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Background: Mismatch repair-deficient (dMMR) tumors displaying microsatellite instability (MSI) represent a paradigm
for the success of immune checkpoint inhibitor (ICI)-based immunotherapy, particularly in patients with metastatic
colorectal cancer (mCRC). However, a proportion of patients with dMMR/MSI mCRC exhibit resistance to ICI.
Identification of tools predicting MSI mCRC patient response to ICI is required for the design of future strategies
further improving this therapy.
Patients and methods:We combined high-throughput DNA and RNA sequencing of tumors from 116 patients with MSI
mCRC treated with anti-programmed cell death protein 1 � anti-cytotoxic T-lymphocyte-associated protein 4 of the
NIPICOL phase II trial (C1, NCT03350126, discovery set) and the ImmunoMSI prospective cohort (C2, validation set).
The DNA/RNA predictors whose status was significantly associated with ICI status of response in C1 were
subsequently validated in C2. Primary endpoint was progression-free survival by immune RECIST (iRECIST) (iPFS).
Results: Analyses showed no impact of previously suggestedDNA/RNA indicators of resistance to ICI, e.g.MSIsensor score,
tumor mutational burden, or specific cellular and molecular tumoral contingents. By contrast, iPFS under ICI was shown in
C1 and C2 to depend both on amultiplexMSI signature involving themutations of 19microsatellites hazard ratio cohort C2
(HRC2)¼ 3.63; 95% confidence interval (CI) 1.65-7.99; P¼ 1.4� 10e3] and the expression of a set of 182 RNAmarkers with
a non-epithelial transforming growth factor beta (TGFB)-related desmoplastic orientation (HRC2¼ 1.75; 95% CI 1.03-2.98;
P ¼ 0.035). Both DNA and RNA signatures were independently predictive of iPFS.
Conclusions: iPFS in patientswithMSImCRC canbepredicted by simply analyzing themutational status ofDNAmicrosatellite-
containing genes in epithelial tumor cells together with non-epithelial TGFB-related desmoplastic RNA markers.
Key words: metastatic colorectal cancer, microsatellite instability, immune checkpoint inhibitors (ICIs), DNA and RNA
sequencing, prediction of MSI mCRC patient response to ICI, progression-free survival by iRECIST
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INTRODUCTION

Mismatch repair-deficient (dMMR) tumors display a molec-
ular phenotype characterized by the genetic instability of
numerous microsatellite repeated sequences throughout the
genome [microsatellite instability (MSI)].1-3 MSI was first
observed in inherited tumors associated with Lynch
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syndrome and later in a large spectrum of primary tumors, in
particular sporadic colorectal cancers (CRCs).4-6 Being highly
genetically unstable, MSI cancers are highly immunogenic
and generally show a strong infiltration with cytotoxic T-cell
lymphocytes (CTLs).4 Recently, it was reported that MSI tu-
mors resist this hostile immune microenvironment by over-
expressing immune checkpoint (ICK)-related proteins to
allow immune escape.7 Consistently,MSI statuswas shown to
predict clinical benefit from ICK inhibitors (ICI) in patients
with metastatic cancer including CRC (mCRC).8,9 In patients
pretreatedwith fluoropyrimidines, oxaliplatin, and irinotecan
before ICI for dMMR/MSI mCRC, the objective response rate
ranges from 33% to 65% and the 1-year overall survival rate
ranges from 34% to 71%. First-line pembrolizumab [anti-
programmed cell death protein 1 (PD-1)] has been associ-
ated with significant improvement of progression-free sur-
vival (PFS) compared with standard-of-care chemotherapy�
cetuximab or bevacizumab.10 However, up to 15%-46% of
patients with dMMR/MSI mCRC exhibit primary resistance to
ICI while 5%-25% of responders develop acquired resistance
to these treatments, although this estimation might increase
with longer follow-up.11-14

Several DNA and RNA-based markers predicting the effi-
cacy of ICIs have been previously proposed in metastatic
dMMR/MSI cancer settings.9,15-21 However, it is fair to say
that these results lack independent validation, being based
on the analysis of only limited series of dMMR/MSI tumor
samples with heterogeneous tumor origins. At the DNA level,
markers include quantitative genomic indexes measuring the
level of MSI within the tumor bulk such as the MSIsensor
score or the tumor mutation burden (TMB). Previous studies
have considered the selection of specific somatic variants
occurring in dMMR cancers due to MSI as specific predictive
markers such as BRAFV600E mutational status, KRAS/NRAS
mutations, or the B2M truncating mutation resulting in loss
of function of the resultant protein were associated with the
major histocompatibility complex class I.17,20 However, it was
recently reported that B2M inactivation was unlikely to blunt
the efficacy of ICI in dMMR/MSI tumors in human22 and using
multiplemurine dMMRB2mnull cancermodels,23 raising the
question of the real impact of these somatic mutations in the
MSI cancer setting. At the RNA level, it was hypothesized that
the estimated abundance of specific cell populations in the
tumor microenvironment could be of clinical relevance, e.g.
immune cell populations such as antigen-presenting macro-
phages interacting with T cells.20 Logically, deregulated ac-
tivity of some cancer-related pathways associated with
antitumor immunity was also proposed, e.g. the reduced
activity of Wnt/Wingless signaling, deregulation of the
interferon-g pathway and/or of several immune escape
processes.20 Finally, a study published by our team showed
that the leading cause for association of primary resistance to
ICI in mCRC was the misdiagnosis of their MSI or dMMR
status,24 emphasizing that the first and foremost criterion to
be validated before the prescription of ICI in metastatic
dMMR/MSI cancer patients, and particularly in mCRC, is the
guarantee of a quality diagnosis with appropriatemethods to
identify genuine dMMR/MSI.
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In this study, we hypothesized that the response to ICI
could be predicted by both levering on the MSI-specific
mutational patterns in epithelial cells (by DNA
sequencing) and by considering the modifications of the
cancer stroma [by RNA sequencing (RNASeq)] on the other
hand. We addressed the issue of response to ICI, using a
discovery and validation strategy, on the investigation of
two independent prospective cohorts of 44 and 72 patients
with dMMR/MSI mCRC, respectively, in the multicentric
NIPICOL clinical trial (NCT03350126)14 and the prospective
ImmunoMSI cohort.25

PATIENTS AND METHODS

Patients

The NIPICOL clinical trial (C1) was conducted in accordance
with the tenets of the Declaration 170 of Helsinki and Good
Clinical Practice Guidelines, after approval by the ethics
board, and was registered at ClinicalTrials.gov (clinical trial
number: NCT03350126). Written informed consent was
obtained from all patients. All patients included in C1
received anti-PD-1 (nivolumab) þ anti-CTL4 (ipilimumab).
Concerning ImmunoMSI prospective cohort (C2),25 all
consecutive MSI/dMMR mCRC patients treated with ICI
[anti-PD-1 monotherapy or anti-PD-1 plus anti-cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) combination] at
Saint-Antoine Hospital, Medical Oncology department (Prof.
T. André) from February 2015 to December 2019 were
included. This research was approved by the ethics com-
mittee (N�2020dCER 2020-6). The identification numbers
of the ethics committees are as follows: CPP N�2017/45
(ANSM reference: 170508A-12; EudraCT N�2017-002442-
72) for C1 NIPICOL clinical trial and CPP N�2020 CER 2020-
6C2 for ImmunoMSI. The NIPICOL trial NCT03350126 has
been completed and its primary endpoint published.14
Assessment of microsatellite status

All CRC samples from C1, C2, and other cohorts used in this
post hoc study were centrally reassessed for MSI and dMMR
status using immunohistochemistry (IHC) and for MSI using
PCR as described.26,27 Next, MSIsensor (version 0.6) and
MSICare were used by default on paired normal-tumor
exome data, to evaluate the mutation status of micro-
satellites using the whole exome data. An MSIsensor score
threshold of 10% or more was used to classify the MSI-H
tumor (MSI-high) and an MSICare threshold of 20% was
used to define MSI status as previously described.28
Radiological analyses

Tumors were assessed �28 days before the first dose
(baseline) and every 6-10 weeks, thereafter, according to
different protocols. The decision to pursue treatment
beyond unconfirmed progression disease by iRECIST (iuPD)
was at the discretion of the treating physician. Treatment
beyond iuPD was conditional to a confirmatory imaging 4-8
weeks after the first evidence of progression. Imaging was
retrospectively and centrally reviewed by an experienced
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radiologist according to RECIST1.1 and immune RECIST
(iRECIST).29 Radiological progression was defined as
confirmed progressive disease (cPD) according to iRECIST.
All cases of PD and pseudoprogression were reviewed by a
second experienced radiologist unaware of the target and
non-target lesions chosen by the first radiologist. In case of
discrepancy, a final decision was reached by consensus.
Survival analysis of ICI-treated patients

Survival analysis on ICI patients was carried out from the date
of first infusion of any ICI. PFS by iRECIST (iPFS)29 was calcu-
lated from the first dose to the first documented cPD, or death
resulting from any cause, whichever occurred first. Kaplane
Meier curves were used to visualize difference in PFS (iPFS)
between patients’ groups diverging on genomic instability
(e.g. TMB-high or MSIsensor-high or MSICare-high, >10th
percentile; TMB-low orMSIsensor-low orMSICare-low,�10th
percentile) or to show at the selected cut-off values a clinical
effect of our DNA or RNA signatures. The cut-off values were
selected to optimize the clinical effect of our DNA or RNA
signatures on ICI response in patients. Nevertheless, the val-
idity of same signatures was also tested without using cut-off
values with Cox models, similarly showing a clinical relevance,
as indicated in the corresponding figures. The use of the cut-
offs has been envisioned more to illustrate the findings but
there is no dependence on these cut-offs for the demonstra-
tion of the clinical impact of both theDNA andRNA signatures.
Two-sided log-rank test was carried out using the R package
Survival (version 3.2.3; Nanostring, Seattle,WA).
P value levels and correction of P values

In all statistical analyses, P value�0.05 (risk a) was used as a
threshold of significance. As an exception, for the selection
of DNA variants following whole exome sequencing (WES) in
C1, P value �0.1 has been applied in order to provide pre-
selection of a larger number of DNA variants before valida-
tion of their putative clinical significance in C2 by targeted
sequencing (reduction of the risk of false negatives).

We systematically applied multi-test correction using
BenjaminieHochberg’s method to control the false discov-
ery rate when multiple tests of the same hypotheses were
carried out. However, we chose to highlight either one or
the other either for clarity or fairness of comparison. We
systematically presented uncorrected and corrected P
values when relevant in each of the corresponding figures
and Supplementary Figures, available at https://doi.org/10.
1016/j.annonc.2023.05.010.
Data availability

The processed datasets used in the current study are now
available in the GitHub repository, https://github.com/
CRSA-MSI/R-ICI_MNB_Survival. Reasonable request for
sharing biologic materials or raw data files will be reviewed
by the corresponding author (ADu). Patient-related data not
included in the paper were generated as part of clinical
trials and may be subject to patient confidentiality. Any data
Volume 34 - Issue 8 - 2023
and materials that can be shared will be released via a
material transfer agreement.
Code availability

The scripts and the naive Bayes model can be accessed at
GitHub https://github.com/CRSA-MSI/R-ICI_MNB_Survival.
Scripts for ICA of RNA can be accessed at GitHub https://
github.com/GeNeHetX/NipicolICA.

Concerning sample preparation and sequencing, exome
analysis and mutational load, feature selection and data pre-
processing, DNA signatures (mutation count and multinomial
naive Bayes), and transcriptome profile generation and anal-
ysis, see Supplementary Materials and Methods, available at
https://doi.org/10.1016/j.annonc.2023.05.010. See also
Supplementary Materials and Methods, available at https://
doi.org/10.1016/j.annonc.2023.05.010, for the statistical
reporting which explains in detail the methodology that was
used to identify and validate innovative DNA and RNA signa-
tures predictive of MSI mCRC patient response to ICI.
RESULTS

Patient population and study design

A total of 129 prospectively collected mCRC patients were
assessed for eligibility, including 57 patients from the
NIPICOL clinical trial (C1, NCT03350126) and 72 patients
from the prospective ImmunoMSI cohort (C2).25 Clinical and
disease characteristics of patients from C1 and C2 are
summarized in Table 1, and further detailed in
Supplementary Tables S1 and S2, available at https://doi.
org/10.1016/j.annonc.2023.05.010. In C1, the selection for
analysis was applied to 54 MSI mCRC patients and 3 mCRC
samples with misdiagnosed dMMR/MSI status (false-posi-
tive cases) that were in fact MSS. WES and RNASeq were
carried out on 23 and 44 collected MSI mCRC � matched
normal colonic mucosa paraffin-embedded samples,
respectively, after removing 29 samples with lack of mate-
rials and/or insufficient quality (Figure 1A). In C2, targeted
next-generation sequencing (NGS) was carried out on 66
mCRC � matched normal colonic mucosa paraffin-
embedded samples of which 35 were also sequenced
more widely by WES. RNASeq was carried out on 72 mCRC
after removing unqualified samples for similar reasons, i.e.
insufficient quantity and/or low-quality level (Figure 1A).
Apart from the quality and/or quantity of the DNA/RNA
material, we worked without any other selection criteria.
The Consolidated Standards of Reporting Trials (CONSORT)-
like clinical and molecular diagram in Figure 1 outlines the
methodology workflow of the study. Finally, a subset of 96
tumor samples from C1 (n¼ 27) and C2 (n¼ 69) were again
assessed by a nanoString nCounter® RNA technology
(Nanostring) more accessible for routine clinical practice.

Figure 1 also summarizes the flow chart (Figure 1A) and
the current design of the study (Figure 1B). In brief, NIPICOL
(C1) was used as a training cohort and ImmunoMSI (C2) as a
validation cohort. iPFS29 was used as primary endpoint. In
an effort to optimize the available clinical data for the
https://doi.org/10.1016/j.annonc.2023.05.010 705
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Table 1. Patients’ description from cohort 1 (C1) and cohort 2 (C2) with main corresponding clinical data

Characteristic ImmunoMSI, n [ 72a NIPICOL, n [ 47a P valueb

Age in years 59 (15) 54 (13) 0.058
Sex 0.87
Female/male 28/44 19/28

ECOG performance score 0.24
0/�1/unknown 35/36/1 18/29/0

Primary tumor location 0.49
Left colon/right colon/unknown 23/47/2 18/28/1

BRAFV600E 0.056
Mutated/wild type/unknown 23/49/0 7/37/3

KRAS 0.029
Mutated/wild type 21/51 23/24

NRAS >0.99
Mutated/wild type/unknown 1/71/0 1/42/4

Origin of MMR deficiency 0.82
Known germline mutation 20 27
Sporadic/unknown 10/42 12/8

Surgery of primary tumor >0.99
Yes/no/unknown 71/1/0 43/1/3
Number of metastatic sites 0.50
1/2/�3 27/26/19 14/18/15

Number of prior lines 0.006
0/1/2/�3 9/21/32/10 0/8/22/17

Type of immunotherapy <0.001
Anti-PD-1/anti-PD-1 and CTLA-4 43/29 0/47

iRECIST <0.001
CR/PR/SD/PD/NE 20/35/7/8/2 2/15/24/3/3

Status 0.059
MSI/MSS 72/72 (100) 44/3

CR, complete response; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; ECOG, Eastern Oncology Cooperative Group; iRECIST, immune RECIST; MMR, mismatch repair; MSI,
microsatellite instability; MSS, microsatellite stable, NE, not evaluable; PD, progressive disease; PD-1, programmed cell death protein 1; PR, partial response; SD, stable disease.
aMean (standard deviation); n/N (%).
bWilcoxon rank sum test; Pearson’s chi-square test; Fisher’s exact test.
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purpose of identifying available RNA/DNA predictive
markers of resistance to ICI in this prospective series of ICI-
treated patients with MSI mCRC, their putative clinical
relevance was examined in C1 (training set) and in C2
(validation set) independently. C1 was a cohort from a
clinical trial including dMMR/MSI patients all treated with
the same treatment, i.e. a combination of nivolumab (anti-
PD-1) and ipilimumab (anti-CTLA-4) after failure of stan-
dards of care. C2 was a larger and more heterogeneous
cohort concerning regimen of ICI received (anti-PD-1 alone
or associated with ipilimumab) and inclusion criteria were
less restrictive compared to a clinical trial. We checked that
the C1 population of this ancillary study is fully represen-
tative of the full population of the NIPICOL trial without
introducing any population bias with respect to important
clinical and biological criteria (see Supplementary Table S3,
available at https://doi.org/10.1016/j.annonc.2023.05.010).
Regarding the C2 cohort (ImmunoMSI), it is a prospective
cohort for which the absence of available tumor material
was not an exclusion criterion.

The level of MSI and TMB in tumor DNA does not predict
response to ICI in patients with ICI-treated MSI mCRC
following necessary exclusion of ICI-treated mCRC with
misdiagnosed dMMR/MSI status which are pitfalls for the
correct estimation of these genomic indexes

We first focused DNA analyses on quantitative genomic
instability indexes, i.e. the TMB and MSIsensor score, whose
706 https://doi.org/10.1016/j.annonc.2023.05.010
level was previously reported to predict response to ICI in
patients with metastatic dMMR tumor.15,16 Regardless of
the cut-off selected for these indexes, our data show no
influence of MSIsensor score or TMB on the iPFS of patients
from C1 (after exclusion of the cases with false-positive MSI
status that were MSS, n ¼ 3 and may lead to wrongly give a
prognostic value to TMB and/or MSIsensor regarding iPFS)
(Figure 2A and Supplementary Figure S1A, available at
https://doi.org/10.1016/j.annonc.2023.05.010).30-33 Since
these results are discordant with others in the field, we
sought to confirm them in the C2 cohort in the 35 patients
for whom WES was carried out (Figure 1A). Similar analyses
were carried out and confirmed at multiple cut-offs for the
same negative results (Supplementary Figure S1A, available
at https://doi.org/10.1016/j.annonc.2023.05.010).

Next, we found of interest to further conduct similar in-
vestigations at multiple cut-offs with inclusion of diagnostic
errors on the MSI status of tumors (i.e. inclusion of three
false-positive MSI cases from the C1 NIPICOL trial; cf. Cohen
et al.24). We had enough power to conclude that accounting
for these MSI misdiagnoses drastically changes the predictive
value of TMB and MSIsensor at the 10% threshold (10th
percentile), leading to a significant false ability of these
genomic indexes to predict ICI resistance at this low cut-off for
the TMB and for MSIsensor (Figure 2A and Supplementary
Figure S1B, available at https://doi.org/10.1016/j.annonc.
2023.05.010). As shown also in Supplementary Figure S1C,
available at https://doi.org/10.1016/j.annonc.2023.05.010,
Volume 34 - Issue 8 - 2023
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similar results were obtained using the MSICare score. All
these results obtained for TMB, MSIsensor, and MSICare
scores in association with iPFS to ICI in C1 and/or C2 before or
Volume 34 - Issue 8 - 2023
after removing false MSI-positive cases are shown in
Supplementary Table S4, available at https://doi.org/10.1016/
j.annonc.2023.05.010.
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Figure 2. Identification of a 19-plex MSI signature predictive of response to ICI in mCRC patients. (A) KaplaneMeier curves of progression-free survival (iPFS) for
tumor mutation burden (TMB) and MSIsensor score in the NIPICOL cohort (C1), the ImmunoMSI cohort (C2), and the combined dataset (C1 þ C2). The cohorts (C1, C2,
and C1 þ C2) were stratified into distinct groups using a 10th percentile cut-off (low, individuals with TMB or MSIsensor score at or below the 10th percentile; high,
individuals with TMB or MSIsensor score above the 10th percentile). (B) Histogram displaying the P values obtained from Cox analysis for repeat variants (micro-
satellites) in the C1 NIPICOL cohort. A zoom was carried out on those having a P value <0.1 (n ¼ 167). The 19 somatic microsatellite variants with a known percentage
of missing data <5% in the C1 cohort as well as other public and private cohorts are indicated in green. These variants were further investigated to assess their impact
on progression-free survival (iPFS) in the C2 cohort. (C) Counts of somatic microsatellite variants according to their P value obtained from the univariate Cox regression
model on the 23 patients of NIPICOL cohort (C1). Green and red bars represent the mutated microsatellites with a P value <0.05 and 0.05 � P value < 0.1,
respectively. The top forest plot represents the results of Cox survival regression analysis on the prediction of risk output in the C2 cohort The risk output is indicated
by the hazard ratio (HR), where HR <1 denotes a beneficial effect, HR ¼ 1 indicates no effect, and HR >1 signifies a deleterious effect. The features selected for Cox
analysis are distinguished by their significance levels: high stringency (P < 0.05, DNA signature) is depicted in green, while low stringency based on P value is shown in
red. (D) KaplaneMeier curves illustrating progression-free survival (iPFS) based on the risk probability in the ImmunoMSI cohort (C2, n ¼ 66). Red curve corresponds
to patients with high naive Bayes (NB) probability (>20%), while the blue curve corresponds to patients with low NB probability (�20%). (E) Heatmap representation
of the NIPICOL cohort (C1) and ImmunoMSI cohort (C2). Overview of mutation profile for each patient in relation to the list of 19 selected microsatellites (MS). The
genes’ name and chromosomal location are indicated on the right side of the heatmap. The bottom bars in the heatmap represent additional patient information,
including their treatment (combo-therapy or monotherapy), survival (time to event), event (progressor or non-progressor), DNA signature (probability of non-response
based on iPFS as determined by the NB), and KRAS and BRAF mutational status. Patients are ordered based on their predicted risk of progression and the MS are
ordered based on their mutation frequency in the NIPICOL cohort. (F) Forest plot presenting the results of the multivariate Cox regression analysis with progression-
free survival (iPFS) in cohort C2. The forest plot displays the HR and their corresponding P values. The included features in the analysis are DNA signature (low to high
risk), BRAF, KRAS (wild type versus mutated status), and treatment (mono versus combo).
ICI, immune checkpoint inhibitor; iPFS, progression-free survival by immune RECIST; mCRC, metastatic colorectal cancer; MSI, microsatellite instability; PD-1, pro-
grammed cell death protein 1.
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Identification of a 19-plex MSI signature predictive of
response to ICI in MSI mCRC patients

We first examined by WES the impact of somatic variants
occurring in true-positive MSI mCRC patients from C1
regarding iPFS upon ICI treatment. Expectedly, a great
number of variants occurred at both nonrepetitive (NR, in
n ¼ 3886 genes, only coding events) and repetitive (R, in
n ¼ 20 472 microsatellite-containing genes, both coding
and noncoding events) sequences in genes having or not an
expected role in the MSI-driven tumorigenic process. For
708 https://doi.org/10.1016/j.annonc.2023.05.010
survival analyses, we considered only somatic microsatellite
mutations in tumor DNAs, because frequent hotspot NR
mutations are rare in these tumors (Figure 2B and C).
However, note that canonic NR mutations recurrently
associated with colon tumor among which some were
previously proposed to affect response to ICI, e.g. in KRAS,
BRAF, B2M, and other cancer-related genes including genes
with somatic mutations putatively influencing immune
response in MSS digestive tumors,34 were checked as not
being associated with shorter iPFS (Supplementary
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Figure S2, available at https://doi.org/10.1016/j.annonc.
2023.05.010). Figure 2C shows the results of univariate
Cox analyses we carried out to identify amongst the mi-
crosatellite variants the 167 alterations with impact on the
iPFS of MSI mCRC patients in C1 (P � 0.1).

Like the NGS-based MSICare28 or the PCR Pentaplex26

genomic tools we previously designed, which use multiple
microsatellite analysis to predict the MSI or MSS status of
CRC, we hypothesized that response to ICI could be also
predicted by investigating a set of selected microsatellite
markers mutated in these tumors. From C1 (training cohort),
19 candidate microsatellite markers (i.e. in SUCO, LYST,
MACO1, PPRC1, COMMD3, OCA2 MTMR10, IGDCC4, NLK,
RNF43, TSEN54, ADGRE1, EDAR, TTN-AS1, IQCA1, RWDD4,
CCDC158, CANX, MLIP) were selected since: (i) their somatic
mutations were each associated with iPFS in C1 (a ¼ 5%)
(Figure 2B and Supplementary Table S5, available at https://
doi.org/10.1016/j.annonc.2023.05.010) and (ii) their
sequencing in C1 but also in additional public (Colorectal
Adenocarcinoma from The Cancer Genome Atlas) and private
cohorts using NGS was successful in at least 95% of tumors
(Figure 2B and Supplementary Table S5, available at https://
doi.org/10.1016/j.annonc.2023.05.010) or, in other words,
that these loci were particularly easy to analyze which is not
always the case especially for microsatellite markers. A pre-
dictive nature of this 19-plex identified DNA signature based
on the concomitant analysis of their microsatellite somatic
variations in tumor DNA as compared to matched normal
DNA, which was then evaluated by simply calculating for each
patient the mean count of all the mutations in those
microsatellites, with a significant association to iPFS in C2
[Cox regression on the continuous values: hazard ratio cohort
C2 (HRC2) ¼ 4.37; 95% confidence interval (CI) 1.41-13.6; P ¼
1 � 10e2] (see in Figure 2C and Supplementary Figure S3,
available at https://doi.org/10.1016/j.annonc.2023.05.010,
the validation of this DNA signature regarding iPFS to ICI in
C2). We also trained a naive Bayes (NB) classifier as a simple
machine learning method to predict the risk of progression
with the 19-plex signature.35 We trained the NB method on
NIPICOL (C1) and validated it on ImmunoMSI (C2). Applying
the trained model in C2 (validation cohort), we were able to
show using NB that the same 19-plex MSI signature was even
more significantly associated to iPFS (HRC2 ¼ 3.63; 95% CI
1.65-7.99; P ¼ 1.3 � 10e4) (Figure 2D). Figure 2 further il-
lustrates how the 19 microsatellite mutations contribute to
predicting resistance to ICI in MSI mCRC patients (see the
heatmap in Figure 2E). In the multivariate analysis we con-
ducted in C2 including molecular and clinical data (e.g. KRAS
and BRAF mutation status) as well as the type of immuno-
therapy, the independent prognostic value of this 19-plex MSI
signature was confirmed (HRC2 ¼ 13.5; 95% CI 2.38-76.6;
P ¼ 3.3 � 10e3) (Figure 2F).

Transcriptomic signatures and response to ICI in MSI mCRC
patients

Previous studies have provided evidence of the predictive
value of RNA signature for immunotherapies. Three types
of established signatures of response to ICI were
Volume 34 - Issue 8 - 2023
systematically assessed in both discovery (C1) and valida-
tion (C2) cohorts: signatures quantifying cellular compo-
nents of the tumor microenvironment (n ¼ 99), single gene
expression levels (n ¼ 19 116), and signaling pathway ac-
tivity estimation from gene expression levels (n ¼ 3365).
None of these established transcriptomic-based signatures
could be reproducibly associated to iPFS in the two ICI-
treated MSI mCRC cohorts, including those specifically
associated to ICI response in previous studies in MSS tu-
mors (e.g. PD-1, programmed death-ligand 1 � CTLA-4, T or
B cells) (Supplementary Figure S4, available at https://doi.
org/10.1016/j.annonc.2023.05.010). More specifically,
gene sets involved in angiogenesis, epithelial-to-
mesenchymal transition, canonical transforming growth
factor (TGF)-b and Wnt/Wingless signaling pathways, as
well as tumor necrosis factor, interferon, KRAS, or
mammalian target of rapamycin had either a minor and
unreproduced association with iPFS in only one cohort or
more generally no significant correlation with survival in any
of the two ICI-treated MSI mCRC cohorts (Supplementary
Figure S5, available at https://doi.org/10.1016/j.annonc.
2023.05.010).

In order to identify context-dependent transcriptomic sig-
natures (i.e. phenotypic descriptors effectively observable in
MSI mCRC), an unsupervised blind source separation
approach was applied to the transcriptome profiles of the
discovery cohort [C1; i.e. independent component analysis
(ICA)] (Supplementary Figure S6, available at https://doi.org/
10.1016/j.annonc.2023.05.010). Firstly, we considered each
ICA and its relevance only in C1 (for all the 10 ICAs), and while
4 had some association with one ICI treatment-related
outcome (iRECIST and/or iPFS), only the component with
the highest association with iPFS was considered; next, we
evaluated the selected component in C2 for the possibility of
statistical association with iPFS (HRC1 ¼ 1.87; 95% CI 1.06-3.3;
P ¼ 0.0282; HRC2 ¼ 1.75; 95% CI 1.03-2.98; P ¼ 0.035)
(Figure 3B and C and Supplementary Figure S6, available at
https://doi.org/10.1016/j.annonc.2023.05.010). The RNA
component was significantly correlated to an RNA-based
quantification of fibroblasts (P < 0.001) and anti-correlated
to the tumor cellularity (P < 0.001) confirming its stromal
origin (Figure 3A, Supplementary Table S6, available at
https://doi.org/10.1016/j.annonc.2023.05.010, for the list of
genes most contributing to this fibrosis component). Besides,
Supplementary Figure S7, available at https://doi.org/10.
1016/j.annonc.2023.05.010, illustrates the proportion of
each consensus molecular subtype (CMS) for each sample in
C1.36 Our fibrosis signature was associated to a tendon-like
phenotype, extracellular matrix (ECM)-producing and inter-
acting genes, enriched intratumor CMS4 proportions, and a
pan-fibroblast TGF-b response signature (PMID: 29443960)
(Figure 3A and Supplementary Figure S7, available at https://
doi.org/10.1016/j.annonc.2023.05.010). The fibrosis signature
was not related to stromal abundance, as measured by Sirius
Red staining (Supplementary Figure S8, available at https://
doi.org/10.1016/j.annonc.2023.05.010). Exactly as this was
previously carried out with the DNA signature, we confirmed
the independent prognostic value of this RNA signature using
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a multivariate analysis in C2 (HRC2 ¼ 1.78; 95% CI 1.03-3.01;
P ¼ 0.040) (Figure 3D and Supplementary Table S1, available
at https://doi.org/10.1016/j.annonc.2023.05.010). We suc-
cessfully reduced this RNA signature to a more serviceable
set of 182 biomarkers (Supplementary Table S7, available at
https://doi.org/10.1016/j.annonc.2023.05.010). Using this
raw subpanel, the Spearman correlation with the original
component was 0.98 in NIPICOL and 0.96 in ImmunoMSI.
Both remained associated with iPFS as continuous scores
(Supplementary Figure S9, available at https://doi.org/10.
1016/j.annonc.2023.05.010).
Transfer to clinical-grade fibrosis signature

Finally, we wanted to further test the possibility to validate
our RNA signature predicting response to ICI in patients with
MSI mCRC using an alternative method than 30 RNASeq. This
was done by using a nanoString nCounter® technology
(Nanostring) more accessible for routine clinical practice
(Supplementary Figure S10, available at https://doi.org/10.
710 https://doi.org/10.1016/j.annonc.2023.05.010
1016/j.annonc.2023.05.010). A subset of C1 tumors (n ¼
27) were profiled using a panel of 182 genes from the fibrosis
signature on nanoString nCounter®(Nanostring), of which 74
were selected to best match the RNASeq signature. This
transferred nCounter® fibrosis signature was applied to C2
(subset, n ¼ 69) and showed a significant association with
iPFS (Figure 3E).
Multivariate analyses combining the DNA and RNA
signatures

We finally examined the effect of both RNA and DNA signa-
tures in predicting iPFS to ICI in MSI mCRC patients using a
multivariate model (Figure 4).When taking into account both
signatures in either a continuous or a discrete way, the
multivariate analysis indicated that both signatures were
independently predictive of iPFS (Figure 4A). Figure 4B (and
Supplementary Figure S11, available at https://doi.org/10.
1016/j.annonc.2023.05.010) shows how these DNA and RNA
signatures are complementary and effective when used
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together in predicting the response of patients to ICI treat-
ment. One and/or another of the signatures was able to pre-
dict progression in patients from C2 regarding iPFS to ICI
(HRC2 ¼ 6.0; 95% CI 1.80-19.9; P ¼ 9.12 � 10e4). This makes
these signatures a valuable classifier tool capable of predicting
relapse in MSI mCRC patients (see also in Supplementary
Figure S9, available at https://doi.org/10.1016/j.annonc.
2023.05.010, the performance of this combined analysis
when the RNA fibrosis signature was reduced to 182markers).
DISCUSSION

In this study, we examine the issue of response to ICI in
patients with dMMR/MSI mCRC. ICIs are expected to be
highly efficient, with relatively rare progression events, in this
population. Although this is fortunate for the general pop-
ulation, it makes crucial the identification of high-risk pa-
tients yet hindering statistical analyses in translational
studies. This reinforces the importance of our work based on
the analysis of two independent prospective cohorts of pa-
tients used as discovery and validation sets, which is
particularly appropriate from a statistical point of view.
Furthermore, this study is limited to CRC patients only, thus
avoiding the risk that the origin of the primary tumor might
interfere with the results. The dual approach of high-
throughput analysis of tumor DNA and RNA enables us to
carry out both supervised and unsupervised analyses with
the aim of investigating ICI response-associated genotypes
and phenotypes in MSI mCRC. Finally, the dMMR/MSI status
of the tumors was systematically rechecked in our expert
center as part of this ancillary study to avoid misdiagnoses
which can deeply impact the findings of such translational
research studies, as reported.24,37 All these points constitute
methodological strengths of the present work compared to
others in the field which remain few and based on a smaller
number and/or more heterogeneous series of patients.
Volume 34 - Issue 8 - 2023
We first show that several previously suggested DNA and
RNA indicators are unlikely to have any predictive values
regarding response to ICI in MSI mCRC patients. This is
primarily the case for the quantitative DNA markers MSI-
sensor score and TMB regardless of the cut-off selected for
these indexes in survival analyses.15,16 By contrast, ac-
counting for MSI misdiagnoses (false-positive MSI CRC)
drastically changes the predictive value of TMB and MSI-
sensor at a low threshold (10th percentile), leading to the
incorrect conclusion that these genomic indexes may pre-
dict ICI resistance. With respect to this issue, here we very
rigorously examine the MSI/dMMR status of all included
tumor samples by IHC, MSI-PCR, and NGS, and this point
will have to be strictly observed to make conclusions on the
real predictive value of these genomic indexes in future
studies. In addition, our analyses based on previously
defined candidate DNA/RNA markers of resistance, e.g.
specific somatic DNA variants, the activity of canonical
signaling pathways, or the presence of specific cellular
contingents within the tumor bulk, also failed to identify
robust predictors of ICI response in patients. Though some
of these markers may contribute to some extent to
modulate the patients’ response to ICI in some dMMR/MSI
mCRC as suggested by some studies carried out on smaller
series of patients, and more generally may be predictive of
ICI efficacy in MMR-proficient tumors, they are unlikely to
have major clinical relevance.

The breakthrough results we have achieved in this study
stem from the fact thatwe report and validate in both cohorts
two distinct original signatures derived from a global analysis
of the DNA and RNA profiles of ICI-treatedMSImCRC. In brief,
the DNA signature is epithelial in nature. It analyzes the
combination of a 19-plex panel aggregating independent
somatic mutational events in dMMR tumor cells involving
both coding and noncoding microsatellite-containing genes
associated to distinct biological processes. As some
https://doi.org/10.1016/j.annonc.2023.05.010 711
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microsatellite mutations such as those in the pentaplex are
relevant for MSI diagnosis in CRC, the combined analysis of
these 19 microsatellites is of predictive interest for response
to ICI as evaluated by iPFS in patients.We have here followed
a rigorous methodological approach to highlight the clinical
relevance of this DNA signature using two completely inde-
pendent prospective cohorts of MSI mCRC patients including
a training set that was a clinical trial. Understanding this
signature and its effect, which is an interesting question, will
be the subject of future studies. It is presently difficult to
judge the relevance of the microsatellite gene mutations it
contains. Their role can be direct but also indirect by being
events associated with others more functionally relevant in
cancer cells. In addition, the RNA signature is fibrotic in na-
ture. In contrast to CMS which constitutes transcriptomic
objects whose use in the clinic is cumbersome due to the
juxtaposition of several CMS contingents per tumor,36 the
RNA signature we propose in this study is dedicated to MSI
tumors and seems to show a real ability to simply predict
response to ICI in this specific subset of CRC at the metastatic
stage. Though it is transforming growth factor beta (TGFB)-
related with a desmoplastic orientation, the fact that Sirius
Red staining does not discriminate between sampleswith and
without this fibrosis signature illustrates its complex nature.
Noteworthily, all the previously defined signatures and
pathways that were shown to be associated to the proposed
transcriptomic-defined TGFB-related fibrosis signature were
not themselves associated to progression in both cohorts.
This highlights the importance of defining context-dependent
signatures, in particular in such distinct carcinogenic and
microenvironment context as those found in MSI mCRC. In
relation to a rich literature that has already provided evidence
that the ECM and its heterogeneous content could promote
resistance to ICI inMSS tumormodels associatedwith various
primary locations (for review see O’Donnell et al.38), the RNA
contingent we are identifying could thus play such a role by
promoting, for example, immune-exclusion or sequestration
processes in the context of increased fibrosis generated in
and around the tumor. It could alsomodulate the response to
treatment through non-mutually exclusive mechanisms
involving more specifically the cancer-associated fibroblasts
hosted in or responsible for the matrix generation.

Our work has some limitations. Firstly, it does not address
the issue of the choice of immunotherapy, i.e. monotherapy
with anti-PD-1 or combination of anti-PD-1 and anti-CTL4.
Secondly, the question of epigenetics is an especially
important issue that is not addressed here and will require
further investigation in subsequent studies. Thirdly, our work
does not really shed light on simple mechanisms underlying
resistance to ICI in MSI mCRC. In this respect, it is not yet
very enlightening for the identification of novel therapeutic
targets that could be of interest in the future for patients
with primary or secondary resistance to anti-PD-1 � anti-
CTL4, although the targeting of the tumor microenviron-
ment and the ECM in particular is a very interesting avenue.
It will be important to conduct future studies in MSI CRCs
that will take into account the clonal complexity of the MSI
‘hot’ cancer paradigm and their specific microenvironment,
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considering the question of response to ICIs at the clonal
level using geo-spatialization and single cell analyses, as has
already been done in other studies not dedicated to this very
specific type of cancer.39 Finally, although our results were
established on a large prospective collection of patients
including two independent cohorts, one of which is a clinical
trial, they still require validation in new populations of
metastatic MSI cancer patients, with colorectal tumor but
possibly also other primary MSI cancer, and in a preferential
way with patients treated with anti-PD-1/PD-L1 alone.
Despite these weaknesses, the two signatures we outline
here from the analysis of the tumor bulk are easy to inves-
tigate and can be implemented in the context of a clinical
routine. The DNA signature requires the analysis of the status
of only 19 microsatellite markers within the tumor, ideally by
NGS but also by other methods while the RNA signature
requires to carry out 30 RNASeq which is a simple, repro-
ducible, and feasible method to be used with paraffin-
embedded tumor samples, the cost of which has now
decreased considerably. Moreover, the RNA signature can be
also investigated using a nanoString nCounter® technology
(Nanostring) more accessible for routine clinical practice,
even with a smaller number of markers. Finally, it is very
interesting to note that the DNA and RNA signatures have
independent predictive value and can be used jointly to
predict progression in ICI-treated MSI mCRC patients. This
should be of interest for the design of future strategies
improving ICI for MSI cancer patients in clinics.
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