents in several indicationswhenMSI is present,
including nivolumab � ipilimumab for MSI-High (MSI-H, pos-
itive forMSI) metastatic colorectal cancer and pembrolizumab for
unresectable or metastatic MSI-H solid tumors following progres-
sion on prior approved therapies (14). In addition to its value as a
predictive biomarker for ICB benefit, MSI also has prognostic
significance, most notably in colorectal cancer, where testing is
recommended in clinical practice guidelines for all patients (3, 15).

Currently, MSI testing is most commonly performed via PCR
and/or IHC analysis of tumor tissue specimens. The former
assesses five canonical microsatellite loci originally recom-
mended by the Bethesda panel (16, 17) and compares their
length in tumor DNA relative to the germline genotype assessed
in matched nontumor DNA; instability in the length of each
microsatellite tract is used as direct evidence ofMSI. However, this
limited microsatellite panel was developed primarily for colorec-
tal cancer and has more limited sensitivity in other cancer
types (18). IHC approaches, in contrast, assess levels of four
MMR proteins, with absence of expression of one or more
(deficient MMR, dMMR) strongly correlated with MSI status.
However, about 5% to 11% of MSI-H cases demonstrate intact
MMR staining and localization (proficient MMR, pMMR) due to
retained antigenicity and intracellular trafficking of an otherwise
nonfunctional protein (19). Recent publications (20, 21) have

demonstrated that next-generation sequencing (NGS) can also
accurately characterize MSI status in tumors, allowing for com-
prehensive profiling of targetable genomic biomarkers as well as
MSI status via a single NGS test.

Despite recommendations across many cancer types in NCCN
guidelines and associated FDA-approved treatment options,
current rates of MSI testing outside of colorectal cancer and
gastroesophageal carcinoma remain largely unknown. Even in
colorectal cancer, whereMSI testing recommendations have been
in place since 2005 (17, 22), fewer than 50% of patients are
tested (23), which results in missed ICB treatment opportunities
and failure to recognize patientswhose familymembersmaybe at
increased risk for cancer. While multifactorial, such MSI under-
genotyping is, in part, due to barriers associated with tissue
acquisition, including difficulties locating archival diagnostic
specimens or delays due to biopsy scheduling to obtain new
tissue. In addition, invasive tissue acquisition procedures may be
contraindicated in many heavily pretreated and/or frail patients
and have the associated disadvantages of higher cost and proce-
dural risk. Furthermore, the rapidly growing number of biomar-
kers and diversification of testing options creates daunting com-
plexity for already overburdened physicians.

Cell-free circulating-tumorDNA (ctDNA) assays ("liquid biop-
sies") have successfully addressed such barriers in many genotyp-
ing indications by enabling minimally invasive profiling of con-
temporaneous tumor DNA. Liquid biopsies thus expand patient
access to standard-of-care–targeted therapies, including ICBs, by
identifying patients whose tumors harbor biomarkers of interest
not otherwise identifiable due to tissue sampling limitations and
do so more rapidly than typical tissue testing (24). Moreover,
comprehensive liquid biopsies can provide all guideline-
recommended somatic genomic biomarker information for all
adult solid tumors in a single test.

In this study, we sought to enhance the utility of a previously
validated ctDNA-based genotyping test through the addition of
MSI detection. Here, we describe the design and validation ofMSI
assessment on this platform, report its performance on the largest
ctDNA-tissueMSI validation cohort yet described (n¼1,145) and
evaluate response prediction in 16 patients with advanced gastric
cancer treatedwith ICB.We also report theMSI-H landscapemore
than28,000 consecutive solid tumor patient samples tested inour
Clinical Laboratory Improvement Amendment (CLIA)-certified,
College of American Pathologists (CAP)-accredited, New York
State Department of Health-approved laboratory.

Materials and Methods
Microsatellite loci selection

The Guardant360 test is a 74-gene panel previously validated
for detection of SNVs, indels, CNAs, and fusions in all guideline-
recommended indications for advanced solid tumors (25, 26).
The assay initially incorporated 99 putative microsatellite loci
consisting of short-tandem repeats of length 7 or more, which
were selected to include sites susceptible to instability across
multiple tumor types, including three of the five Bethesda panel
sites (BAT-25, BAT-26, and NR-21). The remaining two Bethesda
sites (NR-24 and MONO-27) were not included because of
extremely low mappability of the regions. Coverage and noise
profiles at these sites were assessed using sequencing data from a
set of 84 healthy donor samples, to exclude uninformative sites
from the final MSI detection algorithm.

Translational Relevance

Microsatellite instability (MSI) is an important biomarker
predictive of response to immune checkpoint blockade (ICB)
across solid cancers and may herald the presence of a hered-
itary cancer predisposition syndrome. However, despite being
recommended by clinical practice guidelines, MSI is most
often not assessed, in part due to tissue insufficiency, unavail-
ability, or infeasibility. Noninvasive blood-based methods
have beendeveloped to detectMSI; however, these approaches
are challenged by limited sensitivity. Here, we report the
validation of a highly sensitive cell-free DNA (cfDNA)
sequencing-based method that allows simultaneous guide-
line-comprehensive determination of MSI status and genomic
biomarkers for all solid cancers.We further validate the clinical
relevance of cfDNA-based MSI detection by reporting robust
clinical activity of ICB therapy in 16 patients with cfDNAMSI-
H gastric cancer.
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Model description
MSI detection is based on integrating observed read sequences

with molecular barcoding information into a single probabilistic
model that compares the likelihood of observed data under PCR
and sequencing noise assumptions with that under somatic MSI
assumption. Each individual site with sufficient coverage is scored
independently using Akaike Information Criterion (AIC; ref. 27),
which is a statistical method for estimating the relative validity of
differentmodels describing howa given dataset was generated. The
AIC model generates a locus score (ranging from 0 to infinity),
reflecting the likelihood that observed variability at any given
microsatellite locus is due to biological instability versus noise,
and a locus is considered unstable if its score is above a trained
threshold. The number of affected loci is calculated across the final
90 sites and the sample is called positive if the number of unstable
loci (the "MSI Score") is above a trained threshold (n ¼ 6). The
thresholds for individual loci and total MSI score per sample were
established using permutation-based simulations with data from
healthy donor samples varying the frequencies of molecules with
different repeat lengths and the error parameters at individual loci,
as well as the overall number of unstable loci within a simulated
sample. Through this approach, simulations were used to interro-
gate 100,000 combinations of microsatellite lengths and unstable
locus numbers, which allows assessment of a diverse landscape of
scenarios, someofwhichmaynotbe represented inanonsimulated
dataset. The algorithm does not distinguish betweenmicrosatellite
stable (MSS) and MSI-Low (a category defined by the observation
of a single unstable Bethesda locus using PCRmethods), grouping
them into a single category. This is based on previous reports that
MSI-L status is not a distinct phenotype but an artifact of testing a
small number of microsatellites, such that when a large number of
microsatellite loci are tested, previously characterized MSI-L sam-
ples mimic the MSS phenotype in overall MSI burden (28).

Samples
MSI algorithm development and training was performed using

simulated data as well as a set of 84 healthy donor samples. The
clinical validation study included 1,145 archived samples
[residual plasma and/or cell-free DNA (cfDNA)] collected and
processed as part of routine standard-of-care clinical testing in the
Guardant Health CLIA laboratory as described previously (25), or
archival patient plasma samples collected in EDTA blood collec-
tion tubes. Twenty healthy donor samples were also used for the
analytical specificity study. Contrived samples used in the ana-
lytical validation studies comprise cfDNA pools extracted from
cell line supernatants and healthy donor plasma. cfDNA was
prepared from culture supernatants as described previously (25)
using the following cell lines (ATCC, Inc.): KM12, NCI-H660,
HCC1419, NCI-H2228, NCI-H1650, NCI-H1648, NCI-H1975,
NCI-H1993, NCI-H596, HCC78, GM12878, MCF-7. cfDNA iso-
lated from cell line culture supernatant mimics the fragment size
and mechanisms of extracellular release (29), library conversion,
and sequencing properties of patient-derived cfDNA, while also
providing a renewable source of well-defined material of suffi-
cient quantity to support the high material demands of studies
such as limit of detection and precision.

Sample processing and bioinformatics analysis
cfDNA was extracted from plasma samples or cell line supernat-

ants (QIAmp Circulating Nucleic Acid Kit, Qiagen, Inc.), and up to
30 ng of extracted cfDNA was labeled with nonrandom oligonu-

cleotide barcodes (IDT, Inc.), followed by library preparation,
hybrid capture enrichment (Agilent Technologies, Inc.), and seq-
uencing by paired-end synthesis (NextSeq 500/550 or HiSeq 2500,
Illumina, Inc.) as described previously. Bioinformatics analysis and
variant detection were performed as described previously (25).

Analytical validation approach
The studies performed for analytical validation were based on

established CLIA, Nex-StoCT Working Group, and Association of
Molecular Pathologists/CAP guidance regarding performance
characteristics and validation principles. To determine the sensi-
tivity of the assay forMSI status, cfDNA from cell line supernatant
from anMSI-H cell line derived from a patient with human colon
cancer (KM12; ref. 30) was diluted with cfDNA from a MSS cell
line (NCI-H660; refs. 31, 32) and tested at both standard (30 ng)
and low (5 ng) cfDNA inputs. The dilution series targeted max-
imal variant allele fractions (max VAF) of 0.03%–2% for 5-ng
input, and 0.01%–1% for 30-ng input. Targeted tumor fractions
were verified using known germline variants unique to the titrant
and diluent materials. Assessment of repeatability (within-run
precision) and reproducibility (between-runprecision)was based
on clinical and contrived model samples. Six of the clinical
samples for precision (three MSI-H, and three MSS) were selected
with max VAF values of 1%–2%, representing approximately two
to three times the predicted limit of detection (LoD) at 5 ng. MSI
analytical specificity was determined by analyzing 20 healthy
donor samples and 245 known MSS-contrived samples.

Clinical validation approach
Archived plasma or cfDNA from clinical samples from patients

with available results from standard-of-care tissue-based MSI
testing were tested using the ctDNA MSI algorithm (n ¼
1,145). Tissue-based MSI status was derived from IHC, PCR, or,
less commonly, NGS. Clinical outcome data were extracted from
patientmedical records anddeidentifiedby the treating physician.

Landscape analysis of plasmaMSI status from 28,459 advanced
cancer patient samples

The cohort comprised 28,459 consecutive advanced cancer
patient samples tested usingGuardant360 in the course of clinical
care. All analyses were conducted with deidentified data and
according to an IRB-approved protocol. The prevalence of MSI-
H in this cohort was assessed across 16 primary tumor types:
bladder carcinoma, breast carcinoma, cholangiocarcinoma,
colon adenocarcinoma, cancer of unknown primary, head and
neck squamous cell carcinoma, hepatocellular carcinoma, lung
adenocarcinoma, lung cancer not otherwise specified, lung
squamous cell carcinoma, "other" cancer diagnosis, pancreatic
adenocarcinoma, prostate adenocarcinoma, stomach adeno-
carcinoma, and uterine endometrial carcinoma.

Statistical analysis
Statistical analyses were performed using Student t test for

analysis of number of variants per sample and Fisher exact test
for comparison of proportions. The lower and upper limits of the
95% confidence intervals (CI) for binomial proportions were
calculated using Wilson score interval with continuity correction.

Ethics
This research was conducted utilizing deidentified data as per a

protocol approved by the Quorum Institutional Review Board.
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Results
MSI algorithm development

Traditional challenges for ctDNA genotyping using NGS
include efficient molecule capture due to low inputs and low
tumor fraction in circulation (25, 26) and correction of sequenc-
ing and other technical artifacts. MSI detection presents addition-
al challenges due to the need for (i) efficient molecular capture,
sequencing, and mapping of repetitive genomic regions that
accurately reflect MSI status; (ii) error correction and variant
detection within repetitive regions; and (iii) differentiation of
signal due to MSI from non-MSI somatic variation and the strong
PCR slippage artifacts at sites typically impacted by somatic
instability. Indeed, technical PCR error is typically at least an
order of magnitude higher than typical sequencing error rates in
homopolymeric sites, necessitating iterative site selection and
optimal use of molecular barcoding to achieve relevant signal-
to-noise detection ratios across a large number of candidate
microsatellite sites.

While tissue sequencing panels often comprise sufficient infor-
mative microsatellite loci simply due to large panel size and
longer DNA fragment lengths (13, 32), the moderate size of the
ctDNA panel utilized here and short cfDNA fragment lengths
require purposeful microsatellite selection and inclusion. To
accomplish this, we used an iterative approach informed by
literature and tissue sequencing compendia to evaluate candidate
sites to provide pan-cancer MSI detection with minimal back-
ground noise. The list of candidate loci was further refined on the
basis of the performance criteria referenced above using healthy
donor cfDNA.

On the basis of the performance assessment in training healthy
donor samples, informative loci were defined as those that were
effectively captured, sequenced, andmapped andwere associated
with little variation within MSS samples (shown in gray
in Fig. 1A). Uninformative loci either failed capture, sequencing,
or mapping, resulting in inadequate molecular representation
(shown in blue in Fig. 1A), or demonstrated substantial variation
within MSS samples, resulting in excessive artifactual signal
(shown in red in Fig. 1A). Interestingly, the BAT-25, BAT-26, and
NR-21Bethesda loci utilized in traditionalMSI tissue tests (16, 17)
and some ctDNA panels (34) performed poorly relative to other
candidates andwere excluded from thefinalmarker set (indicated
by arrows in Fig. 1A).

Using this approach, 90 microsatellite loci were selected for
inclusion in the final test version: 89mononucleotide repeats and
a single trinucleotide repeat, all of which comprise repeats of
length 7 or above. Assessment of unique molecule coverage
distribution demonstrated that 65% of these loci have coverage
above 0.5� median sample coverage.

In addition to effective molecular capture and mapping, MSI
detection also requires highly accurate differentiation of can-
cer-related signal from background noise due to sequencing
and polymerase errors at the very low allele fractions at which
ctDNA is typically found (25, 26, 34). Importantly, the same
repetitive genomic context that makes microsatellite candi-
dates informative for MSI detection due to polymerase slip-
page during in vivo cellular replication also makes them par-
ticularly susceptible to the same polymerase slippage during
in vitro library preparation and sequencing, resulting in high
levels of technical noise. To address this, Digital Sequencing
error correction was used to define true biological insertion–
deletion events at microsatellite loci at high fidelity as

described previously (25, 26). Among these high background
error repeats, Digital Sequencing was associated with 100-fold
reduction in per-molecule sequencing error relative to stan-
dard sequencing approaches (Fig. 1B), allowing efficient and
accurate reconstruction of microsatellite sequences of individ-
ual unique molecules present in the original patient blood
sample. Site-specific and aggregate sample-level MSI status
determination thresholds were then established using permu-
tation-based threshold simulations of healthy donor samples.
When these per-site and per-sample thresholds were combined
with the effects of digital sequencing correction, the per-
sample false positive rate was estimated to be approximately
10�7.3. In addition, titration simulations adjusted for the
distribution of clinical inputs predicted robust MSI detection
to approximately 0.2% tumor fraction, with a marked decline

Figure 1.

Technical features of microsatellite detection. A, Hierarchical clustering of
Aikake Information Criterion scores for 99 candidate microsatellite loci from
cfDNA sequencing results from 84 healthy donors. Loci with poor unique
molecule coverage are shown in blue, while loci with excessive technical
artifact are shown in red. Robust but consistent measurements of
microsatellite repeat length, as define an informative site, are shown in gray.
Arrows indicate three Bethesda loci included in this study. B,Observed error
rate reduction associated with each component of Digital Sequencing.
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in detection efficiency thereafter. As such, samples with a
circulating tumor fraction (as defined by the maximum somat-
ic variant allele fraction) of <0.2% were considered unevalu-
able for MSI status.

Analytical validation studies
To assess the analytical sensitivity of MSI detection, cfDNA

derived from the supernatant of the MSI-H cell line KM12 was
diluted into MSS cfDNA targeting five titration points com-
prising 15 independently processed replicates bracketing the
LoD predicted by the in silico simulations described above. Each

titration series was analyzed at both 5 ng, the minimum
acceptable cfDNA input, and 30 ng, the maximum and most
common cfDNA input. Using probit analysis, the 95% LoD
(LOD95) was calculated to be 0.4% at 5-ng input (Fig. 2A) and
0.1% at 30-ng input (Fig. 2B).

To assess analytical intermediate precision, we analyzed repli-
cates of four different contrived materials, twoMSS and twoMSI-
H (Fig. 2C). Across 499 replicates, categorical concordance for
MSI status was 100% (499/499, 95% CI, 99%–100%), with
coefficients of variation for quantitative MSI score ranging from
6.3%–7.2% forMSI-H samples (Supplementary Table 1). Repeat-
ability and input robustness were also assessed by replicate testing
ofMSS andMSI-H–contrivedmaterial at 5-, 10-, and30-ng cfDNA
input, which similarly demonstrated 100% concordance (27/27,
95% CI, 85%–100%, Supplementary Fig. S1; Supplementary
Table S2). Clinical precision was confirmed in 72 independent
patient sample replicates representing a range of MSI scores and
tumor fractions processed across three independent batches, days,
operators, and reagent lots, which demonstrated a qualitative
concordance of 100% (72/72, 95% CI, 94%–100%) with coeffi-
cients of variation for the underlying quantitative MSI score of
2.0%–15.2% (Supplementary Table S3).

To assess analytical specificity, healthy donor plasma sam-
ples (distinct from those used in training), MSS-contrived
materials, and MSS patient samples were analyzed for spurious
MSI-H calls. Analytical specificity was 100% across healthy
donor samples (20/20, 95% CI, 83%–100%), contrived mate-
rial (245/245, 95% CI, 98%–100%), and patient samples
(48/48, 95% CI, 92%–100%).

Clinical validation studies
As no orthogonal cfDNA-basedmethod was available to use as

a comparator, clinical accuracy was determined by comparing
ctDNA MSI assessment to MSI status from the medical record
determined using standard-of-care tissue testing (a mixture of
IHC, PCR, and NGS methods) for 1,145 samples comprising 40
distinct cancer types, 15 of which had at least five representative
specimens (Supplementary Fig. S2). In 949 unique evaluable
patients, ctDNA detected 87% of patients reported as MSI-H
(71/82, 95% CI, 77%–93%) and 99.5% of patients reported as
MSS/MSI-L (863/867, 95% CI, 98.7%–99.8%) for an overall
accuracy of 98.4% (934/949, 95% CI, 97.3%–99.1%), with a
positive predictive value (PPV) of 95% (71/75, 95% CI, 86%–

98%; Fig. 3A; Supplementary Table S4). Consistent with in silico
modeling studies, MSI-H detection was rare (0/19) in samples
classified as unevaluable due to low tumor fraction (Fig. 3B),
which explained 57% (16/28) of the observed ctDNA-tissue
discordance in the total unique patient sample set (Supplemen-
tary Table S4). For samples with tumor fractions above 1%,
ctDNA PPA rose to 93% (54/58, 95% CI, 82%–98%, Supple-
mentary Table S4D).

Interestingly, despite the high correlation between IHC and
PCR tissue tests reported in the literature (22, 35), concordance
between ctDNA and tissue MSI status here varied by tissue test
methodology [97.4% by PCR (450/462), 98.0% by NGS (239/
244), and 83.0% by IHC (93/112), Fig. 3C; Supplementary
Table S5]. On further investigation, it was noted that this discor-
dance was due to both an increased tissue IHC-positive, ctDNA-
negative population (2.4% by PCR, 2.0% by NGS, and 12.5% by
IHC, Fisher exact test P < 0.001 for IHC-PCR and IHC-NGS) and
an increased tissue IHC-negative, ctDNA-positive population

Figure 2.

Analytic validation of ctDNAMSI detection. Observed MSI detection rate was
plotted by titration level (green dots), and probit regression was used to
determine the 95% limit of detection for 5-ng (A) and 30-ng (B) cfDNA
inputs. C, Sample-level MSI scores for 499 independent replicates of two MSS
and two MSI-H–contrived materials run across 499 separate sequencing runs.
Dashed line indicates the sample-level threshold for MSI detection.
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(0.2% by PCR, 0% byNGS, and 4.5% by IHC, Fisher exact test P <
0.01 for both comparisons). Of the 25 samples forwhich IHC and
another tissue test results were available, 12 demonstrated IHC-
ctDNA discordance. Importantly, PCR and/or NGS tissue testing
supported the ctDNA NGS results rather than the tissue IHC in 5
of 12 discordances, indicating that the discordance observed
between ctDNA NGS and tissue IHC in this cohort was, at least,
partially due to IHC-derived factors rather than solely ctDNA-
tissue discordance. Together, these data suggest that ctDNA
assessment may provide a valuable corroborative method for
MSI assessment.

ctDNA MSI status in 28,459 patient samples with consecutive
advanced cancer

Although a number of studies have assessed the prevalence
of MSI across different tumor types in tissue (13, 28, 36), to
date there is no published landscape analysis of ctDNA MSI
status across cancer types. To this end, we applied the MSI
algorithm described above to 28,459 consecutive advanced
cancer patient clinical samples tested in the Guardant Health
Clinical Laboratory. In this cohort, 278 samples (tumor frac-
tion median of 6.55%, range 0.09%–89%) comprising 16
different tumor types were identified as MSI-H by ctDNA,
which corresponds to an overall pan-cancer prevalence of
approximately 1%, similar to that previously reported for
tissue (13, 28, 36). Similarly, MSI-H prevalence among tumor
types also closely reflected that observed in tissue-based anal-
yses (Fig. 4A); as expected, MSI-H was most prevalent in
endometrial, colorectal, and gastric cancers, whereas other
tumors such as lung, bladder, and head and neck cancers
demonstrated lower prevalence. Specific exceptions to previous
MSI-H prevalence estimates included marginally lower preva-
lence in endometrial, colorectal, and gastric cancers, and mar-
ginally higher prevalence in prostate cancer.

Given the pan-solid tumor nature of the ctDNA intended
use population and immunotherapy approval for MSI-H
tumors, microsatellite loci for this panel were intentionally
selected to be informative of MSI status across all solid tumor
types. Consistent with this design intent, analysis of sample-
and locus-level MSI score distributions (Fig. 4B and C) dem-
onstrated consistent performance across tumor types, with
MSI-H samples demonstrating signal substantially above
threshold. Moreover, the diagnostic yield of MSI assessment
outside of the tumor types for which MSI is commonly tested
was substantial; more than half of the identified cases
(143/278) occurred in tumor types in which MSI testing is
very uncommon (Fig. 4A) and thus identified patients that
would otherwise never have been tested.

Consistent with what has been reported in tissue (13), the
number of indels and SNVs (inclusive of nonsynonymous and
synonymous variants) is significantly increased inMSI-H samples
relative to those characterized as having MSS status (Fig. 5).
Specifically, the median number of SNVs in MSI-H samples
was 6.3 versus 1.4 in MSS (x2 P < 0.0001) and the median
number of indels in MSI-H samples was 2.6 versus 0.4 in MSS
(x2 P < 0.0001).

ctDNA MSI status predicts immunotherapy response
The most salient utility of MSI status today is its ability to

select patients for immunotherapy. Despite this and the bar-
riers to obtaining tissue in many patients, the ability of ctDNA
MSI status to predict response to immunotherapy has not
been reported. To establish clinical validity for this biomarker,
we present clinical outcomes for 16 patients with ctDNA
MSI-H metastatic gastric cancer treated with pembrolizumab
(n ¼ 15) or nivolumab (n ¼ 1) after the failure of standard-of-
care chemotherapy in a phase II pembrolizumab trial in
gastric cancer (NCT#02589496). cfDNA and tissue PCR MSI
assessment in pretreatment samples was 100% concordant for
MSI-H (16/16, 95% CI, 76%–100%). Ten of 16 patients
achieved either complete (n ¼ 3) or partial (n ¼ 7) investi-
gator-assessed objective response by RECIST 1.1 criteria, with
an additional three patients with stable disease (Fig. 6A), for

Figure 3.

Concordance of ctDNAMSI status with tissue testing. A, Sample-level MSI
scores for 1,145 cfDNA samples categorized by tissue test result and observed
tumor fraction. Dashed line indicates the sample-level threshold for MSI
detection. B, Concordance result categorized by tissue test methodology.
C,Descriptive statistics for the evaluable unique patient cohort are presented
with absolute count and 95% CIs in parentheses.
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an objective response rate of 63% (10/16, 95% CI, 36%–84%)
and a disease control rate of 81% (13/16, 95% CI, 54%–95%),
similar to responses previously reported for MSI-H patients
defined by tissue testing (37). Importantly, even in this pretreated

population, these responses were durable, with a median dura-
tion of treatment of 39 weeks. Indeed, patient 21, for example,
experienced complete regression of disease following pembro-
lizumab treatment after failure of fluoropyrimidine/platinum

Figure 4.

ctDNAMSI landscape across 28,459 clinical samples. A, Positive axis reports ctDNAMSI prevalence across 16 most prevalent tumor types in the sample set.
Negative axis reports the tissue MSI prevalence across the same based on Hause and colleagues (32). The total number of samples are reported above eachwith
the number of MSI-H samples in parentheses. B, Sample-level MSI scores by tumor type for tumor types with� 5 MSI-H samples. Dashed line indicates the
sample-level threshold for MSI detection. C, Frequency of individual microsatellite sites contributing to MSI-H samples by tumor type for tumor types with� 5
MSI-H samples. UCEC, uterine corpus endometrial carcinoma; STAD, stomach adenocarcinoma; COAD, colon adenocarcinoma; PRAD, prostate adenocarcinoma;
COUP, cancer of unknown primary; BLCA, bladder carcinoma; CHCA, cholangiocarcinoma; HNSC, head and neck squamous cell carcinoma; LUSC, lung squamous
cell carcinoma; BRST, breast carcinoma; PANC, pancreatic adenocarcinoma; LUNG, lung cancer, not otherwise specified; LIHC, liver hepatocellular carcinoma;
KIRC, kidney renal cell carcinoma; OV ovarian carcinoma; LUAD, lung adenocarcinoma.
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chemotherapy and is still disease-free more than 6 months fol-
lowing completion of 35 cycles of therapy (Fig. 6B–E).

Discussion
We have validated a novel cfDNA-based targeted NGS

approach for MSI detection. By using a large panel of microsat-
ellite loci, this approach achieved high sensitivity relative to
tissue-based methods, while maintaining very high specificity.
Plasma-detected prevalence of MSI-H across 16 common solid
tumors was similar to published tissue-based compendia, com-
patible with the intended pan-cancer design of the sequencing
panel andMSIdetection algorithm. Furthermore, we demonstrate
clinical utility by showing that MSI-H patients as detected by
cfDNA benefit from ICB therapy in a manner similar to that
reported for tissue-defined populations (37), expanding the
availability of MSI detection to all patients regardless of tissue
availability or requirement to undergo invasive tissue acquisition
procedures.

This study demonstrates robust analytic performance for MSI
detection on a cfDNA panel previously validated for detection
of the other four variant types in all guideline-recommended
indications (25). In particular, the analytic sensitivity for MSI
detection in contrived samples demonstrated reproducible
detection to 0.1%, congruent with previous reports of similar
sensitivity for indels and SNVs (25). Importantly, this study
assessed the performance of ctDNA MSI testing in 1,145 sam-
ples with orthogonal tissue MSI, which constitutes the largest
ctDNA-tissue MSI concordance cohort yet described. Relative
to standard-of-care tissue MSI testing for the same patients,
ctDNA MSI assessment demonstrated high PPV (95%), which

compares favorably to the reported PPV of 90%–92% reported
for local versus central tissue–based MSI assessment (38), and
high PPA (87%) in the evaluable population, which is consis-
tent with previous studies examining concordance of plasma
and tissue genotyping for other variant types (24, 25, 39, 40).
Factors that can contribute to incomplete concordance may
include tumor heterogeneity, differential shedding by the pri-
mary versus metastatic lesions, temporal discordance of tissue
and plasma collection, and low tumor shedding by some
tumors (41–45). Interestingly, a patient with gastric cancer
identified as MSI-H by plasma and by pentaplex PCR in this
report was previously reported to comprise discrete tumor
populations of MSS and MSI-H disease as assessed by both
IHC and PCR performed on tissue (41). The same study found
9% discordance for MSI-H between paired tissue biopsies in the
same patient (41), highlighting the potential contribution of
intratumoral heterogeneity to discordances in MSI status. More-
over, the observation of nontrivial discordance between PCR
and IHC tissue methods in this report highlight the importance
of accurate MSI testing, which has been reported as a primary
source of ICB failure (38). Consistent with the challenges
presented by tissue genotyping in advanced solid tumors, a
study in metastatic non–small cell lung cancer has shown that
relative to tissue, plasma-based testing increases the number of
patients with successful tumor genotyping results, as well as the
frequency of detecting targetable mutations (24, 39).

This study presents the first ctDNA-based landscape analysis of
MSI in a large advanced pan-cancer cohort. Overall, the relative
prevalence across tumor types in a set of >28,000 consecutive
clinical samples are consistent with what has been reported for
tissue (13, 28, 36), with only marginal differences. For example,
the prevalence in colorectal cancer and endometrial cancer is
lower than what has been reported for tissue (13), which most
likely reflects the fact that tissue-based landscape analyses include
large numbers of early-stage MSI-H tumors, which have a better
prognosis (15) and are less likely to be part of the advanced
cancer population tested with ctDNA. In contrast, the larger
than expected prevalence of MSI-H prostate cancer is attribut-
able to increased representation of MSI-H disease in advanced
patients; two recent studies focusing on MSI status in advanced
prostate cancer have shown MSI-H prevalence of 3.1% and
3.8% in that patient population (46, 47), which is similar to the
2.6% observed in this study. Unsurprisingly, given the design
intent for pan-cancer MSI detection, landscape analysis did not
reveal tumor type–specific patterns of microsatellite instability.
This design approach allows standardization of MSI detection
across tumor types, including those without available training
sets; however, it does not preclude the possibility that in
plasma, similar to what has been shown in tissue (28, 36),
tumor-type–specific patterns could emerge with the assessment
of larger numbers of representative MSI-H samples or larger
numbers of microsatellite loci.

The clinical outcomes reported here are limited to gastric
cancer; nevertheless, the observed objective response rate is
consistent with expectations from tissue-based studies, suggest-
ing that ICB treatment based on cfDNA MSI results should
achieve expected outcomes across solid tumor types. In addi-
tion, lack of germline dMMR data prevented conclusions about
familial implications for cfDNA-detected MSI; however, while
cfDNA-detected MSI may raise suspicion for hereditary cancer
predisposition syndromes, the test's 87% PPA relative to tissue-

Figure 5.

Tumor mutation burden by MSI status. Number of SNVs (A) and indels
(B) detected per sample categorized by MSI status across 278 MSI-H and
28,181 MSS samples.
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based testing precludes its use as a screening test for these
conditions. Finally, treatment data were not available for the
majority of patients with cfDNA-/tissueþ discordance, but it is
expected that at least some have received ICB therapy based on
the tumor result, which would suppress MSI-H disease and lead
to lack of MSI detection by cfDNA, thereby contributing to the
observed discordance. Future studies should be pursued to
address these questions.

In summary, we have developed and validated a cfDNA-
based targeted NGS panel that accurately assesses MSI status
while also providing comprehensive tumor genotyping, allow-
ing pan-solid tumor guideline-complete testing from a single
peripheral blood draw with high sensitivity, specificity, and
precision. Clinical validation using both comparison to tissue
testing, population-level prevalence analyses, and the first-
reported outcomes for cfDNA MSI-H patients treated with ICB
therapy supported the clinical accuracy and relevance of this
approach. Such simultaneous characterization of MSI status
and tumor genotype from a simple peripheral blood draw has
the potential to expand access to both targeted therapy and
immunotherapies to all patients with advanced cancer includ-
ing those for whom current tissue-based testing paradigms are
inadequate.
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