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ARTICLE INFO ABSTRACT

Keywords: Background: Temozolomide (TEM) is an active treatment in metastatic neuroendocrine tumors (NETs). Patients
Neuroendocrine tumors affected by glioblastoma multiforme or advanced melanoma treated with TEM who have deficiency of 0°-
NSTS ) methylguanine DNA methyltransferase (MGMT) have a better responses and survival. However, the predictive
O"methylguanine DNA methyltransferase role of MGMT in patients with NETs treated with TEM is still debated.
MGMT . . . .
Temozolomide Methods: We conducted a systematic review of the literature and meta-analysis, based on PRISMA methodology,
TEM searching in the main databases (PubMed, Embase, Scopus, Web of Science, Cochrane Library and clinical trial.
TMZ gov) and the proceedings of the main international congresses, until April 26, 2021.
Results: Twelve out of 616 articles were selected for our analysis, regarding a total of 858 NET patients treated
with TEM-based chemotherapy. The status of MGMT had been tested in 513 (60%) patients, using various
methods. The pooled overall response rate (ORR) was higher in MGMT-deficient compared with MGMT-
proficient NETs, with a risk difference of 0.31 (95% confidence interval, CI: 0.13-0.50; p < 0.001; 1% 73%)
and risk ratio of 2.29 (95% CI: 1.34-3.91; p < 0.001; % 55%). The pooled progression free survival (PFS) (hazard
ratio, HR = 0.56; 95% CI: 0.43-0.74; p < 0.001) and overall survival (OS) (HR = 0.41; 95% CIL: 0.20-0.62; p =
0.011) were longer in MGMT-deficient versus MGMT-proficient NETs.
Conclusions: Our meta-analysis suggested that MGMT status may be predictive of TEM efficacy. However, due to
the high heterogeneity of the evaluated studies the risk of biases should be considered. On this hypothesis future
homogeneous prospective studies are warranted.
Introduction divides the NENs in neuroendocrine tumors (NET, grade [G]1, G2, G3),

Neuroendocrine tumors (NETs) are rare [1] and heterogeneous ma-
lignancies that are classified according to their site of origin,
morphology, Ki-67 proliferation index, and mitotic count. An updated
classification of the World Health Organization (WHO) of digestive
neuroendocrine neoplasms (NENs) has been recently published and

neuroendocrine carcinomas (NEC) and mixed non-neuroendocrine and
endocrine malignancies (MiNEN) [2].

The management of NETs depends on the biological and morpho-
logical characteristics, functional status, and disease stage. Surgery is
the preferred option for resectable tumors, whereas in cases of locore-
gional, unresectable and metastatic disease, the systemic treatment is
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recommended and the therapeutic options include somatostatin analogs
(SSAs) [3], inhibitors of the mammalian target of rapamycin (ever-
olimus) [4], receptor tyrosine kinase inhibitors (sunitinib) [5], peptide
receptor radionuclide therapy (PRRT) [6] and chemotherapy [7].

Chemotherapy can be considered in NET’s therapeutic strategy for
controlling symptoms by reducing the disease burden and for control of
tumor growth. Drugs with activity in this setting belong to the class of
alkylating agents (streptozotocin [8,9], dacarbazine [10] and temozo-
lomide [11,12]), anti-metabolites (5-fluorouracil [10] or capecitabine
[13]) and more recently oxaliplatin [13] and irinotecan [14,15] (for
high-grade tumors).

Temozolomide (TEM) -based chemotherapy is currently a valid
treatment for metastatic NETs, having exhibited promising overall
response rates (ORRs) that range between 30% and 70% [7,16]. TEM is
an alkylating agent, that produces anti-tumor activity by inducing DNA
methylation at the 0% and N7 positions of guanine, which leads to DNA
mismatch and tumor cell death [17]. DNA repair enzyme O°-methyl-
guanine DNA methyltransferase (MGMT) is crucial for genome stability,
as it repairs DNA mismatch and transcription errors. MGMT removes
mutagenic alkyl groups from O%-guanine through a covalent transfer to
an internal cysteine residue in the conserved active site, resulting in
MGMT itself inactivation (“suicidal enzyme™) [18]. Preclinical studies
have shown that diminished MGMT expression increases the carcino-
genic risk in mice exposed to alkylating agents [19,20] whereas high
MGMT expression counteracts the therapeutic effect of alkylating
agents, thus contributing to chemoresistance [21].

The relationship between MGMT status and response to alkylating
agents has been extensively investigated in patients with glioblastoma
multiforme (GBM), where MGMT deficiency is a predictive biomarker
for TEM response and is also a prognostic biomarker of improved sur-
vival [22,23]. Similarly, in metastatic melanoma better overall response
rate (ORR) to TEM in patients with MGMT promoter methylation [24]
has been reported. However, the role of MGMT status in predicting TEM
tumor response in patients with NET is still controversial. In this context,
we performed a systematic review and meta-analysis of the available
literature in order to clarify the role of MGMT status in predicting the
benefits of TEM-based chemotherapy in patients with NET.

Materials and methods
Literature search strategy

We followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines to perform our systematic re-
view and meta-analysis [25,26] (Supplementary Table 1). We formu-
lated a search strategy (NF, FS and PTA) using an organizing framework
to identify the search terms, focusing on Population, Intervention,
Comparison, and quantitative Outcomes of the articles (PICO) (Sup-
plementary Table 2). We systematically searched PubMed/Medline,
Embase, Scopus, Web of Science and Cochrane Library for English lan-
guage articles published from the database inception to April 26, 2021.
We also reviewed the abstracts presented at all major international
conferences such as European Neuroendocrine Tumor Society (ENETs),
North American Neuroendocrine Tumor Society (NANETs), American
Society of Clinical Oncology (ASCO) and European Society for Medical
Oncology (ESMO) to enhance our research performance. The following
keywords were used in our search strategy (“O-6-methylguanine DNA
methyltransferase” OR “MGMT”) AND (temozolomide OR “TEM’> OR
TMZ) AND (neuroendocrine tumors [Mesh] OR carcinoid). Each article
was reviewed independently by two authors (PTA and FS). If differences
in opinion arose between these two authors, then the articles were dis-
cussed with a third author (NF) for reconciliation. For duplicated pub-
lications, investigators selected the most relevant and/or
comprehensive, and possibly the most recent. The reference lists of the
major articles were searched and screened to ensure that no studies were
overlooked.
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Selection criteria

Inclusion criteria

(1) retrospective or prospective studies; (2) patients with histo-
pathologic diagnosis of NET (well differentiated) from the gastro-
enteropancreatic (GEP) and/or thoracic tract and/or other sites of origin
was allowed with a lower prevalence; (3) locoregional unresectable or
metastatic tumors; (4) patients treated with TEM-based chemotherapy;
(5) studies that reported data of MGMT expression levels and/or MGMT
promoter methylation status; (6) correlation of MGMT status with ac-
tivity (overall response rate) or efficacy (progression free survival and/
or time to progression and overall survival); (7) if the same patient
population was reported in several publications, only the most complete
study was included; (8) only articles with full-text were included.

Exclusion criteria

(1) case reports and case series with less than 10 patients; (2) studies
that included only patients with neuroendocrine carcinoma (NEC) (3)
studies that include more than 25% of patients with NEC; (4) studies in
which MGMT status was not evaluated or was not available; (5) studies
with chemotherapy including TEM in which correlation between MGMT
and TEM was not extractable.

Data extraction

The following data were collected from each study: first author’s
name, study design, investigation’s country, publication year, number of
patients, demographic and clinical characteristics of patients, anatom-
ical primitive site of NET, grade and Ki67 index, methodology of MGMT
analysis, type of TEM-based chemotherapy, ORR, progression free sur-
vival (PFS), time to progression (TTP) and overall survival (OS). For
every study, we synthetized the principal findings.

The endpoints of our interest were ORR, PFS, TTP and OS in patients
with NET with MGMT evaluation. Data extraction was performed by two
reviewers (PTA and CF) and independently checked by other two au-
thors (VB and GP).

Statistical analysis

A meta-analytic approach was used to pool evidence from different
studies. For each study, we extracted, or derived from raw data, the
overall response rates (ORR) for the deficient MGMT group (including
low MGMT expression by immunohistochemistry (IHC) and/or hyper-
methylated MGMT by methylation promoter methods) and for the
proficient MGMT group (including high MGMT expression and/or un-
methylated MGMT), and the hazard ratios (HR) and their 95% confi-
dence intervals (CI) for the deficient vs proficient MGMT groups. When
the HR was not reported in a publication, we estimated it from other
published data, using the following hierarchical strategy: i) fitting a Cox
proportional-hazard model on individual patient data (IPD), when
available, or on pseudo-IPD reconstructed from Kaplan-Meier survival
curves [27]; ii) by the ratio of median survival times [28]. Studies
without any of these pieces of information were excluded from the meta-
analysis.

The measures we meta-analyzed were progression-free survival
(PFS) HRs, overall survival (OS) HRs, risk differences (RD) of ORR, and
relative risks (RR) of ORR. If more than one MGMT deficiency evalua-
tion methods was used in a study, for each meta-analysis we kept
measures obtained stratifying patients by methylation techniques
instead of IHC, but also conducted a sub-analysis for each method
separately.

Since we could not assume a priori homogeneity between the mea-
sures of effect of the included studies, the pooled PFS HR, OS HR, RD and
RR were calculated using random-effects model [29]. The Q-test was
performed to assess between-study heterogeneity, and the I? statistics,
which express the percentage of the total observed variability due to
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PRISMA 2009 Flow Diagram
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Fig. 1. Flow diagram representing the systematic review process performed according to PRISMA statement.

heterogeneity, was also calculated [30]. The analyses were conducted radiological progression. The OS was defined as the time from start of
with R package meta. A p-value less than 0.05 was considered statisti- TEM-based treatment to death from any cause.
cally significant in all analyses.

The ORR was evaluated according to the Response Evaluation
Criteria in Solid Tumors (RECIST criteria) [31]. The PFS was defined as
the time from start the treatment to radiological progression or death for
any cause and TTP was defined as the time from start the treatment to

Quality assessment and risk of publication bias

The selected articles were assessed according to “The Newcastle-
Ottawa Scale (NOS)”, which includes three subscales (selection,

Table 1
Summary of the selected studies.
Authors Date of Study design ~ Centers Time frame  Country Total of Pts treated with ~ Pts with Pts treated with Ref.
publication involved patients per TEM-based valid MGMT TEM and valid
study therapy test MGMT test
N N (%) N (%) N (%)
Viudez et 2021 retrospective multicenter 2016-2020 Spain 76® 34 (45) 73 (96) 34 (45) 34
al
Wang et al 2020 retrospective  multicenter 2011-2017  China 151 151 (100) 43 (29) 43 (29) 33
Spada et al 2020 retrospective multicenter 2008-2020 Italy 170 170 (100) 49 (29) 49 (29) 35
Campana 2018 retrospective multicenter 2008-2016 Italy- 95 95 (100) 95 (100) 95 (100) 36
et al France
Owen et al 2017 retrospective na 2009-2013 Us 38 38 (100) 20 (53) 20 (53) 37
Girot et al 2017 retrospective multicenter 2010-2016 France 22 22 (100) 22 (100) 22 (100) 38
Cives et al 2016 retrospective monocenter 2005-2014 Us 143 143 (100) 52 (36) 52 (36) 39
Cros et al 2016 retrospective ~ monocenter 2005-2012  France 43 43 (100) 43 (100) 43 (100) 40
Walter et al 2015 retrospective ~ monocenter 1982-2012 France 107* 15 (14) 89 (83) 15 (14) 41
Schmitt et 2014 retrospective monocenter na Switzerland 141 10 (7) 9 (6) 9(6) 42
al
Kulke et al 2009 retrospective multicenter na Us 101 101 (100) 96 (95) 96 (95) 43
Ekeblad et 2007 retrospective monocenter 1999-2006 Sweden 36 36 (100) 23 (64) 23 (64) 44
al

Pts: patients. na: not available. TEM: temozolomide. Ref: reference. ®Of the 76 patients treated in this study, 34 patients received TEM-CAP and 42 patients received
everolimus. * Of the 107 patients included in this study only 15 patients were treated with TEM-based chemotherapy.
§ Of the 141 patients with operated NETs only 10 cases developed metastases and were treated with TEM-based chemotherapy.



Table 2
Summary of studies with MGMT expression, evaluation methods (IHC, PSQ or MSP) and their possible correlation.
Author Pts with IHC PSQ MSP Correlation
MGMT among
test techniques
N n Kit Cut Off Low High NI n Kit Cut Hyper- Un- NI n Hyper- Un- NI
Off CH3 CH3 CH3 CH3
Viudez 73 73 Mouse anti- Deficiency 46 27 0 - - - - - - - - - na
MGMT = 0% (63%) (37%)
monoclonal
antibody (abcam)
Wang 43 43 Anti-MGMT Three cut-off - - - - - - - - - - na
monoclonal applied: 11 32 0
antibody (Fuzhou deficiency (26%) (74%) 0
Maxim Biotech) =0%; 15 28 0
low < 10%; (35%) (65%)
low = negative/ 19 24
weak’ (44%)  (56%)
Spada 49 - - - - - - 49 MGMT plus®, Meth 31 18 0 - - - - na
(Diatech > 5% (63%) (37%)
Pharmacogenetic)
Campana 95 - - - - - - 53 PyroMark Q24 CpG ~ Meth 15 38 0 42 12 30 0 na
MGMT Kit (Qiagen) > 8% (28%) (72%) (29%) (71%)
Owen 20 20 MS-470B low < 10% 12 8 0 - - - - - - - - na
(Thermofisher) (60%) (40%)
Girot 22 22 MT3.1 (Merck low < 10% 13 9 0 - - - - - - 22% 3 17 2 NO correlation
Millipore) (59%) (41%) (14%) (77%) (9%) found
Cives 65 65 MS-470-P1 Three cut-off - - 13 - - - - - - - - - - na
(Thermo applied: 15 37 (20%)
Scientific) deficiency = 0%; (23%) (57%)
low < 10%; 20 32
Allred score < 4* (31%) (49%)
19 33
(29%) (51%)
Cros 43 43 MT3.1 (Thermo Low: nuclear 30 13 0 29 PyroMark Q24 Meth 15 14 0 - - - - High methylation
Scientific) staining intensity (70%) (30%) MGMT Kkit > 7% (52%) (48%) associated with
(0-3) multiplied low MGMT IHC
by the percentage (<=100) (p =
of stained cells 0.08)
(0-100%) < 50
Walter 107 107 MT23.2 Negative < 10% 29 60 18 107 PyroMark Q96 Meth 24 75 8 107 12 87 8 Concordance rate
(Invitrogen) (27%) (56%) (17%) MGMT kit >8% (22%) (70%) (8%) (11%) (81%) (8%) 89% between PSQ
and IHC and 84%
between MSP and
IHC
Schmitt 10 10 MT 3.1 (Gen Low < 5% 4 5 1 - — - — - — 10%* 3 7 0 NO correlation
Tech) (40%) (50%) (10%) (30%) (70%) found
Kulke 97 97 MT 3.1 (Lab Deficency 19 77 1 - - - - - - - - - - na
Vision) = 0% (20%) (79%) (1%)
Ekeblad 23 23 MAB16200 Low < 10% 10 13 0 - - - - - - - - - - na
(Chemicon) (43%) (57%)

Pts = patients. N or n = number. IHC = immunohistochemistry; PSQ = pyrosequensing; MSP or MS-PCR = Methylation-specific polymerase chain reaction. NI = test not interpretable. * The immunostaining signal was
expressed as the sum of scores representing the proportion and staining intensity of negative and positive tumor cell nuclei (Allred et al., 1993) **Primer extension-based quantitative PCR. ° Analyzed based on the
immunoreactivity scored into 4 categories according to the intensity of the staining: 0, 1+, 2+, and 3+. The percentage of positive tumor cells was also scored semiquantitatively on a 6-tiered scale: 0 (0%), 1 (<1%), 2
(1-10%), 3 (11-33%), 4 (34-66%), and 5 (>66%). The sum of both intensity and percentage scores defined the final score, which was classified as negative (score 0), weak (score 1-3), moderate (scores 4-6), or strong

(scores 7-8).

0 32 DDV O d
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comparability, and exposure), to assess the quality of non-randomized
studies in meta-analyses [32]. For comparability, where the NOS re-
quires to verify whether the study controls for confounders, we decided
to assign points only to studies controlling for covariates with respect to
the associations of our interest, regardless of the focus of the study.
Studies with a score of 7-9 stars were considered to have a low risk of
bias, studies with a score of 4-6 were considered to have a medium risk
of bias, and studies with a score of <3 were considered to have a high
risk of bias. Risk of bias assessment was conducted independently by two
authors (PTA and GP) and disagreement was settled by consensus.
Publication bias was estimated using Begg’s Funnel plot, in which
the mean result of each study was plotted against its standard error; the
corresponding Egger’s test was performed to test for small study effects.

Results
Characteristics of the included studies

A flow chart representing the systematic review process performed
according to PRISMA statement is shown in Fig. 1. Our systematic
research retrieved 616 documents and after removing 251 duplicates
359 records were screened for inclusion. In the screening phase 302
records were excluded and 57 articles were selected to assess eligibility.
According to the selection criteria, we identified twelve eligible articles
[33-44].

As reported in Table 1, the twelve selected studies [33-44] were
retrospective. Five were monocentric [39-42,44], six multicentric
[33-36,38,43] and one unspecified [37]. Eight studies were from
Europe, three from US and one from Asia. The time frame reported in ten
studies ranged from 1982 to 2020.

Among a total of 1123 patients included in the twelve studies, 858
(76%) received TEM-based chemotherapy and of these 513 (60%) un-
derwent an assessment of MGMT status. Some of these patients were
either not treated with TEM or assessed MGMT: 134 patients underwent
MGMT evaluation but had not received TEM-based chemotherapy and
345 patients who received TEM-based chemotherapy, had not per-
formed MGMT status (Supplementary Fig. 1).

Demographic and clinical features of patients

We collected the demographic and clinical characteristics of the
patients for each study when available (Supplementary Table 3). Seven
studies [33,35-37,41,43,44] included patients with pancreatic (pan)-
NET and extra-pancreatic (EP)-NET origin while five studies
[34,38-40,42] included only patients with pan-NETs. The patients with
EP-NETs had gastrointestinal, bronchial, thymic, and other origins.
Three studies [37,43,44] included patients with pheochromocytoma or
paraganglioma in <5% of cases.

Most of the studies used the WHO 2010 classification for GEP origin
[45] and the WHO 2004 classification for bronchial origin [46]; three
recent studies [33-35] used the WHO 2019 classification [2] and only for
two older studies [43,44] it was not specified. Given this heterogeneity,
we reported the value of Ki67 index. Overall, in our analysis pancreatic
origin are dominant and the majority had an intermediate Ki67 index
(range: 3-20%).

Temozolomide-based chemotherapy

Among 858 patients receiving a TEM-based chemotherapy: 577
(67%) received TEM plus capecitabine (CAPTEM), 52 (6%) TEM plus
bevacizumab [43], 44 (5%) TEM plus thalidomide [43] and 185 (22%)
TEM as single agent (Supplementary Table 4).

Two-hundred eighty-three (33%) patients received TEM-based
chemotherapy as first line, 541 (63%) as further line and for 34 (4%)
was not specified. Eight studies [33-39,42] reported the type of prior
therapy, that was chemotherapy in seven studies [33-37,39,42]. Some
of these patients had received a prior alkylating agent (e.g., streptozo-
tocin) as reported in Supplementary Table 4.
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MGMT expression

The status of MGMT was assessed for each study using various
methods as reported in Table 2. Immunohistochemistry was used in ten
studies [33,34,37-44], pyrosequencing (PSQ) was performed in four
studies [35,36,40,41] and methylation-specific-PCR (MSP) or primer
extension-based quantitative PCR (MS-PCR) was done in four studies
[36,38,41,42]. Overall, only one method (IHC or PSQ) was used in seven
studies [33-35,37,39,43,44], two methods (IHC and PSQ or MSP) in
four studies [36,38,40,42], and three methods (IHC and PSQ and MSP)
in only one study [41].

We observed that the low expression of MGMT assessed by IHC in the
different ten studies ranged from 20% to 70%. Instead, the hyper-
methylation (hyper-CH3) of the MGMT promoter assessed by PSQ
ranged from 22% to 63% and assessed by MSP or MS-PCR ranged from
11% to 30%.

In four studies was reported the concordance among techniques with
contradictory results. Girot et al [38] and Schmitt et al [42] could not
find correlation between ICH and MSP or MS-PCR. Walter et al [41]
found 89% of concordance rate between PSQ and IHC and 84% between
MSP and IHC. Also Cros et al [40] reported that high methylation was
associated with low MGMT IHC (cut off < 100) (p = 0.08).

However high grade of variability was present within the techniques
applied in the studies. The MGMT protein expression evaluated by IHC
were performed with different antibodies, dilutions and antigen
retrieval systems. Even the assessment of the expression level of MGMT
was performed using different criteria. Two studies [34,43] defined
MGMT deficiency as complete absence of staining in all cancer cells, four
studies [37,38,41,44] adopted a cut off value of 10% of positive tumor
cell to define MGMT deficiency whereas Schmitt [42] reported a
threshold of 5%, Cros [40] evaluated the nuclear staining intensity and
the percentage of stained cells, and other two studies [33,39] grouped
the cases based on multiple assessment scoring systems. Similarly, PSQ
was performed with different kit and thresholds (5% [35], 7% [40] and
8% [36,41]) for hyper-methylation assessment.

Quality assessment of the studies

All studies were evaluated with the Newcastle-Ottawa Scale for
cohort studies. Five studies scored 5, six studies scored 6, and only one
study scored 7 (Supplementary Table 7). Eleven out of twelve studies
should be considered with an intermediate risk of bias while only one
study should be considered with low risk of bias. The main reasons for
the intermediate score in the eleven studies were related to the absence
of a direct comparison between the two groups (MGMT deficient versus
MGMT proficient) in all studies and the absence of follow-up data
reporting in the majority of them.

We also obtained asymmetric funnel plots for ORR (Supplementary
Fig. 6), PFS/TTP and OS (Supplementary Fig. 7). This suggests the
possibility of publication bias or a systematic difference between higher
and lower precision studies (typically “small study effects”).

Meta-analysis

MGMT status and overall response rate

Eleven articles [33,35-44] provided ORR data for this analysis
(Supplementary Table 5). It was available in 814 (95%) of the 858 pa-
tients treated with TEM-based chemotherapy because in 34 patients the
radiological tumor assessment was not done. Correlation between ORR
and MGMT status was obtained for 385 patients who had valid MGMT
test and sufficient follow-up. In particular, the correlation of ORR with
MGMT evaluated by IHC was in 227 (59%) cases, with the methylation
method (PSQ or MSP) in 187 (49%) cases and with both methods in 29
(8%) cases (Supplementary Fig. 1). Regarding methylation, ORR was
available in 63 (34%) patients with PSQ and 124 (64%) patients with
MSP or MS-PCR, respectively.

The results of our meta-analysis for MGMT status and ORR are shown
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MGMT deficient MGMT proficient
tud: ORR RD (95% CI; ORR RR (95% CI

Study PR#CR N PR+CR N (es%ch P (95% CI) P
Wang et al 5 15 6 28 0.12(-0.16-0.40) 0.417 —— —_— 1.56 (0.57-4.26) 0.397
Spada et al 15 31 6 18 0.15(-0.13-0.43) 0.296 —l— —a— 1.45 (0.69-3.07) 0.334

Campana et al 14 27 12 68 0.34 (0.13-0.55) 0.001 Hk+ —E— 2.94 (1.57-5.51) 0.001
Owen et al 5 8 1 6 0.46 (0.01-0.91) 0.045 —a— [ s e—— 3.75 (0.58-24.28) 0.166
Girot et al 0 3 3 17 -0.18 (-0.55-0.20) 0.358 —— —_— 0.64 (0.04-10.14) 0.766
Cives et al 10 20 20 32 -0.13 (-0.40-0.15) 0.381 —l— —l— 0.80 (0.48-1.34) 0.402
Cros et al 15 30 2 13 0.35(0.08-0.61) 0.011 —l— —_— 3.25 (0.86-12.22) 0.081
Walter et al 3 3 1 1 0.91(0.53-1.28) <0.001 —a— ———s————  7.00(1.50-32.72) 0.013

Schmitt et al 2 3 1 6 0.50(-0.11-1.11) 0.109 — —_——— 4.00 (0.56-28.40) 0.166
Kulke et al 4 5 0 16 0.80 (0.44-1.16) <0.001 —— — .« 2550(1.60-406.78) 0.022
Ekeblad et al 4 10 1 13 0.32(-0.01-0.66) 0.059 —— —_— 5.20 (0.68-39.61) 0.111
Pooled 0.31(0.13-0.50) 0.001 - - 2.29 (1.34-3.91) 0.001
Test for heterogeneity: — T T T T 1 | I I D S B B | Test for heterogeneity:
Q(df=10)=36.92,p<0.001 -1 -05 0 05 1.0 15 025 10 40 160 Q(df = 10) = 22.26, p = 0.014
’=73% R ) . 1*=55%
isk Difference Risk Ratio
MGMT proficient MGMT deficient MGMT proficient MGMT deficient
better better better better
Fig. 2. Forest plots representing the meta-analysis of risk differences and risk ratios for the ORR in MGMT deficient vs MGMT proficient.

Study PFS HR (95% CI) p 0S HR (95% CI) p
Viudez et al 0.29 (0.09-0.90) 0.033 —_— 0.10 (0.03-0.40)  0.001
Wang et al 0.73 (0.41-1.30) 0.287 ——

Campanaetal  0.43(0.25-0.76) 0.003 — —_—a— 0.43(0.21-0.89)  0.023
Owen et al 0.57 (0.25-1.32) 0.190 0.46 (0.15-1.46) 0.190
Girot et al 0.80 (0.26-2.47) 0.850
Cives et al 0.87 (0.52-1.46) 0.620 —— *—.—4 0.90 (0.71-1.15) ~ 0.410
Cros et al 0.29 (0.08-1.08) 0.063
Walter et al 0.44 (0.12-1.67) 0.230 0.17 (0.01-2.37) 0.190

Schmitt et al 0.13(0.01-1.11) 0.062
Kulke et al 0.34 (0.07-1.54) 0.093 0.34 (0.07-1.54) 0.161
Pooled 0.56 (0.43-0.74) <0.001 —_— —_— 0.41(0.20-0.82)  0.011
Test for heterogeneity: f T T T 1 r T T T 1 Test for heterogeneity:
Q(df=9) = 9.46, p =,§"_359,/6 0.125 025 05 1.0 20 0125 025 05 1.0 20 Q(df=5) = 15.77, p 7296%25
o PFS hazard ratio 0S hazard ratio o
MGMT deficient MGMT proficient MGMT deficient MGMT proficient
better better better better

Fig. 3. Forest plots representing the meta-analysis of progression-free survival and overall survival hazard ratios for MGMT deficient vs MGMT proficient.

in Fig. 2. The pooled data analysis showed a risk difference (RD) of 0.31
(95% CI: 0.13-0.50; p < 0.001; %: 73%) and a risk ratio (RR) of 2.29
(95% CI: 1.34-3.91; p < 0.001; 2: 55%) in patients with MGMT defi-
cient status (defined as low protein expression and/or promoter hyper-
methylated) compared to patients with MGMT proficient status (defined
as high protein expression and/or promoter un-methylated). According
to different methods of detecting the MGMT status, we performed a
subgroup analysis. Considering the immunohistochemical method
(Supplementary Fig. 2), our meta-analysis indicated higher ORR in pa-
tients with low MGMT protein expression compared to patients with
high MGMT protein expression (RR 2.41; 95% CI: 1.11-5.21; p = 0.025;
P: 54%). Similarly, for the methylation methods (PSQ or MSP/MS-PCR)
(Supplementary Fig. 3), the ORR was significantly greater in patients
with hyper-methylated promoter than in patients with un-methylated
promoter (RR 2.45; 95% CI: 1.40-4.30; p = 0.002; P: 22%). There
were similar results between the subgroups.

MGMT status and progression free-survival or time to progression

In ten [33,34,36-43] of the twelve studies this correlation was re-
ported (Supplementary Table 6). Our pooled analysis (Fig. 3) indicated
that patients with NETs with MGMT deficient status had significantly
longer PFS compared to patients with MGMT proficient status (HR 0.56;
95% CI: 0.43-0.74; p < 0.001, %: 5%). In the subgroup analysis ac-
cording to the IHC method we obtained a longer PFS in patients with low
protein expression compared to patients with high protein expression
(HR = 0.63, 95% CI: 0.47-0.83; p = 0.001, > 0%) (Supplementary
Fig. 4). Likewise, the meta-analysis for the studies with the methylation
method (PSQ and MSP/MS-PCR) indicated that PFS is longer in patients
with hyper-methylated MGMT promoter compared to patients with un-
methylated MGMT promoter (HR = 0.43, 95% CI: 0.28-0.67; p < 0.001,
2 0%) (Supplementary Fig. 5).

MGMT status and overall survival
The median OS was available in six [34,36,37,39,41,43] of the
twelve studies (Supplementary Table 6). Analysis of the pooled data
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showed a longer OS (HR 0.41; 95% CI: 0.20-0.62; p = 0.011, P 68%) in
patients with NET with MGMT deficiency compared to patients with
MGMT proficiency (Fig. 3). We observed that this advantage was
evident in the methylation group (HR 0.41; 95% CI: 0.20-0.82; p =
0.011, I?: 0%) and not in the protein expression group (HR 0.40; 95% CI:
0.15-1.07; p = 0.068, I?: 75%) (Supplementary Fig. 4 and Supplemen-
tary Fig. 5).

Discussion

Our systematic review and meta-analysis strengthened the hypoth-
esis that MGMT could have a role as a predictor of response/efficacy to
TEM-based chemotherapy in NETs, that is a long-debated issue in the
NET field. Particularly it showed that (1) patients with MGMT-deficient
NETs treated with TEM-based chemotherapy had a higher ORR
compared with MGMT-proficient NETs and this difference was observed
for both IHC and methylation. A significantly longer PFS (2) was also
observed for MGMT-deficient compared with MGMT-proficient and this
difference was more remarkable with methylation than IHC; (3) finally,
a significantly better OS was observed for MGMT-deficient compared
with MGMT-proficient NET patients even though this advantage was
statistically significant only for methylation.

Single studies with contradictory results led to investigating some
variables. Among the others we discuss three of them as follows. Pri-
marily, clinical and biological heterogeneity of NETs. Differences in
methylation of MGMT have been previously reported between the
different primary sites. It is estimated that MGMT methylation in pan-
NENSs is about 50% [38-40,42] whereas it is approximately 0-15% in
lung and gastrointestinal NENs [41,43]. So, different MGMT status of
the primary sites may be cause different sensitivity to TEM-based
treatment. Additionally, potential differences in MGMT status between
the primary site and metastatic lesions within the same patient could
contribute to this discordance. Indeed one study showed higher rates of
MGMT activity in metastases than in the primary lesion [48], however
another small study suggested that MGMT alterations were comparable
in primary NETs and their metastatic sites [49].

Secondly, the different methods used to assess the MGMT status. The
evaluation of MGMT status remains a critical point because of the lack of
standardize procedures. Indeed, different methods may be adopted to
forecast the deficiency/proficiency of MGMT DNA repair mechanism.
MGMT deficiency can be assessed at epigenomic level, evaluating the
promoter methylation status or at protein level, assessing the immuno-
histochemical staining. The concordance between these nonequivalent
evaluations is still a debated issue as different studies reported contra-
dictory results [38,40,42]. Of note, the two-level evaluations can pro-
duce different results as the gene expression can be regulated not only by
methylation silencing but other mechanisms such as long noncoding
RNAs (IncRNAs) [50], transcriptional regulation via p53 [51] and NF-
Kb/STAT3 dependent mechanism [52] may affect the protein trans-
lation. Moreover, the intra-tumor heterogeneity adds complexity to this
scenario [53]. Traditionally, MGMT status has been assessed by
methylation-specific PCR (MS-PCR), a qualitative PCR evaluating CpG
islands in the promoter region, that has shown to have a predictive role
in clinical trials [54]. From this starting point have been developed other
methods such as quantitative methylation-specific PCR techniques, that
allow a quantification of the methylation level of few CpG dinucleotides.
These techniques require a step of bisulfite conversion, are easy to
perform, have a dichotomic positive/negative result or a methylation
quantitative value. However, these approaches have some limitations as
they are biased by the tumor cell content, they interrogate few CpG sites
in a context of heterogeneity in the methylation levels of CpG sites [55]
and they lack of standardized methylated cutoff value for considering
MGMT methylation positive. On the other side, different efforts have
been made to evaluate the predictive value of MGMT protein expression
by IHC [56]. Immunohistochemical staining is faster, less expensive, and
easy to implement even if less reproducible and more affected to
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subjective interpretation. There are different cut-offs for considering
MGMT positive/negative cases and there is a lack of uniformly defined
criteria for IHC interpretation. Among different studies MGMT IHC
staining results are reported as dichotomic positive/negative evalua-
tions [43] or low, intermediate or high expression [37] or the proportion
of stained cell, based on nuclear staining (grade 0-3) [40]. A step for-
ward has been reached with the introduction of PSQ assays, that allows
the quantification of the methylation level of single CpG dinucleotides in
the promoter region- first exon of MGMT. This method is laborious and
requires a dedicated instrument, the pyro-sequencer, but is robust and
reproducible. Moreover, there are commercially available kit for MGMT
evaluation starting from FFPE tissue, validated for in vitro diagnostic use
[57], with defined cut-off for the positive/negative evaluation. There-
fore to date, there has been growing evidences that support the use of
PSQ as the method of choice for MGMT evaluation in routine clinical
practice [58,59]. Nevertheless, the best predictive value may be reached
combining the protein expression and methylation status, even evalu-
ated with Methyl-BEAMing, a digital PCR with high sensitivity [60].
However, the proteic-epigenomic concordant results are associated to
modulation of chemotherapeutic response [61,62].

Thirdly, the type of drug associated with TEM. Among these, the
most commonly used is CAP. In-vitro studies showed that 5-FU depletes
tumor levels of MGMT [63]. So capecitabine, which is converted to 5-
FU, depletes tumor MGMT levels thereby enhancing the alkylating ef-
fect of TEM. Synergistic activity was observed to be schedule dependent,
requiring TEM to be given after continuous exposure to CAP [64]. In our
systematic review, two studies that exclusively used the TEM-CAP
regimen found conflicting results [37,39]. At ASCO 2018, Kunz et al
[16] presented the results of a randomized phase II study that compared
TEM with TEM-CAP in patients with advanced panNETs (E2211 trial)
obtaining a significant improvement in PFS (median PFS of 14.4 versus
22.7 months; HR 0.58) and a non-significant improvement in ORR
(27.8% versus 33.3%; p = 0.47). However, the pending results included
the MGMT assessed by IHC and by promoter methylation method, which
we look forward to seeing soon.

Our results are in line with two recently published meta-analyses
that have addressed the issue of the predictive value of MGMT in
NETs treated with alkylating agents. Gao et al [65] reported that MGMT
deficiency rate detected with both IHC and promoter methylation with
PSQ can effectively predict the response to alkylating agents. Similarly,
Zhirong et al [66] suggested that MGMT status can be used as a bio-
logical indicator of response to alkylating agents.

Our analysis shows several limitations and therefore its results
should be taken with caution. (1) The selection criteria were very flex-
ible, for example some studies had a limited number of NECs, para-
gangliomas, pheochromocytomas and others unspecified. (2) All the
included studies were retrospective and almost all did not have our topic
as their primary endpoint. In fact, using the NOS scale we found that
most of the included studies have an intermediate risk of bias (score
4-6). (3) The methods of detecting of MGMT in the various studies were
various. (4) Funnel plots showed asymmetry, suggesting the presence of
publication bias. On the basis of these limitations, we would like to
highlight the risk of bias in the event that the results of our analysis will
be taken into account for clinical decisions.

In conclusion, our analysis suggested that MGMT status may be
predictive of TEM activity and efficacy. However, due to the high het-
erogeneity of the evaluated studies the risk of biases should be consid-
ered. Particularly it should be considered that studies with different
primary sites, tumor grade, prior lines of therapies were selected. So,
currently there is no absolute evidence for mandatory testing MGMT in
clinical practice to decide on TEM-based chemotherapy in patients with
NETs. However, the results of our analysis should be taken as a solid
hypothesis to be investigated in well-designed homogeneous prospec-
tive clinical trials that will specifically address this topic. At the time of
writing this paper, seven ongoing clinical trials are investigating the
MGMT as predictive biomarker in NETs treated with TEM-based
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Table 3
Ongoing clinical trials evaluating the status of MGMT as a predictive factor to TEM-based therapy.
NCT.gov identifier Phase  Status  Population Drug regimen MGMT method MGMT as
endpoint
NCT03217097 (MGMT- I R Neuroendocrine Tumors Alkylating-based chemotherapy (STZ, PSQ & IHC 1°
NET) DTIC, TEM)
NCT01525082 I U Metastatic or Unresectable Pancreatic TEM, Capecitabine and Bevacizumab IHC & MS-PCR 2°
Neuroendocrine Tumors
NCT02231762 I C Progressive GEP-NET TEM and Lanreotide Autogel THC & MS-PCR 2°
(SONNET)
NCT01824875 (E2211) I ANR Advanced Pancreatic Neuroendocrine Tumors ~ TEM with or without Capecitabine IHC & promoter 2°
methylation
NCT02698410 I C Thoracic Neuroendocrine Tumors TEM and Lanreotide Autogel IHC & MS-PCR 2°
(ATLANT)
NCT01465659 /11 ANR Advanced Pancreatic Neuroendocrine Tumors ~ Pazopanib and TEM THC 3°
NCT02358356 I R Neuroendocrine Tumors CAPTEM and Radionuclide Therapy IHC v
(CONTROL NETS) Octreotate Lutetium-177

R = Recruiting, U = Unknown, C = completed, ANR = Active, not recruiting, IV = investigational. IHC = immunohistochemistry, PSQ = pyrosequencing, MSP or MS-
PCR = Methylation-specific PCR. TEM = temozolomide. STZ = streptozotocin. DTIC = dacarbazine. CAPTEM = capecitabine plus temozolomide.

chemotherapy as their primary, secondary or exploratory endpoint, as
shown Table 3.
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