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Supplementary Introduction

MRSI analysis: outline of NMF methods

Non-negative matrix factorization (NMF) methods are multivariate data analyses designed for estimation of meaningful
components (also known as sources), which originate from non-negative data. Standard NMF methods decompose data
“X” into 2 non-negative matrices: sources (“S”) and mixing matrices (“A”). The divergence between X and S*A is
measured by cost functions, which may differ for different NMF methods. Some NMF variants can also handle negative
data, such as convex-NMF, which was the basis of the analysis used in our work (1). Convex-NMF was capable to spot
a reduced number of sources confidently recognized as representative from brain tumour/tissue types much better than
other NMF variants (2,3). Original sources were extracted from TMZ-treated and control mice, as described in (4),
defining prototypic metabolomic patterns related to normal/unaffected brain, GL261 GB tumours actively proliferating
and TMZ-treated, responding tumours. The source-based analysis used in our work and other studies (5-7) made use
of previously extracted sources in order to analyse new cases and assign one of the three predefined classes to each
investigated voxel, thus generating the so-called nosological images.

Nosological images

The nosological images (8) are generated through combination of MRSI approaches with robust machine learning
analyses, which take the whole spectral pattern changes into account (i.e. in this case, the 0 - 4.5 ppm spectral vector,
see figure S1B). This makes it possible to spot quantitative changes of different metabolites at once, and to detect even
subtle variations in metabolomic profile, not easily observed with conventional quantitation. Finally, this approach
enabled us to classify the studied tissue into mostly (majority source vote) normal brain tissue, responding or
unresponsive tumour.

The labelling of the MRSI data acquired is based on the source extraction technique, which assumes that i) a mixture of
the heterogeneous tissue patterns is present in each voxel and that ii) the contribution of individual sources to the final
pattern can be calculated. The nosological imaging is generated by estimating the quantitative contribution of each
source - paradigmatic spectra - to individual voxels in the MRSI grid, in order to assign them one of the predetermined
classes stated above. Thus, the paradigmatic spectrum (source) with the largest contribution to a given voxel is selected
as the “winning source”, having each source a determined colour. Finally, voxels are assigned the corresponding colours
and are represented as nosological maps for each matrix. Green colour is used when the ‘GB responding to treatment’
source contributes the most, while red is used for ‘actively proliferating GB’, blue for ‘normal brain parenchyma’ and
black for ‘undetermined tissue’. These nosological images can provide a visual representation of MRSI results and be

used as an imaging biomarker to determine therapy-caused response.
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The most remarkable changes between responding and unresponsive tumours can be summarised. Main metabolites
contributing to different patterns of responding and non-responding spectra are mobile lipids 0.9 + macromolecules
(MoL, MM, 0.9 ppm), mobile lipids 1.3 + lactate (MoL/Lac, 1.3 ppm), N-acetyl-aspartate and N-acetyl group-containing
compounds (NAA and NAc, 2.02 ppm), glutamate + glutamine (Glx, 2.1-2.4 ppm), polyunsaturated fatty acids in mobile
lipids (PUFA, 2.8 ppm), total creatine (Cre, 3.03 ppm), choline-containing compounds (Cho, 3.21 ppm), myo-inositol +
glycine (Ins + Gly, 3.55 ppm), glutamine + glutamate (Glx, 3.8 ppm, which is also partially contributed by alanine), and

lactate (Lac, 1.3 and 4.1 ppm). Figure S1 provides a summary of the steps performed in this type of analysis.
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Figure S1. Summary of steps per-
formed for nosological images calcula-
tion mentioned in this work. A) MRSI
spectra are acquired. Both coronal and
axial imaging orientation are shown
for better understanding of different
anatomical levels studied. Each indi-
vidual spectrum of the MRSI grid
(blue square in A) is analysed as a
unique spectral vector. B) Spectra are
compared with fixed sources (paradig-
matic spectra), obtained from a defined
group of TMZ-treated and control
mice [4]. In fact, 3 sources were ac-
quired but only sources corresponding
to control — actively proliferating- and
TMZ-treated mice, transiently re-
sponding to therapy, are shown, re-
spectively in red and green. Those are
the sources relevant to this particular
study. Main contributing metabolites
are shown in expansion regions. C)
Spectra, and volume elements, are then
coloured according to whether they
show more correlation with the con-
trol, TMZ-treated or normal brain pa-
renchyma source. If the correlation be-
tween the spectrum of a voxel and the
sum of the percentages contributed by
the sum of the three tissue sources was
below a threshold of 50%, this voxel
was labelled as ‘undecided’ and col-
oured in black [4]. The Tumour Re-
sponding Index (TRI) is then calcu-
lated as shown in the formula at the
bottom, considering spectra (pixels)
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identified as responding regarding to the total tumour pixels, taking into account manual drawing
over the abnormal section in T2w MRI.
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Figure S2. Hypothetical scheme for the rationale behind changes in the nosological images coding for
response in MRSI of IMS-TMZ treated GB GL261 bearing mice (see main text and references (5,9) for
further details). The oscillation in cellular populations such as Ki67 positive tumour cells or micro-
glia/macrophages, changes in their polarisation status, in surface receptor such as PD-L1 and their subse-
quent effects, as well as changes in tissue microstructure (giant cells, acellular spaces (5,10)), should all
contribute to the MRSI-detected imaging biomarker differences. Those show periodic oscillations that
agree with the length of the immune cycle (ca. 6 days) and should be related to events triggered by TMZ
therapy. This may be extended (6) to any therapeutic approach eliciting the host immune system. It is also
worth noting that these events take place early in the timeline, far before any changes are seen in tumour
volumes (red and green lines). Hence detection of such oscillatory changes could provide early indication
about immune system-driven response to therapy, while tumour volume changes may be ‘blind’ to these
early local metabolomics changes. At the therapy starting point, GL261 GB tumours display an
M2/GAMs ratio which is more than 10-fold higher the M1/GAMSs ratio, thus an essentially protumoural
microglia/macrophage phenotype (encoded in the red colour over the tumour mass of the nosological
images). Launching TMZ therapy may trigger immunogenic cell damage and release/exposure of immu-
nogenic signals (11) which will turn on the cancer immunity cycle and elicit the host immune system
(12). In the meanwhile, both M1 and M2 populations infiltrating the tumour increase (see also Figure 2A
in [(9) https://www.mdpi.com/2072-6694/13/11/2663]): while M1 microglia/macrophages will participate
in tumour cell killing, probably after interaction with T-cells (13), and M2 microglia/macrophages are
waiting for M1 polarisation. In this respect, M1/M2 ratio changes towards higher values in tumours show-
ing transient response to IMS-TMZ (Figure 3C in (9); https://www.mdpi.com/2072-6694/13/11/2663).
The point of maximum response spotted by our non-invasive biomarker (i.e., green colour over the GB
tumour mass in nosological images) is ca. 6 days after therapy administration, in line with the length of
the immune cycle described in (14). At this point, an increase in PD-L1 gene expression is observed
(Figure 4A of (9); https://www.mdpi.com/2072-6694/13/11/2663), although it could be either due to
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expression by the tumour cell population to evade lymphocyte attack, to expression in microglia/macro-
phages or both together. Since M1 microglia/macrophages are mostly consumed during the antitumour
response events, after such interval, the ratio M1/M2 may shift towards the control values, T lymphocytes
may be approaching exhaustion and surviving tumour cells may start proliferating again leading to tumour
regrowth (day +9, red colour over the tumour image) until the previous therapeutic administration point

(at day +6) resets the immune cycle and produces the next response oscillation (day +12).

Supplementary Tables

GL621 GB

Human GB

Evolution

Immune status

Cell differentiation

Necrosis with pseudopalisade
Invasiveness

Response to TMZ

Infiltrating immune system cells*

CD133 staining (stem cell like
phenotype)

MHC I expression

MHC II expression

B7-1, B7-2 expression

Mutational load

P53 mutation

Expression of c-myc

K-ras mutation

IDH1 mutation

CXCR-4 expression

BBB STATUS; enhancement after CA
administration

Angiogenesis and hypoxia

Increased CD31 expression
Activation of PI3K pathway
Indoleamine 2,3-deoxygenase

(IDO) enzymes

MGMT expression

Fast, induced
Immunocompetent
Poor
Present
Present
Transient or Total (depends on the
therapeutic schedule)
CD3+ T cells, low frequency of
Treg lymphocytes, microglia and
macrophages
Positive (depends on cell culture
conditions)
Moderate
low
low
High
Present
High
Present
Absent (possibility to introduce
mutation)

Present
Compromised since early stage;
homogeneous enhancement
Present
Present
Present

Present

Described to be relatively weak

Slow, spontaneous
Immunocompetent
Poor
Present
Present

Transient

Microglia and macrophages, MDSC cells,
CD3+ T T-cells, Treg lymphocytes

Positive

low
low
low
Low (except in relapsing GB)
Present
High
Present

Present in secondary GB (ca. 10%)

Present
Compromised; enhancement could be
heterogeneous
Present
Present
Present

Present

Variable, described to correlate with TMZ

therapeutic outcome
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Table S1: Main similarities/differences between GL261 tumours and human GB tumours. Data gathered from
references (6,15-32). B7-1, B7-2: costimulatory molecules, involved in the regulation of T-cell signaling.
BBB: blood brain barrier. CA: contrast agent. CD31: cluster of differentiation 31 also known as Platelet
endothelial cell adhesion molecule (PECAM-1). CXCR-4: C-X-C chemokine receptor type 4. MDSC:
Myeloid-derived suppressor cells. MHC: major histocompatibility complex. TMZ: Temozolomide. Green
lines indicate similarities and red lines indicate differences.

* The immune infiltration is much more complex both in murine and human GB. Comprehensive descriptions
can be found in (30,33). Having in mind different aspects, human GB displays a more immunosuppressive
profile than GL261.

ppm Main metabolite assigned Additional studies supporting
findings
0.9 Mobile Lipids (34,35)
1.0
2.8 PUFAs in Mobile lipids (34,36,37)
1.3 Lactate / saturated fatty ac- (38-40)
ids
3.55 Myo-inositol / glycine (41-43)

Table S2: Metabolites (ppm and tentative assignment) associated with the main changes observed in the
metabolomics profile of control and TMZ-treated GL261 GB described by us (4,10)
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