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Abstract

Background Glioblastomas (GBMs) in patients harboring somatic or germinal mutations of mismatch-repair (MMR) genes
exhibit a hypermutable phenotype. Here, we describe a GBM patient with increased tumor mutational burden and germline
MMR mutations, treated using anti-PD1 therapy.

Methods A woman with newly diagnosed GBM (nGBM) was treated by surgery, radiotherapy, and temozolomide. The
tumor recurred after 13 months leading to a second surgery and treatment with nivolumab. Whole-exome sequencing was
performed on the nGBM, recurrent GBM (rtGBM), and blood. Immune infiltration was investigated by immunohistochemistry
and the immune response in the blood during treatment was analyzed by flow cytometry.

Results High density of infiltrating CD163 + cells was found in both GBM specimens. Large numbers of CD3+and CD8 + T
cells were homogeneously distributed in the nGBM. The infiltration of CD4 + T cells and a different CD8 + T cell density
were observed in the rtGBM. Both GBM shared 12,431 somatic mutations, with 113 substitutions specific to the nGBM and
1,683 specific to the rtGBM. Germline variants included pathogenic mutation in the MSH2 (R359S) gene, suggesting the
diagnosis of Lynch syndrome. Systemic immunophenotyping revealed the generation of CD8 +T memory cells and persistent
activation of CD4 + T cells. The patient is still receiving nivolumab 68 months after the second surgery.

Conclusions Our observations indicate that the hypermutator phenotype associated with germinal mutations of MMR genes
and abundant T-cell infiltration contributes to a durable clinical benefit sustained by a persistent and robust immune response
during anti-PD1 therapy.
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Introduction

DNA mutations are at the basis of tumor formation. The
majority of DNA mutations can arise stochastically in
dividing cells, such as stem cells. A strong correlation
has been found between the number of stem cells in an
organ and the lifelong chance of developing cancer in that
organ [1]. In a fraction of cases, cancer might depend on
environmental factors or several intrinsic sources, includ-
ing defective DNA proofreading due to mutations in the
DNA replicative polymerases Pold1 and Pole or DNA rep-
lication repair mutations [as in cancer predisposition syn-
dromes, such as constitutional or biallelic mismatch repair
(MMR) deficiency (CMMRD), Lynch syndrome (LS), and
polymerase proofreading-associated polyposis (PPAP)].
Carcinomas arise in patients with LS, secondary to the
acquisition of a somatic hit in the alternative wild-type
allele of the same MMR gene that carries the germline
alteration, thus inducing deficiency in the DNA repair
machinery, resulting in the accumulation of frameshift
mutations (i.e., hypermutated tumors) that can generate
neoantigens. Although data gathered by the International
Biallelic Mismatch Repair Deficiency consortium revealed
that all malignant cancers are hypermutant in CMMRD
[2], early evidence should be confirmed in the case of pre-
malignant LS lesions [3]. This may help to explain why
in some cancers with constitutive deficiency of mismatch
repair genes, such as colon cancers, the number of muta-
tions is exponentially higher than that in their counterparts
with no such deficiency (hypermutations) [4].

There are nine major MMR genes: MutS homologs
(MSH2, MSH3, MSH4, MSH5, and MSH6), MutL homologs
(MLHI and MLH3), and human postmeiotic segregation
genes (PMS1 and PMS2). Four of these genes (i.e., MLH]I,
PMS2, MSH?2, and MSH6) play a key role during DNA rep-
lication. MMR deficiency in tumors results in the accumula-
tion of DNA defects that can bring a hypermutable pheno-
type with a high tumor mutational burden (TMB). Moreover,
polymorphisms in DNA repair genes such as MLH1 might
constitute glioblastoma (GBM) susceptibility factors [5].
Germinal mutations in MMR genes are typically described
as causative factors of LS and CMMRD [6, 7]. LS exhibits
autosomal dominant inheritance and is comprised of mul-
tiple cancers, particularly those involving the colorectum,
stomach, and endometrium. Furthermore, an increased risk
for other cancers, including GBM, has been described [8].
The cumulative risk of brain tumors has been estimated to
be approximately 1-6% in LS patients, with the risk higher
in subjects carrying pathogenic MSH2 mutations (compared
to MLHI and MSH6 mutations), and brain tumors in indi-
viduals with LS are rarely associated with microsatellite
instability [9].
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In approximately 20% of recurrent GBM (rGBM) cases,
hypermutations are detected after alkylating chemotherapy
with temozolomide (TMZ); these hypermutations are associ-
ated with somatic mutations or the decreased expression of
MMR genes [10]. Recently, a high TMB was also described
in newly diagnosed GBM (nGBM) without other known
(e.g., POLe, MMR) germline mutations [11].

In addition to standard treatments [surgery, radiotherapy
(RT), alkylating chemotherapy], different immunotherapy
(IT) approaches for the treatment of GBM, such as dendritic
cell (DC) vaccination, which has already been approved for
other solid tumors, are under investigation [12]. Inhibition of
immune ““checkpoints”, such as PD-1, CTLA-4, and PD-L1,
by immune checkpoint inhibitors (ICIs) has provided impor-
tant advances in the treatment of melanoma and other can-
cers. Moreover, some positive predictive factors for the ICI
response, such as a high TMB, T cell infiltration of the tumor
microenvironment (TME), and the expression and engage-
ment of immune checkpoints within the TME and HLA
setting, were recently detected [13]. In July 2017, the US
FDA granted accelerated approval of the anti-PD1 antibody
nivolumab for the treatment of metastatic colorectal cancer
with mismatch repair or microsatellite instability [14].

Here, we report a case of -GBM carrying germline MSH?2
mutation with a high TMB, and with a massive infiltration
of CD8 + T cells treated with anti-PD1 therapy.

Materials and methods
Patient and monitoring

At first GBM recurrence, the patient was enrolled in the
CheckMate 143 study (NCTO02017717) [15]. After written
informed consent was obtained, bimonthly clinical assess-
ment and brain magnetic resonance imaging (MRI) with
gadolinium were performed. IT treatment was scheduled
with nivolumab, as planned by the study. Disease progres-
sion was defined according to Response-Assessment in
Neuro-Oncology (RANO) criteria [16], and confirmed by
our pathologist (BP) according to the World Health Organi-
zation (WHO) classification.

Sequencing and mapping

Total DNA was isolated from peripheral blood and Forma-
lin-Fixed Paraffin-Embedded (FFPE) samples and exome
sequencing was performed in collaboration with BGI
Genomics (China). High-quality reads for these samples
were mapped by BWA [17] to the hgl9 human genome
assembly with default parameters. All mapped reads were
then marked for duplicates by Picard to eliminate potential
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duplications. Sanger validation of the germline MMR muta-
tions was performed.

Somatic mutations

Somatic mutations from whole-exome sequencing (WES)
data from samples from patients with GBM were identified
by applying the variant-calling software SAVI2 (statistical
algorithm for variant frequency identification) [18], which is
based on an empirical Bayesian method. Specifically, a list
of candidate variants was generated by successively elimi-
nating positions without variant reads, positions with a low
sequencing depth, positions that were biased for one strand,
and positions that contained only low-quality reads. Then,
the numbers of high-quality reads for forward-strand refer-
ence alleles, reverse-strand reference alleles, forward-strand
nonreference alleles, and reverse-strand nonreference alleles
were calculated at the remaining candidate positions to
build the prior and posterior distribution of mutation allele
fraction. Finally, somatic mutations were identified on the
basis of the posterior distribution of differences in mutation
allele fraction between normal and tumor samples. SAVI2
was used to assess mutations by simultaneously considering
multiple tumor samples, as well as their corresponding RNA
samples, if available. VarScan2 was used to call indels in
comparison with TCGA samples.

HLA Class | genotyping data and T cell receptor
(TCR) B-chain sequencing and analysis

High-resolution HLA class I genotyping and TCR analysis
of germline and GBM specimens were performed as exten-
sively reported by Chowell [13].

Immunohistochemistry (IHC) and quantification
of immune infiltration

IHC was performed on both tumor specimens to investi-
gate PD-L1 expression, immune infiltrates, and MMR sta-
tus. Paraffin-embedded 3-pm-thick sections were processed
using AutostainerPlus (Dako, Agilent, Denmark), and anti-
gen’s retrieval was performed in a PT Link pretreatment
module (Dako, Agilent, Denmark) when requested. Briefly,
slides were first blocked in 3% H,0, (Sigma-Aldrich, USA),
and then they were incubated with normal goat serum
(Dako, Agilent, Denmark) and with the primary antibod-
ies against the following: PD-L1 (1:100), MSH6 (dilution
1:100), MSH2 (dilution 1: 100), PMS2 (dilution 1:100),
MLHI1 (dilution 1:100), CD3 (dilution 1:50), CD8 (dilution
1:50), and CD4 (dilution 1:50), (Dako, Agilent, Denmark),
CD163/MRQ-26 for microglia/macrophages (pre-diluted
1:2), Cell Marque, Sigma Aldrich USA), and FOXP3 (dilu-
tion 1:50, Santa Cruz Biotechnology, USA). Sections were

subsequently incubated with anti-mouse or anti-rabbit Envi-
sion conjugated with peroxidase conjugated (Dako, Den-
mark) as a secondary antibody. Finally, slides were reacted
with diaminobenzidine (DAB Substrate Chromogen System,
Dako, Denmark) and counterstained with hematoxylin.
Aperio Cs2 scanScope and ImageScope software were
used to quantitative evaluation of CD163 staining levels.
Digital slides were acquired, and automated image analysis
was used to quantify the percentage of infiltrating cells posi-
tive for CD163 (% positivity), based on a binary distribu-
tion of the 3,3" diaminobenzidine (DAB) signal (positive/
negative). Manual quantification was used to define the total
number of CD3 +, CD8+, and CD4 + tumor infiltrating
lymphocytes (TILs) in nGBM specimen and rGBM speci-
men. The quantitative evaluation was performed by examin-
ing five different high-power fields (40 X objective) for each
section stained for CD3, CD8 and CD4. CD3 +, CD8 +, and
CD4 +TILs in each image were manually and independently
counted three times by two investigators (NDI and SP) and
confirmed by an experienced neuropathologist (BP).

Immune monitoring

Immune cell subsets were monitored by flow cytometry
using anti-CD45-PerCP, anti-CD3-VioBlue, anti-CD4-
PE-Cy7, anti-CD8-PE, and monoclonal antibodies (Milte-
nyi Biotec). Acquisition analyses were performed using a
MACSQuant analyzer and MACSQuantify Software (Milte-
nyi Biotec). The T-cell activation status was investigated by
using anti-CD3-FITC, CD38-APC, and HLA-DR-VioBlue.
The memory status of T cells was evaluated using anti- CD3-
Vioblue, anti-CD45RA-APC-Vio770, and anti-CCR7-PE-
Vio770. Peripheral blood lymphocytes (PBLs) (frozen after
each treatment), were thawed and grown in RPMI 1640
medium containing 10% heat-inactivated FBS, 100 U/mL
penicillin, 100 U/mL streptomycin, 100 pg/mL glutamine,
0.1 mM nonessential amino acids, 1 mM sodium pyruvate,
50 uM B-mercaptoethanol, and 10 U/mL IL-2 (Roche).
PBLs were stimulated for 3 h with 1.0 pM ionomycin and
50 ng/mL phorbol myristate acetate (PMA) and for 1 h with
brefeldin in the presence of 30 U/mL IL-2 (Roche). The
IFN-y expression was analyzed by intracellular staining. Cell
surface antigens were stained prior to fixation. Cells were
then fixed and permeabilized using the Cytofix/Cytoperm
solution (BD Biosciences) and intracellularly stained with
an anti-IFN-y antibody (Miltenyi Biotec) according to the
manufacturer’s instructions.

Molecular analysis
06-methylguanine-DNA-methyltransferase (MGMT) pro-

moter methylation status was evaluated by methylation-
specific PCR (MSP) with a standard protocol [19].
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Results
Clinical story and treatment

The patient is a 33-year-old woman with no history of any
diseases until a GBM diagnosis in 2013.

On July 2013 (Time 0), she underwent her first neu-
rosurgery for a frontal parenchymal mass (Fig. 1a), with
the diagnosis of GBM with unmethylated MGMT pro-
moter and wild-type Isocitrate Dehydrogenase 1 (IDH1)
and 2 (IDH2). Then she was treated with RT and TMZ as
the standard of care [20] with transitory disease stability
(Fig. 1b). On August 2014 (Time 13; Fig. 1c) radiological
recurrence was suggested, and recurrence was confirmed
by MRI two months later (Time 15; Fig. 1d). Gross total
resection (GTR) was performed (November 2014, Time
16; Fig. 1e), confirming the GBM diagnosis.

The patient started IT with nivolumab, which is still
ongoing. There were no signs of clinical or radiologi-
cal progression (stable disease of nontarget left frontal)

from January 2015 (Time 17) until June 2020 (Time 84)
(Fig. 1f), and the patient is alive at 84 months after nGBM
diagnosis. During treatment, she developed anemia, a
known adverse event of therapy. Moreover, based on the
concomitant hematochezia (May 2017, Time 46), fecal
occult blood testing was performed, which gave positive
results. Then, the patients underwent colonoscopy, and one
polyp was detected in the transverse colon. On June 2017
(Time 47) the intestinal lesion was removed and diagnosed
as an adenoma with high-grade dysplasia.

Histological and molecular characterization

Because of the dramatic response to the treatment, we stud-
ied the case by histological review, analysis of MMR-related
alterations on tumor and blood DNA and characterization of
the immune response.

PD-L1 expression by IHC was, respectively, absent in the
nGBM specimen and present in 10-15% of the cells in the
rGBM specimen (Fig. 2a, b). Histological analysis revealed
the presence of immune infiltrates in both nGBM and tGBM

Fig. 1 Patient brain neuroimaging. a July 2013 (Time 0): pre-sur-
gery brain computed tomography (CT) showing an intra-axial fron-
tal expansive lesion with edema and mass effect. b—f Brain MRI,
top T2 and bottom T1 with contrast agent weighted imaging, respec-
tively; b April 2014 (Time 9): MRI after gross total resection (GTR)
of the lesion, slight gliosis without mass effect; ¢, d August—October
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2014 (Time 13-Time 15): recurrence with T1 enhancing lesion with
increasing size, edema and mass effect; e November 2014 (Time 16):
early brain MRI post-second surgery and GTR of the rtGBM, showing
persisting edema and mass effect; f June 2020 (Time 84): brain MRI
shows gliosis and ex-vacuum right lateral ventricle enlargement, with
no signs of recurrence
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Fig.2 Expression and distribu-
tion of PD-L1 and CD163 in the
nGBM and rGBM specimens. a,
b Entire sections (magnification -
0 x), and representative areas
(black rectangles) of nGBM

(a) and rGBM (b) show that
PD-L1 is only expressed after
recurrence, and positive cells
are mainly distributed at the
margin of the specimen (scale
bar 200 pm). ¢, d Entire section
and representative marginal
and central areas display that

CD163 + infiltrating cells are
found around the vessels and
scattered in the tumor center

of the specimens (scale bar

200 pm). e An automated quan-
tification analysis revealed that
the percentage of CD163 +cells,
calculated with respect to

the total nucleated cells, was
higher in the margin compared
to the tumor center of nGBM
(43.2+4.0% vs. 30.7+9.7%,
respectively; P=0.04), as well
as tGBM specimen (51.9+9.0%
vs. 31.4 +11.5%, respectively;
P=0.0008)
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specimens. CD163 + cells were abundant in both specimens
(Fig. 2c, d), but significantly more frequent in the tumor
margins compared to the tumor center (Fig. 2e).

A high density of infiltrating CD8 + T cells was homoge-
neously distributed in the whole nGBM specimen, including
the tumor center and margins. CD8+ T cells were shown
to colocalize with CD3 +T cells when the same regions of
adjacent tumor sections were investigated, whereas CD4+ T
cells were not totally absent (Fig. 3a, b). Some regions of
the rGBM specimen were enriched in CD4 +T cells (Fig. 3c,
d). Few of these cells, which were preferentially distrib-
uted at the periphery of the specimen, expressed FOXP3

(Supplementary Fig. 1). Due to their heterogeneous distribu-
tion, we separately counted tumor infiltrating lymphocytes
(TILs) in both the tumor center and tumor margins and found
a significant difference in the distribution of CD3 + and
CDS8 + TILs between the tumor margins and tumor center
(P<0.01, Fig. 3e, Supplementary Table 1). The absolute
numbers are reported in Supplementary Table S1.
Molecular analysis identified 34,167 germinal single
nucleotide polymorphisms (SNPs). One of them is a mis-
sense mutation in the MSH2 gene (rs63751617) causing
the amino acid change p.Arg359Ser, confirmed by Sanger
sequencing. 1s63751617 was reported to be a pathogenic
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Fig.3 CD8 +cell infiltration CcD3

CD8 CD4

are abundant in both nGBM

and rGBM specimens. a, b
Representative adjacent sections
of the nGBM specimen showing
a high distribution of CD3 +and
CDS8 + and total absence of
CD4 +TILs. High density of
CD3+and CD8 + TILs was
observed in both tumor center
(a) and tumor margins (b)

of the nGBM specimen. ¢, d
Changes in CD3 4+ and CD8+T
cell distribution and increased
of CD4 + TILs were found in
the rGBM. A manual count
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variant associated with Lynch syndrome by the International
Society for Gastrointestinal Hereditary Tumours (InSiGHT)
[21]. The MSH2 A359S mutation was shown to be patho-
genic by SIFT prediction. Tumors had lost the MSH2 and
MSHBS6 protein expression and were positive for other MMR
proteins (MLH1 and PMS?2), as determined by IHC (Sup-
plementary Fig. 2). The nGBM and rGBM specimens had
12,431 SNPs in common, while 113 SNPs were specific to
the first tumor, and 1,683 were specific to the second tumor
(Fig. 4a). One of the common SNPs is the splice site muta-
tion ¢.2458 + 1G> A, which is in the most conserved splice
donor site in exon 14 of MSH2. The distribution of variant
allele fraction (VAF) provided indication that the majority
of the variants were clonal (Supplementary Fig. 3).
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Mutation signature analysis highlighted that both speci-
mens were highly enriched with the single base substitution
(SBS) signatures SBS6, SBS14, SBS20, and SBS21, which
are believed to be associated with defective DNA mismatch
repair [22] (Fig. 4b, c). In total, these four signatures contrib-
uted to~50% of the single base substitutions in the nGBM
and rGBM specimens. Consistent with a previous study
of hypermutant gliomas [10], we found the loss of func-
tion mutations in the RB pathway (CDKN2A p.W110* and
CDKN2A p.A36Rfs*17) and Akt-mTOR pathway (AKT2
p.R371C and MTOR p.L1952F, p.R1301C, p.Q291H,
p.C216Y, p.T102I, p.E73K). As shown in a recent report
[23], we also found that the BRCA1, CREBBP, NOTCH?2,
ERBB2, GNAS, EP300, and APC genes were mutated in our
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Fig.4 a Phylogenetic tree of the patient. Branch lengths are proportional to the number of mutations detected. b Mutation signature analysis. ¢
Stacked bar plot indicating the contribution of each mutational signature in the nGBM and rGBM specimens

samples. The extent of the response to anti-PD1 IT has been
shown to be particularly associated with the accumulation of
insertion—deletion (indel) mutations in tumors [24]. Using
TCGA (The Cancer Genome Atlas) GBM cohort data as
the background, we found that the number of indels in this
patient was significantly higher than that in most hypermu-
tant GBM patient data in TCGA (Supplementary Fig. 4).

Haplotype analysis revealed that all three HLA-1 loci
were heterozygous in both the blood and GBM specimen,
while the loss of heterozygosity was detected in HLA-
DRBI. Based on the genotyping data, this patient belongs
to the B44 supertype [13]. We performed TCR analysis of
the tumors (Supplementary Table 2). In the nGBM speci-
men, we found only 4 different TCR clones with an entropy
of 1.33, while in the rGBM specimen, we found 27 different
clones (entropy =3.06) (Supplementary Table 3).

Immunological characterization

During anti-PD1 therapy, we characterized peripheral
CD8+and CD4 +T cells by flow cytometry at 11 time
points (from 51st to 60th month and at 66th month). As con-
trol we considered eight rtGBM patients treated with DC-IT,
that we previously characterized in the study NCT04002804,
and named Variant (V)-DENDR2 (V-DENDR?2) [25]. In

five of these eight patients, the CD8 + and CD4 + T-cell
activation and CD8 + T-cell memory formation were sig-
nificantly related to an improved prognosis [overall survival
(OS) > 9 months]. We calculated the mean cell frequency at
each vaccination (2nd to 5th) for the two groups of controls
(n=5 V-DENDR2 OS >9 and n=3 V-DENDR2 OS <9),
and the median of the observations was used as a reference to
determine the presence or the absence of an active immune
response in the anti-PD1-treated patient. The frequency of
CD8+T cells expressing IFN-y, indicative of cytotoxic abil-
ity, in the anti-PD1-treated patient was comparable to that
measured in the V-DENDR2 OS >9 group [median=17.6
(dotted line) vs. anti-PD1, median = 13; ns] (Fig. 5a, b). The
memory subsets were defined by assessing the expression
of CD45RA and CCRY7. In the anti-PD1-treated patient,
both CD8 + T central (CM CD45RA- CCR7+) and effec-
tor memory (EM) cells coexisted with naive T cells, which
persisted over time (Fig. 5c, d) and expressed high levels of
IFN-y (Supplementary Fig. 5).

As correlation between peripheral CD4 + T cells and clin-
ical response to anti-PD1 therapy has been described [26],
we tested the activation status of CD4 +T cells by evaluat-
ing the coexpression of CD38 and HLA-DR. The double-
positive subset frequency in the anti-PD1-treated patient
was similar to that observed in V-DENDR?2 patients OS > 9
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Fig.5 Immune monitoring of the peripheral immune response acti-
vated by the anti-PD1 therapy. a Representative dot plots showing the
CD8+ T-cell positivity for IFN-y at two different time points (Time
51 and Time 60) in anti-PD1-treated patient. b Kinetics of the fre-
quency of CD3+CD8+T cells (white square) and CD8+T cells
expressing IFN-y (black square) assessed by flow cytometry. The
dotted and dashed lines represent the median of the CDS84 T-cell
activation evaluated by IFN-y expression in V-DENDR2 OS >9 and
0OS <9, respectively. ¢ Representative dot plots showing the memory
CD8+T-cell subsets at two different time points. CM central mem-
ory, EM effector memory, N naive. d Time course of the frequency

(median =9.6 (dotted line) vs. 16.9 in the anti-PD1-treated
patient, P=0.008) (Fig. 5e, f). We also confirmed the pres-
ence of high proportions of CD62L!°" CD4 + T cells, which
was recently shown to be related to responsiveness and
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T66

of CD8+central (CM) and effector memory (EM). e Representa-
tive dot plots showing the double positive CD38 and HLA-DR cells
at two different time points. f Kinetics of the frequency of CD38%/
HLA-DR*-activated cells evaluated in CD45/CD3/CD4* T cells.
The dotted and dashed lines represent the median of the CD8 + T-cell
activation evaluated by IFN-y expression in V-DENDR2 OS>9 and
0S <9, respectively. g Kinetics of the frequency of CD4+T cells
expressing CD62L as low and high in anti-PD1-treated patient. h
Flow cytometry histogram showing the distribution of the CD62L
levels in anti-PD1-treated patient compared to control patients (DC
0OS <9 and DC OS>9)

long-term survival in non-small cell lung cancer (NSCLC)
patients treated with anti-PD1 therapy [27]. The basal fre-
quency of the CD62L'°Y CD4 + T-cell subset was signifi-
cantly higher in patients with an OS> 9 than in patients
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with an OS <9 (Supplementary Fig. 6). The frequency of
CD62L"" CD4 + T cells was significantly lower in patients
with an OS > 9 than in patients with an OS <9 (Fig. 5g).
In the anti-PD1-treated patient, the CD62L°Y CD4 + T-cell
subset was highly prevalent (Fig. 5g), as revealed by a single
peak in the flow cytometry histogram (Fig. 5h), and the fre-
quency levels were comparable to those in the V-DENDR?2
OS > 9 group. These different CD62L expression profiles
are compatible with two distinct memory T-cell subsets,
an effector subset in the anti-PD1-treated patient and the
V-DENDR2 OS > 9 group, compatible with the clinical
outcome, and indicative of a rested effector subset in the
V-DENDR?2 OS <9 group.

Notably, we found a history of multiple cancers in first-
degree relatives of the patient. The patient’s mother, who
was affected by uterine well-differentiated adenocarcinoma
at the age of 59 (treated with surgery and local RT and was
then stable the following 9 years); the patient’s only brother
presented a non-intradermal left occipital Schwannoma at
35 years of age.

Based on family history, genetic data, and the diagno-
sis of bowel adenoma with high-grade dysplasia, we made
the diagnosis of LS based on Amsterdam criteria II for LS.
For adenoma no further treatment was necessary. Annual
colonoscopies were performed as a follow-up and resulted
negative. Additionally, the MSH2 germline mutation was
detected also in patient’s mother and brother.

Discussion

The prognosis of GBM patients is dismal and the median
survival is 14.6 months [20]. In the clinical trial Check-
Mate 143, the results of which were recently published
[15], nivolumab as monotherapy failed to improve the OS
of patients. Here, we have described a patient whose survival
is clearly beyond the expectations, considering the median
OS of GBM, the median survival (8.3 months) of the sub-
group C of patients enrolled in CheckMate 143 [15], which
showed an unmethylated MGMT promoter and the absence
of steroid treatment use at randomization, and can be con-
sidered a “good responder” to ICI treatment. In addition,
the present case lacks a positive prognostic factor, such as
mutant IDH1/2, as also confirmed by WES in both newly
diagnosed and recurrent GBM.

PD-L1 expression was found in only the rtGBM specimen
from our patient. In general, PD-L1 has a wide range of
expression in GBM [28]. The positive correlation between
PD-L1 expression and responsiveness to anti-PD1 therapy
is still debated [29-31].

We detected a high GBM TMB by exome sequencing [4],
while GBM tumors usually have approximately 50 somatic

mutations [32]. The patient’s first and second tumors shared
12,431 sequence changes.

Indeed, in the constitutive/germinal DNA, we identified a
missense mutation in MSH?2 (rs63751617) causing the amino
acid change Arg359Ser, shown to be pathogenic by SIFT
prediction.

The gene products of MSH2 and MSH6 are involved in
mismatch repair and are mutated in LS and CMMRD, two
syndromes associated with increased cancer risk [6, 7, 9,
33].

In LS brain tumors mostly develop in MSH2 gene muta-
tion carriers, and these tumors are usually not the first tumor
diagnosed [9].Others reported the case of germline MLHI
mutation and PMS2 mutation in long-term GBM survivors
but no other clinical signs of LS [34].

MMR deficiency predicts response of solid tumors to
PD-1 blockade [35], but very few cases of GBM patients
with MMR germline mutations treated with ICI have been
reported [2]. Increasing evidence supports that MMR defi-
ciency and hypermutations are not predictive of the response
to anti-PD1 therapy in high grade glioma (HGG) [23, 36].
However, the interval between disease onset and recurrence
(13 months), and the much longer duration of stability dur-
ing ICI treatment, suggest that long-term survival can be
linked to IT [37]. Here, we highlight several key points to
potentially explain the impressive positive response to anti-
PD1 therapy. Our case shows missense pathogenic germinal
mutation on MSH2 (R359S) and a high TMB, unlike HGG
cases with somatic mutations in only MSH6 reported by
Ahmed and colleagues [36]. Constitutional MMR mutations
can induce greater burden of clonal variants and can also
generate an optimal antitumor T-cell response, unlike sub-
clonal variant s which are associated with an immunosup-
pressive microenvironment and a poor antitumor response
[23]. Comparison with 105 patients with hypermutated
GBM showed that the number of indel in our patient was
significantly higher than that in most of them. Both newly
diagnosed and recurrent GBM show the massive infiltration
of CD8 +T cells, in agreement with previous data support-
ing the predictive role of the frequency of CD8 + T cells
which is significantly increased in tGBM with a high TBM
in comparison with their primary tumors [38].

The rGBM specimen exhibited the infiltration of CD4 +T
cell, which was not found in the nGBM specimen, and most
of these cells did not express FoxP3. We speculate that TMB
can lead to the formation of neoepitopes that can be recog-
nized by CD4 + T cells [6, 7]. This increase in neo-epitopes
could contribute to the efficacy of the anti-PD1 therapy.

Our patient did not receive steroids at the randomiza-
tion (group C based on CheckMate 143-NCT02017717
[15]), leading to a generation of a specific peripheral
T-cell response that included both CD8 +and CD4+ T
cells. Corticosteroid administration was revealed to have

@ Springer



Cancer Immunology, Immunotherapy

a very negative impact on the survival of the patients, even
those with MGMT promoter methylation, which is likely
involved in the abrogation of immune response priming
and activation.

We analyzed the percentages of immune cells in the
peripheral blood at 11 timepoints (ten were consecutive)
and considered a group of rGBM patients enrolled in the
clinical study DENDR?2 as a control. An OS greater than
9 months (OS9) after the second surgery was the survival
endpoint [25]. The immune activation measured in the
anti-PD1-treated patient was comparable to that observed
in V-DENDR?2 patients, in whom the immune activation
was related to an improved outcome.

A relevant increase in CD4 + T cells coexpressing
HLA-DR and CD38 supports the presence of a subset of T
helper cells involved in sustaining CD8 + T-effector cells.

Interestingly, we observed a progressive increase
in a specific population of activated CD38 + /HLA-
DR +CD4 + T cells and a higher frequency of CD8 + CM
T cells. Others reported that these CD8 + T cells had an
effector-like phenotype (HLA-DR*, CD38 +, Bcl-2),
expressing high levels of PD-1, with an increased num-
ber of phenotypically active NK and PD-1 + CD8 + cells
at baseline acting as a positive predictive factor during
anti-PD1 treatment in NSCLC [29-31].

A recent study applied mass cytometry analysis to
peripheral blood mononuclear cells (PBMCs) derived from
patients with melanoma and showed that IT perturbed the
T-cell compartment, favoring peripheral T cells with a
functionally activated status in responders [39]. Prelimi-
nary data in an animal model showed memory T-cell phe-
notypes and the upregulation of genes related to immuno-
logical memory after ICI treatment [40]. A low basal level
of CD4 + T cells was correlated with a worse outcome in
rGBM patients treated with anti-PD-L1 in a phase I trial
[41], and lower baseline peripheral T cell receptor clonal-
ity has been described as a positive prognostic marker in
the neoadjuvant ICI setting in GBM [42].

Most relevant, the identification of high CD62L!"
CD4 + T cells confirmed the key role of this subset in pre-
dicting the responsiveness to the therapy, and the possi-
bility of performing immune monitoring in the peripheral
blood [27]. Finally, the case presented the B44 supertype
which has been described as a positive predictive factor
in melanoma [13].

In conclusion, our study identified multiple variables
related to the response to anti-PD1 therapy and depicted
the distinct evolution of the peripheral immune profile in
GBM under IT. While nivolumab treatment in the rand-
omized CheckMate 143 clinical trial recently resulted in
a failure [15], our study suggests that some patients might
benefit from this therapy.
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