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Biomolecular alterations temporally anticipate
microarchitectural modifications
of collagen in oral tongue squamous cell carcinoma

Lucrezia Togni,"® Michele Furlani,’¢ Alessia Belloni,”¢ Nicole Riberti,®> Alessandra Giuliani,'’-*
Valentina Notarstefano,” Chiara Santoni,” Elisabetta Giorgini,” Corrado Rubini,* Andrea Santarelli,"->*
and Marco Mascitti’

SUMMARY

High resolution analysis of collagen bundles could provide information on tumor onset and evolution. This
study was focused on the microarchitecture and biomolecular organization of collagen bundles in oral
tongue squamous cell carcinoma (OTSCC). Thirty-five OTSCC biopsy samples were analyzed by synchro-
tron-based phase-contrast microcomputed tomography and Fourier transform infrared imaging (FTIRI)
spectroscopy. PhC-microCT evidenced the presence of reduced and disorganized collagen in the tumor
area compared to the extratumoral (ExtraT) one. FTIRI also revealed a reduction of folded secondary
structures in the tumor area, and highlighted differences in the peritumoral (PeriT) areas in relation
with the OTSCC stage, whereby a significantly lower amount of collagen with less organized fibers was
found in the PeriT stroma of advanced-OTSCC stages. Interestingly, no significant morphometrical mis-
matches were detected in the same region by PhC-microCT analysis. These results suggest that biomole-
cular alterations in the OTSCC stroma temporally anticipate structural modifications of collagen bundle
microarchitecture.

INTRODUCTION

In recent years, there has been a growing interest toward the role of the extracellular matrix (ECM) in the biomechanics of physiologic/path-
ologic tissues. The ECM does not only surround cells, but its rigidity stresses them mechanically, producing signals that depend on both the
amount of collagen and its cross-linking and hydration. It can also induce the so-called mechano-transduction process, namely cells convert a
mechanical stimulus into an electrochemical activity. Collagen remodeling, including alterations in collagen fiber orientation, cleavage, and
trimer composition, exerts pronounced effects on tumor growth and immunity, some of which are mediated by specific collagen receptors. '
In this light, the etiology of many types of pathologies, including tumors, could be elucidated by the characterization of the collagen bundle
microstructure.

Oral tongue squamous cell carcinoma (OTSCC) accounts for over 40% of all oral cancer cases.>” It exhibits distinctive molecular and clinical
behavior compared to oral cancer of other subsites leading to an “anatomical bias” both for research and clinical decision making.” The
stroma represents the main component of tumor microenvironment (TME) and plays a pivotal role in cancer progression and therapy resis-
tance.® ' It consists of non-malignant tumor cells and ECM; however, although stroma cells are not malignant themselves, the tumor-stroma
interaction allows the acquisition of an abnormal phenotype.'*

The temporal relationship between biomolecular alteration and structural modification of tumor stroma is still largely unknown: stroma
alterations seem to occur before tumor is clearly detectable and have been shown to significantly predict poor patient outcomes.'®'* In
particular, tumor stroma outgrowth is characterized by abnormal matrix secretion and collagen synthesis, attributable to hypoxia and chronic
inflammation, leading to an edematous and unstable TME.">"® To date, OTSCC pathological staging is based on morphological features of
tumor parenchyma analyzed by conventional histological techniques, overlooking the importance of tumor stroma from a prognostic and
therapeutic standpoint.
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Figure 1. Structural and molecular organization of collagen
Collagen is a fibrous protein composed of three left-handed alpha chains, wound together in a tight triple helix. Collagen molecules are aggregated to form
fibrils and then fibers, which subsequently form the complex tissue organization.

Recently, a variety of experimental methods quantify tumor characteristics from molecular to tissue scales, and describe how such data
can be directly integrated with mechanism-based models to improve predictions of tumor growth and treatment response.'” Moreover,
engineering tools—including advanced imaging techniques—were recently shown to improve our understanding of cancer ECM biology
and therapeutic development.'® In this context, some authors of this paper recently investigated the morpho-chemical features of collagen
bundles in uterine leiomyoma using an innovative synergistic approach based on two advanced imaging techniques, namely synchrotron-
based phase-contrast microcomputed tomography (PhC-microCT) and Fourier transform infrared imaging (FTIRI) spectroscopy.'”*
Compared to the conventional X-ray imaging, synchrotron-based PhC-microCT allows the three-dimensional (3D) evaluation of the
ECM microarchitecture with high spatial resolution and without using contrast agents.”’ Moreover, FTIRI represents a versatile spectro-
scopic technique to obtain the morphochemical characterization of the same tissues, with additional information at macromolecular
level 217

Based on this evidence, in this study we propose a multidisciplinary approach supported by synchrotron PhC-microCT and FTIRI spectros-
copy to deeply investigate the IntraT, PeriT, and ExtraT regions of OTSCC at different pathological stages, focusing on the structural orga-
nization of ECM collagen bundles at multiscale. This investigation contributes to elucidate the temporal kinetics interlacing the stroma micro-
architectural modifications and biomolecular alterations.

RESULTS

The study was focused on biopsy samples with histological diagnosis of OTSCC at different malignancy stage (stages I-1V). Samples were
investigated by PhC-microCT and FTIRI techniques. The flux of the study is described in Figure 1. The histopathological investigation of
OTSCC biopsy samples was first carried out to identify specific areas containing the tumor mass (named IntraT area), the normal stroma
(named ExtraT area) and the regions corresponding to the front of the tumor in each OTSCC stage (named PeriT S-I, Peri-T S-ll, PeriT
S-1ll, and Peri-T S-IV). From these areas, cylindrical portions were extracted to be analyzed by PhC-microCT and FTIRI analyses.

Clinicopathological data of the patient’s cohort

Atotal of 35 surgical samples, corresponding to as many patients and stored in the Institutional Archive, were selected (Table 1), consisting of
23 males (65.7%) and 12 females (34.3%). The mean age at diagnosis was 64.4 £ 16.1 years and the mean tumoral diameter was equal to 3.1 £
1.6 cm. According to the 8" Edition of American Joint Committee of Cancer (AJCC) staging system, 7 patients (20.0%) were stage I, 8 (22.9%)
were stage I, while 11 (31.4%) and 9 (25.7%) patients belonged to stages Il and IV, respectively. According to 4™ Edition of Word Health Or-
ganization (WHO) Grading (G), most of the cases (51.4%) resulted poorly differentiated tumors (G3), 14 cases (40.0%) were moderately differ-
entiated (G2), and 3 cases (8.7%) showed a well grade of differentiation (G1). The mean number of tumor buds (TB) was equal to 5.7 + 6.7 and

2 iScience 27, 110303, July 19, 2024



iScience ¢? CellPress
OPEN ACCESS

Table 1. Main clinicopathological features of OTSCC surgical samples

Parameter n. (%) Mean + SD (range)
Age 64.4 £+ 16.1 (25-91)
Sex

M 23 (65.7)

F 12 (34.3)
Diameter (cm) 3.1+ 1.6(0.3-7)
Margin

Positive 18 (51.4)

Negative 17 (48.6)
Grading (4" Ed. WHO)

G1 3(8.7)

G2 14 (40.0)

G3 18 (51.4)
pT (8° Ed. AJCC)

1 12 (34.3)

2 17 (48.6)

3 4(11.4)

4 2(5.7)
pN (8° Ed. AJCC)

1 17 (48.6)

2 10 (28.7)

3 8 (22.9)
Staging (8° Ed. AJCC)

| 7 (20.0)

Il 8 (22.9)

Il 11 (31.4)

[\ 9 (25.7)
WPOI

1 8 (22.9)

2 3(8.7)

3 12 (34.3)

4 12 (34.3)
PPOI

1 10 (28.6)

2 5(14.3)

3 15 (42.9)

4 5(14.3)
Tumor budding 5.7 + 6.7 (0-26)
TSR

Stroma-rich 6(17.1)

Stroma-poor 29 (82.9)
Immunophenotype

Immune-inflamed 12 (34.3)

Immune-excluded 18 (51.4)

Immune-desert 5(14.3)

M, man; F, female; G, grading; PPOI, prevalent pattern of invasion; WPQOI, worst pattern of invasion; TSR, tumor-to-stroma ratio; DS, standard deviation; WHO,
World Health Organization; AJCC, American Joint Committee on Cancer; SD, standard deviation.
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Figure 2. Examples of tumor and PeriT areas in histological sections of OTSCC

(A) H&E and (B) Masson's trichrome images (x 20 magnification) of representative OTSCC sections showing the tumor areas (white arrows) and the PeriT stroma
(white asterisks) at the tumor front in stages | (S-I), Il (S-1I), 11l (S-111), and IV (S-IV). A total of 70 histologic images (two for each biopsy) were investigated. Scale
bars: 200 pm.

the mean value of tumor-stroma ratio (TSR) was 25.1% =+ 22.4. According to the dichotomous scale, 6 cases (17.1%) recorded a low TSR, while
29 cases (82.9%) belonged to stroma-low group. The “immune-excluded” represented the most prevalent phenotype (18 cases), followed by
the “immuno-inflamed” (12 cases) and the “immune-desert” (5 cases) groups. The predominant pattern of invasion-3 (PPOI) was the most
prevalent pattern (42.9%), while the most of OTSCCs showed worst POI-3 (34.3%) (WPQOI) and WPOI-4 (34.3%); no cases displayed WPOI-5.

Locoregional recurrences occurred in 28.7% of cases after 24.5 + 22.0 months from the initial surgical treatment, while 65.7% of patients
died due to OTSCC with a disease specific survival equal to 27.6 + 19.6 months.

Histological analysis investigated the biopsy samples, highlighting areas containing both the tumor mass and the ExtraT
region

Biopsy samples were first submitted to histological analysis to identify and characterize the tumor regions and the areas surrounding the tu-
mor itself; for each sample, Nr. 2 sections (4-um thickness) were cut for hematoxylin & eosin (H&E) and Masson's trichrome staining. As an
example, in Figure 2, the histologic images of OTSCC sections representative of stages |-V are reported displaying both the tumor mass
and the PeriT stroma at the tumor front. The histological Masson trichrome images highlighted the presence of different areas corresponding
to the tumor (red tones) and healthy stroma (blue tones) in the PeriT region. Modifications in tissue organization in the regions surrounding the
tumor mass were evidenced, as displayed by a different collagen distribution.

Synchrotron-based PhC-microCT evidenced significantly reduced and disorganized collagen in the tumor area but no
significant morphometrical mismatches in the PeriT region between different OTSCC stages

All the biopsies defined previously were sectioned to obtain the same number of cylindrical samples (diameter = 2 mm; height = 3+4 mm)
for high-resolution synchrotron tomography (pixel size 890 nm). The 3D reconstructions were analyzed; for each sample, three sub-volumes
corresponding to the ExtraT area (normal stroma), the front of the tumor (PeriT stroma) and the tumor itself (IntraT stroma) were selected
(Video S1) and divided according to the tumor stage. As displayed in Figure 3, 3D synchrotron imaging showed the presence of a dense
and well-organized stroma (yellow false color) in the ExtraT area. Conversely, both the IntraT (red false color) and PeriT (blue false color) re-
gions seemed characterized by loosely packed and randomly arranged collagen bundles, resulting in an edematous stroma.

The statistical analysis, carried out on the complete set of samples, is reported in Figure 4, by box-and-whisker diagrams. It revealed the
presence of a wide variability for all morphometric parameters. Repeated measures analysis of variance and Tukey’s multiple comparisons test
evaluated the differences among extratumoral (ExtraT), peritumoral (PeriT) and intratumoral (IntraT) regions.

The volume percentage significantly increased from IntraT to PeriT and ExtraT stroma. Similarly, the ExtraT bundles were significantly
thicker, both respect to PeriT and IntraT ones. Limitedly to these two parameters, statistically significant differences were also detected
comparing PeriT and IntraT stroma. The spacing between bundles significantly decreased from ExtraT to PeriT and IntraT stroma.

Anisotropy degree, fractal dimension, and connectivity density were significantly higher in the ExtraT stroma compared to PeriT and IntraT
ones. Interestingly, no significant differences (p > 0.05) were found between PeriT and IntraT stroma for spacing between bundles, anisotropy
degree, fractal dimension, and connectivity density.

With reference to the mean fiber length, a significant deviation (p < 0.01) was detected between the ExtraT and IntraT regions of the same
biopsy, with longer fibers on average in the ExtraT stroma. However, this result must be taken with caution due to the very high standard
deviation influencing the mean fiber length within each individual biopsy. Indeed, the detected high standard deviation data confirm the
broad heterogeneity of the tongue stroma, regardless of the presence or absence of OTSCC.

Moreover, one-way ANOVA and Tukey's multiple comparison test did not reveal significant differences of the morphometric indices
among the OTSCCs pathological stages in the PeriT stroma (data not shown).

FTIRI evidenced a low amount of collagen—with reduced fiber organization in the tumor area as well as in the PeriT stroma
of advanced-OTSCC stages

The same cylindrical samples (Nr. 35) analyzed by PhC-microCT were submitted to FTIRI analysis. In this regard, from each cylinder Nr. 2 sec-
tions (7-um thickness) were cut and deposited onto CaF; optical windows for the vibrational analysis. More in detail, by using the television
camera, on each section, the areas containing the tumor mass, the normal stroma, as well as the front of the tumor were selected. On these
areas, by using the focal plane array (FPA) detector, infrared (IR) images of 164 x 164 pm? size were acquired; each image was the result of
4,096 pixel/spectra with a spatial resolution of 2.56 X 2.56 um?.

In Figure 5, the microphotographs of representative OTSCC sections, showing the ExtraT region (ExtraT), the PeriT areas nearto OTSCC at
stages |-V (PeriT S-I, Peri T S-lI, PeriT S-lll, and PeriT S-IV) and the tumor mass at stage IV (IntraT) are displayed together with the false color
images, and the corresponding hierarchical cluster analysis (HCA) images. False color images are useful to highlight the topographical dis-
tribution of specific biological compounds within a mapped area, in this case total proteins and collagen. To this purpose, they were gener-
ated by integrating IR images under the following spectral intervals: 1,720-1,470 cm™" (which includes the amide | and Il bands, representative
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Figure 3. PhC-microCT 3D imaging of OTSCC
3D synchrotron-based PhC-microCT reconstruction of four representative OTSCC biopsies at (A) stage |, (B) stage II, (C) stage Ill, and (D) stage IV. Colored boxes
highlighted the distribution of the collagen bundles in the IntraT (red), PeriT (blue), and ExtraT (yellow) areas. IntraT and PeriT regions seem characterized by
loosely packed and randomly arranged collagen bundles regardless of the stage. Number of biopsies investigated: 35, one for each patient. Cylindrical
samples: diameter = 2 mm; height = 3+4 mm.

of total proteins; PROTEINS images)23 and 1,299-1,184 cm™" (which includes the amide III region, mainly representative of collagen;
COLLAGEN images).24'25

Interestingly, the hyperspectral imaging analysis was able to differentiate each pathological stage. As regards total proteins (PROTEINS
images, Figure 5B), an almost similar amount was found in all the analyzed samples, even if with a different distribution in relation with the
tumor stage: in fact, total proteins displayed a more compact localization in the normal stroma (ExtraT) and in the PeriT region near to
OTSCC at stage | (PeriT S-I), compared to the tumor mass (IntraT) and the PeriT areas close to OTSCC at stages Il, lll, and IV (PeriT
S-Il, PeriT S-lll, and PeriT S-IV). Collagen appeared even more influenced by the pathological stage (COLLAGEN images, Figure 5C):
(1) higher levels were found in the extratumoral region (ExtraT) and in the PeriT areas corresponding to early tumor stages (PeriT S-I
and PeriT S-ll); (2) interestingly, in these regions, a superimposable distribution of this matrix protein with total proteins was observed,
allowing us to hypothesize that, in early tumor stages collagen is the main protein component like in normal stroma; (3) conversely, lower
amounts of collagen were detected in the PeriT areas near to OTSCC at stages Ill and IV (PeriT S-lll and PeriT S-IV), and in the intratumoral
region (IntraT), with a different localization respect to proteins, suggesting a major contribution of tumor-related proliferating cells in
advanced tumor stages.

IR images were also submitted to HCA to highlight, within the mapped areas, the presence of regions characterized by different spectral
profiles and hence by a diverse macromolecular composition: in this study, HCA was useful to identify on each IR image collagen-rich clusters
(orange colored in Figure 5D) from which to extract the average IR spectra (Figure 6).

Due to the presence of convoluted bands, typical of biological samples, IR spectra were submitted to peak fitting analysis, a procedure
that made it possible to obtain the precise position (centroid, cm™") of all peaks underlying a specific IR region together with the correspond-
ing integrated areas. The analysis was focused on the amide | and Il bands (centered respectively at ~1,655 cm™" and ~1,550 cm™"), repre-
sentative of total proteins, and on the amide lll band (in the spectral interval 1,360-1,184 em™, mainly diagnostic for co||<':1ger1.24'26’28 In partic-
ular, the following peaks were taken into account: ~1,342 cm~" (CH, wagging of side chains in proline, the most recurrent amino acid in
collagen); ~1,319 em ™" (o helix secondary structures); ~1,280 cm~'and ~1,240 cm ™! (collagen triple helix); ~1,262 em™" (random secondary

structures), and ~1,205 cm ™" (amino acids’ side chains).'??¢%”
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Figure 4. PhC-microCT data analysis

Collagen morphometric parameters calculated in the extratumoral (ExtraT), peritumoral (PeriT), and intratumoral (IntraT) stroma of OTSCC samples. Box-and-
whisker diagrams of the distribution of PhC-microCT morphometric parameters: connective tissue specific volume (Vol. %, [0+1]), collagen bundle mean
thickness (Th, um), collagen bundle mean spacing (Sp, pm), connective tissue anisotropy degree index (DA, [0+ 1]), connective tissue 3D fractal dimension
(Fr.Dim, [2+3]), connective tissue connectivity density (Conn.D, um=3), collagen bundle mean length (mean fiber length, um) Upper and lower ends of boxes
represent 75" and 25" percentiles. Max and min values are reported. The median value is shown with a solid line. *p < 0.05; **p < 0.01; ***p < 0.001;

*okkk

p < 0.0001. Number of biopsies investigated: 35, one for each patient.

With this analysis, the following spectral parameters were calculated and statistically evaluated: collagen/proteins (COLL/PRT), calculated
as ratio between the area of the spectral range 1,299-1,184 cm ™" (including the bands at 1,280 cm ™", 1,240 cm ™", and 1,205 cm ™", which form
the tricuspid-shaped profile typical of collagen), and the area of the spectral range 1,720-1,470_cm ™" (including the amide | and Il bands of
proteins); proline/proteins (PRO/PRT), calculated as ratio between the area of the band at 1,342 cm™" (corresponding to the wagging of pro-
line) and the area of the spectral range 1,720-1,470 cm~" (including the amide | and Il bands of proteins); TRIPLE HELIX, calculated as ratio
between the area of the band at 1,280 cm ™' (collagen triple helix) and the area of the range 1,360-1,184 cm™! (representative of the total
absorption in this interval); ALPHA HELIX, calculated as ratio between the area of the band at 1,319 cm™! (alpha helix secondary structures)
and the area of the range 1,360-1,184 em™! (representative of the total absorption in this interval); and RANDOM, calculated as ratio between
the area of the band at 1,262 cm ™" (representative of random coil structures) and the area of the range 1,360-1,184 cm™! (representative of the
total absorption in this interval).'??%?°

COLL/PRT and PRO/PRT ratios can both be considered representative of the relative amount of collagen, respect to total proteins
(Figures 7A and 7B). As expected, the normal stroma (ExtraT) was characterized by the highest values of these two parameters, which
decreased statistically significantly from PeriT S-I to PeriT S-IV, until reaching the lowest values in the tumor mass (IntraT). A similar statistically
significant decreasing trend was displayed by TRIPLE HELIX and ALPHA HELIX ratios, representing respectively the relative amount of triple
helix and a-helix structures in collagen (Figures 7C and 7D). Finally, the RANDOM ratio was analyzed to evaluate the structural organization of
the protein component: the lowest values were found in the normal stroma (ExtraT), with an increasing trend going from PeriT S-I to PeriT S-IV
and a major extent in the tumor mass (IntraT) (Figure 7E). These findings hypothesize a higher amount of collagen, characterized also by a
major structural organization in the PeriT regions near the OTSCC in the early stages, similar to what is observed in the normal stroma;
conversely, the tumor mass as well as the PeriT regions close to OTSCC at advanced stages are characterized by low levels of collagen,
with a more disordered structure. p values are reported in Figure 7F; statistical significance among groups was set at p > 0.05.

Correlation analysis among microarchitectural collagen bundles parameters, collagen macro-molecular indices, and clinical
stages revealed that biomolecular alterations of collagen in the OTSCC stroma temporally anticipate structural
modifications of collagen bundle microarchitecture

Spearman rank analysis focused on the PeriT stroma, correlating clinical staging with the most relevant microarchitectural parameters (Th,
Sp, and Vol. %) of collagen bundles and with two macromolecular indices (i.e., COLL/PRT and PRO/PRT) (Table 2). The correlations were
considered “very weak” (p = 0 + 0.20), “weak” (p = 0.20 + 0.40), “moderate” (p = 0.40 + 0.60), “strong” (p = 0.60 + 0.80), and "very strong”
(p =0.80 + 1.0). “Strong” and “very strong” correlations with p < 0.05 were considered statistically significant.

Significant negative correlations between the pathological stage and both COLL/PRT (p = —0.60; p = 0.001) and PRO/PRT (p = —0.77;
p < 0.0005) ratios were detected. Also, the microarchitectural Th parameter showed a significant direct correlation with the COLL/PRT ratio
(p = 0.63; p < 0.0005) and a significant inverse correlation with the bundle spacing parameter (p = —0.69; p < 0.0005). Notably, no significant
correlation was found between any of the collagen bundle microarchitectural parameters and the clinical staging (|p|<0.60, p < 0.05) in the
PeriT stroma.

DISCUSSION

Solid tumors like OTSCC consist of the tumor parenchyma and stroma. The traditional view is that the tumor parenchyma regulates the sur-
rounding stroma and promotes tumor progression. However, even though the pivotal role of the tumor stroma in assisting cancer growth and
invasiveness is becoming increasingly clear, the precise mechanism underlying these processes is still not fully understood. The main histo-
logical features of OSCC staging are still referred to tumor parenchyma, and the temporal kinetics interlacing structural modifications of
collagen bundles in the stroma and collagen biomolecular alterations in OTSCC staging are still mostly unexplored. In oral cancer, it is known
that the tumor stroma is directly involved in the biological features of neoplastic cells.**~** During oral tumorigenesis, an immature collagen
and a higher level of proteolytic enzymes, neo-angiogenic, and profibrotic growth factors are released in the ECM, leading to the deposition
of a reactive stroma.>>*° Moreover, the presence of a dysfunctional stroma has been significantly associated to unfavorable clinical outcomes
in OTSCC patients,”” ! especially in early-OTSCCs" This could be attributable to the reciprocal cross-talking between neoplastic cells and
cancer-associated fibroblast (CAFs); indeed, high levels of stromal CAFs have been associated with a high risk of metastases and poor overall
survival /¥

However, there is still no solid evidence regarding the (temporal) cause-effect relationships linking the microarchitectural changes of the
OTSCC stroma and the biochemical and macromolecular changes of the collagen protein. The main findings regarding tumor stroma in
OTSCC is based on histological investigations, which are unable to quantitatively characterize the different portions of stroma due to the
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Figure 5. Hyperspectral imaging of OTSCC

Hyperspectral imaging analysis of OTSCC sections representative of the extratumoral stroma (ExtraT), PeriT stroma near to OTSCC at stages |-V (named
respectively PeriT S-1, PeriT S-Il, PeriT S-lll, and PeriT S-1V), and IntraT stroma at stage IV (IntraT).

(A) Microphotographs of the mapped areas (164 X 164 um? size, with 4,096 pixel/IR spectra; spatial resolution: 2.56 x 2.56 um?; pink asterisks indicate the PeriT
areas).

(B and C) False color images showing the topographical distribution of (B) proteins (PROTEINS images) and (C) collagen (COLLAGEN images); false colorimages
were built by using a specific color scale, with blue referring to areas with the lowest absorbance values, while white/pink to those with the highest ones; due to
differences in the absorbance values, different scales were used for proteins and collagen.

(D) Hierarchical cluster analysis (HCA) images (green color defining the areas with higher proteins amounts, while orange specifically indicating regions richer in
collagen). Number of sections investigated: Nr. 70, two for each biopsy; on each section, an IR image was acquired respectively on the ExtraT, PeriT, and IntraT
areas.

lack of both 3D view and high-resolution structural information of macromolecules in the IntraT, PeriT, and ExtraT areas. More reliable data
can be obtained through investigations conducted on a large sample and through complementary techniques that provide significant infor-
mation not only on the microstructure and 3D shape complexity of the collagen bundles but also on the macromolecular characteristics of
collagen in the same analyzed tissues.

In this direction, in the present study we applied an innovative multidisciplinary and multiscale approach based on synchrotron PhC-
microCT and FTIRI spectroscopy. We recently used the same cross-linked method to successfully study the massive collagen production
in uterine leiomyoma'”; hence, we proposed the same workflow, as it proved to be highly effective to investigate collagen self-organization
in pathological conditions. The PhC-microCT morphometrical data revealed the presence of wide variability for all parameters, also in the
ExtraT regions: this could be related to the structural heterogeneity of the stroma between the different collected areas among the patients,
confirming that the tongue is an extremely heterogeneous anatomical site from a microarchitectural point of view. For this reason, statistical
analysis was performed through a repeated measures analysis of variance, comparing each ExtraT area with the corresponding PeriT and
IntraT ones (Figure 4). In terms of density, we observed and quantified the presence of a reduced amount of collagen bundles, thinner
and more spaced in the proximity of the tumor parenchyma. This result could suggest the presence of an immature collagen (IntraT area),
which is usually observed in infiltrative tumors, while a greater amount of thicker and closer collagen bundles should be attributable to a
mature and physiological collagen (ExtraT area). In this direction, other authors confirmed the prevalence of thin collagen bundles in
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Figure 6. IR spectra of OTSCC PeriT stroma

Average IR spectra representing the PeriT stroma in OTSCC samples from stages |-V (named respectively PeriT S-I, PeriT S-Il, PeriT S-lll, and PeriT S-IV). IR
spectra were extracted from collagen-rich clusters in HCA images and are reported in second derivative mode in the 1,720-900 cm™ range to better
highlight small differences among groups. The regions representative of proteins and collagen are indicated by dotted boxes and the position
(wavenumbers, cm ") of the main absorption peaks are reported.

metastatic and advanced-stage tumors.”’*® Synchrotron imaging data also showed different arrangements of the collagen fibers between
IntraT and ExtraT areas; indeed, it was demonstrated that the IntraT area has a greater isotropy, a smaller fractal dimension, and a very
reduced connectivity compared to the ExtraT areas. This information, read together in the light of a biomechanical rationale, outlines evi-
dence of compromised mechanical strength and tissue tension, and could explain the extreme dysfunctionality of the tumoral and PeriT
stroma. Thus, in the PeriT and IntraT stroma, the collagen alterations could promote the clustering of the neoplastic cells in small nests, sup-
porting the epithelial-to-mesenchymal transition (EMT). Synchrotron PhC-microCT results are corroborated by literature data; indeed, it has
been demonstrated that collagen bundle arrangement undergoes a progressive disorganization from clinically healthy mucosa to advanced
carcinomas.*”>°

However, no significant morphometrical mismatches were found by PhC-microCT in the PeriT region between the different OTSCC
stages. Conversely, FTIRI analysis showed significantly lower amounts of collagen in the PeriT stroma of advanced OTSCCs compared to early
ones, characterized also by a significant reduction of folded secondary structures.

Moreover, the correlation analysis among microstructural indices, macro-molecular parameters, and clinical stage in the PeriT area of
OTSCCs suggests the following observations: (1) there is a strong direct correlation between collagen bundle thickness and COLL/PRT ratio;
(2) there are strong inverse correlations between stage and both COLL/PRT and PRO/PRT ratios; (3) no relevant (“strong” or “very strong”)
correlation is present between the clinical stage and the microarchitectural collagen bundle parameters (bundle thickness, inter-spacing, and
volume percentage).

These data support the synchrotron results that did not detect any significant difference between the pathological stages in collagen
bundle microarchitectural organization. Conversely, the FTIRI analysis showed, at a finer (macromolecular) scale level, the presence of
collagen that progressively decreases with the progression of the clinical stages.

To the best of our knowledge, this evidence suggests that during tumor progression, the macromolecular deviations anticipate, at a tem-
poral level, the coarser 3D-organization modifications of the collagen bundles present in the stroma. Indeed, collagen type | (Col-l) degra-
dation seems to be the crucial step during the stepwise oral cancer tumorigenesis, as the main target of MMPs in desmoplastic tumors. In
particular, literature data showed a significantly higher expression of MMP-1, -2, -3, and -9 in the PeriT stroma of advanced OSCCs.”'>® More-
over, MMP-3 was found to be strongly expressed in the peripheral borders of invasive tumor islands of OSCC samples, where collagen fibers
appear to be disrupted and degraded.”” In fact, in the PeriT stroma, the stromal progenitor cells are constantly recruited and CAFs produce a
greater level of proteases, promoting the ECM degradation. In addition, MMPs can release bioactive fragments associated with other critical
pathways, promoting angiogenesis, tumor proliferation, and migration. Therefore, the ECM proteolytic remodeling and the activation of a
migratory cellular phenotype could represent a possible mechanism by which the MMPs were associated with poor survival outcomes. A
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Figure 7. Statistical analysis of spectral parameters

Statistical analysis of spectral parameters calculated in the extratumoral stroma (ExtraT), PeriT stroma near to OTSCC at stages |-IV (named respectively PeriT S-I,
PeriT S-Il, PeriT S-lll, and PeriT S-IV), and intratumoral stroma at stage IV (IntraT). Box-and-whisker diagrams of: (A) COLL/PRT (representative of the relative
amount of collagen respect to total proteins); (B) PRO/PRT (representative of the relative amount of proline respect to total proteins); (C) TRIPLE HELIX
(representative of the total amount of the triple helix structures in collagen); (D) ALPHA HELIX (representative of the total amount of a-helix structures in
collagen); (E) RANDOM (representative of random structures), and (F) p values. Upper and lower ends of boxes represent 75" and 25" percentiles. Max and
min values are reported. The median value is shown with a solid line. Statistical significance was set at p < 0.05. Number of sections investigated: 70, two for
each biopsy sample.

recent animal model study demonstrated that the growth and metastasis of pancreatic cancer cells depend on Col-I cleavage that activates
discoidin domain receptor 1 (DDR1) signaling. It has been shown that MMP-cleaved COL-I (cCOL-) fibers promote pancreatic ductal adeno-
carcinoma (PDAC) bioenergetics and the tumor growth and metastasis, so that PDAC patients with over-expression of cCOL-I and lower
expression of DDR1 showed poor survival outcomes. Therefore, the COL-| cleavage status could represent an important prognostic indicator
for cancer patients.”®>”

In conclusion, these data could provide a significant contribution to understanding the TME rearrangement during oral tumorigenesis, in
order to better comprehend the relationship between neoplastic epithelium and tumor stroma. Moreover, the morphometrical analysis of
staging parameters and adverse risk factors could be facilitated.

Limitations of the study

Having learned in the present study that biomolecular alterations temporally anticipate microarchitectural changes of the stroma in OTSCCs,
studying the intermediate hierarchical dimensions of collagen, from secondary to quaternary, in healthy and OTSCC contexts would be
necessary to better understand the entire pathological process and its effects on the mechanotransduction of biochemical signals. This lim-
itation of the present study will be overcome in follow-up investigations, which will be performed via second harmonic generation microscopy.
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Table 2. Spearman’s rank correlation analysis between the structural indices and the clinical-pathological data of the surgical samples in the PeriT

stroma
Stage COLL/PRT PRO/PRT Th Sp Vol. %
Stage p=1 —0.60° -0.77° -0.25 —0.48 0.29
p=1 0.001* 0.000" 0.188 0.009 0.132
COLL/PRT p=1 0.28 0.63" —0.03 0.49
p=1 0.147 0.000" 0.883 0.007
PRO/PRT p=1 0.07 0.44 0.43
p=1 0.702 0.016 0.020
Th p=1 0.18 0.48
p=1 0.344 0.009
Sp p= —0.69°
p= 0.000"
Vol. % p=1
p=1

®Statistically significant associations (p < 0.05) with “strong” and “very strong” correlations. (COLL/PRT, collagen/proteins; PRO/PRT, proline/proteins; Th, mean
collagen bundle thickness; Sp, mean collagen bundle spacing, Vol %: specific collagen volume).

ETHICS STATEMENT

The study received ethical approval from the institutional review board of Marche Polytechnic University (CERM 2019-308) and was conducted
in accordance with the Helsinki Declaration.*”

STARX*METHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O Data collection and preparation
o METHOD DETAILS
O Histological analysis
O Synchrotron radiation-based PhC-microCT
O Fourier Transform InfraRed Imaging
O BRISQ report for histology, PhC-microCT, and FTIRI
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/}.is¢i.2024.110303.

ACKNOWLEDGMENTS

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit-sectors. We acknowledge
Elettra Sincrotrone Trieste for providing access to its synchrotron radiation facilities and Dr. Giuliana Tromba for assistance in using beamline
SYRMEP.

We also acknowledge Euro-Biolmaging (www.eurobioimaging.eu) for providing access to imaging technologies and services via the PCl @
Italy—Phase Contrast Imaging Flagship Node Trieste (Trieste, Italy). The 3D reconstructions and the supplementary video for this paper were
generated using Dragonfly software, Version 2022.1 for Windows, Object Research Systems (ORS) Inc, Montreal, Canada, 2020; software avail-
able at http://www.theobjects.com/dragonfly.

N.R. has a doctorate fellowship (code n. DOT1353500-1) in the framework of PON RI 2014/2020, Action IV.4-"Doctorates and research con-
tracts on innovation issues”, DM 1061/2021, funded by the Ministry of University and Research (MUR), ltaly, FSE REACT-EU.

12 iScience 27, 110303, July 19, 2024


https://doi.org/10.1016/j.isci.2024.110303
http://www.eurobioimaging.eu
http://www.theobjects.com/dragonfly

iScience

AUTHOR CONTRIBUTIONS
Conceptualization, L.T., A.G., E.G., and M.M,; formal analysis, M.F., AB., C.S., N.R,, C.R., and M.M,; investigation, L.T., A.G., C.R.,, ASS., and
M.M.; methodology M.F., A.B., V.N., and C.S.; project administration, A.G. and E.G.; software, M.F., A.B., V.N., and C.S.; supervision, A.G.,
E.G., and M.M,; visualization, M.F., A.B., and N.R.; writing — original draft, L.T., M.F., A.B., N.R., A.G., and V.N.; writing — review & editing, L.T.,
M.F., A.G, CS., E.G, CR, AS., and M.M. All authors gave their final approval and agreed to be accountable for all aspects of the work.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: November 30, 2023
Revised: April 3, 2024
Accepted: June 16, 2024
Published: June 17, 2024

REFERENCES

1.

o~

~

[ee]

Plotnikov, S.V., Pasapera, A.M., Sabass, B.,
and Waterman, C.M. (2012). Force
fluctuations within focal adhesions mediate
ECM-rigidity sensing to guide directed cell
migration. Cell 157, 1513-1527. https://doi.
org/10.1016/j.cell.2012.11.034.

. Lo, C.M., Wang, H.B., Dembo, M., and Wang,

Y.L. (2000). Cell movement is guided by the
rigidity of the substrate. Biophys. J. 79,
144-152. https://doi.org/10.1016/S0006-
3495(00)76279-5.

. Togni, L., Caponio, V.C.A.,, Zerman, N,

Troiano, G., Zhurakivska, K., Lo Muzio, L.,
Balercia, A., Mascitti, M., and Santarelli, A.
(2022). The Emerging Impact of Tumor
Budding in Oral Squamous Cell Carcinoma:
Main Issues and Clinical Relevance of a New
Prognostic Marker. Cancers 14, 3571. https://
doi.org/10.3390/cancers14153571.

. Troiano, G., Rubini, C., Togni, L., Caponio,

V.C.A., Zhurakivska, K., Santarelli, A., Cirillo,
N., Lo Muzio, L., and Mascitti, M. (2020). The
immune phenotype of tongue squamous cell
carcinoma predicts early relapse and poor
prognosis. Cancer Med. 9, 8333-8344.
https://doi.org/10.1002/cam4.3440.

. Farhood, Z., Simpson, M., Ward, G.M.,

Walker, R.J., and Osazuwa-Peters, N. (2019).
Does anatomic subsite influence oral cavity
cancer mortality? A SEER database analysis.
Laryngoscope 129, 1400-1406. https://doi.
org/10.1002/lary.27490.

. Mascitti, M., Zhurakivska, K., Togni, L.,

Caponio, V.C.A., Aimangush, A., Balercia, P.,
Balercia, A., Rubini, C., Lo Muzio, L.,
Santarelli, A., and Troiano, G. (2020).
Addition of the tumour-stroma ratio to the
8th edition American Joint Committee on
Cancer staging system improves survival
prediction for patients with oral tongue
squamous cell carcinoma. Histopathology 77,
810-822. https://doi.org/10.1111/his.14202.

. Almangush, A., Alabi, R.O., Troiano, G.,

Coletta, R.D., Salo, T., Pirinen, M., Mékitie,
A.A., and Leivo, I. (2021). Clinical significance
of tumor-stroma ratio in head and neck
cancer: a systematic review and meta-
analysis. BMC Cancer 21, 480. https://doi.
org/10.1186/s12885-021-08222-8.

. Almangush, A., Heikkinen, I., Bakhti, N.,

Makinen, L.K., Kauppila, J.H., Pukkila, M.,
Hagstrém, J., Laranne, J., Soini, Y., Kowalski,
L.P., et al. (2018). Prognostic impact of
tumour-stroma ratio in early-stage oral
tongue cancers. Histopathology 72, 1128-
1135. https://doi.org/10.1111/his.13481.

. Bussard, K.M., Mutkus, L., Stumpf, K.,

Gomez-Manzano, C., and Marini, F.C. (2016).
Tumor-associated stromal cells as key
contributors to the tumor microenvironment.
Breast Cancer Res. 18, 84. https://doi.org/10.
1186/513058-016-0740-2.

. Morais, E.F., Morais, H.G., Martins, H.D.,

Carlan, L.M., Costa, A.D., and Freitas, R.D.
(2022). Prognostic and clinicopathological
significance of tumor-stroma ratio in head
and neck squamous cell carcinoma: A
systematic review. Med. Oral Patol. Oral Cir.
Bucal 27, e301-e309. https://doi.org/10.
4317/medoral.24922.

. Pietras, K., and Ostman, A. (2010). Hallmarks

of cancer: interactions with the tumor stroma.
Exp. Cell Res. 316, 1324-1331. https://dol.
org/10.1016/j.yexcr.2010.02.045.

. Valkenburg, K.C., de Groot, A.E., and Pienta,

K.J. (2018). Targeting the tumour stroma to
improve cancer therapy. Nat. Rev. Clin.
Oncol. 15, 366-381. https://doi.org/10.1038/
s41571-018-0007-1.

. Arneth, B. (2019). Tumor Microenvironment.

Medicina (Kaunas) 56, 15. https://doi.org/10.
3390/medicina56010015.

. Vered, M., Dobriyan, A., Dayan, D., Yahalom,

R., Talmi, Y.P., Bedrin, L., Barshack, I., and
Taicher, S. (2010). Tumor-host
histopathologic variables, stromal
myofibroblasts and risk score, are
significantly associated with recurrent disease
in tongue cancer. Cancer Sci. 101, 274-280.
https://doi.org/10.1111/}.1349-7006.2009.
01357 x.

. Amano, Y., Kihara, A., Hasegawa, M., Miura,

T., Matsubara, D., Fukushima, N., Nishino, H.,
Mori, Y., and Niki, T. (2022).
Clinicopathological and Prognostic
Significance of Stromal Patterns in Oral
Squamous Cell Carcinoma. Front. Med. 9,
859144, https://doi.org/10.3389/fmed.2022.
859144,

. Mascitti, M., Togni, L., Caponio, V.C.A,,

Zhurakivska, K., Lo Muzio, L., Rubini, C.,
Santarelli, A., and Troiano, G. (2022).
Prognostic significance of tumor budding
thresholds in oral tongue squamous cell
carcinoma. Oral Dis. 29, 1947-1958. https://
doi.org/10.1111/0di.14193.

. Kazerouni, A.S., Gadde, M., Gardner, A.,

Hormuth, D.A., Il, Jarrett, A.M., Johnson, K.E.,
Lima, E.A.F., Lorenzo, G., Phillips, C., Brock,
A., and Yankeelov, T.E. (2020). Integrating
Quantitative Assays with Biologically Based
Mathematical Modeling for Predictive

18.

19.

20.

21.

22.

24.

25.

26.

¢? CellPress

OPEN ACCESS

Oncology. iScience 23, 101807. https://doi.
org/10.1016/j.isci.2020.101807.

Cruz-Acuna, R., Vunjak-Novakovic, G.,
Burdick, J.A., and Rustgi, A.K. (2021).
Emerging technologies provide insights on
cancer extracellular matrix biology and
therapeutics. iScience 24, 102475. https://doi.
org/10.1016/}.isci.2021.102475.

Belloni, A., Furlani, M., Greco, S.,
Notarstefano, V., Pro, C., Randazzo, B.,
Pellegrino, P., Zannotti, A., Carpini, G.D.,
Ciavattini, A., et al. (2022). Uterine leiomyoma
as useful model to unveil morphometric and
macromolecular collagen state and
impairment in fibrotic diseases: An ex-vivo
human study. Biochim. Biophys. Acta, Mol.
Basis Dis. 1868, 166494. https://doi.org/10.
1016/j.bbadis.2022.166494.

Giuliani, A., Greco, S., Pacilg, S., Zannotti, A.,
Delli Carpini, G., Tromba, G., Giannubilo,
S.R., Ciavattini, A., and Ciarmela, P. (2019).
Advanced 3D Imaging of Uterine
Leiomyoma’s Morphology by Propagation-
based Phase-Contrast Microtomography.
Sci. Rep. 9, 10580. https://doi.org/10.1038/
541598-019-47048-0.

Alessia Belloni, E.M., Sagrati, A., Lorenzi, T.,
Balloni, A., Busardo, F.P., Notarstefano, V.,
Fabri, M., and Giorgini, E. (2023). Novel
Insights from Fourier-Transform InfraRed
Imaging onthe Morpho-Chemical Profile of
Human Corpus Callosum. Appl. Sci. 13, 3954.
https://doi.org/10.3390/app13063954.
Giorgini, E., Sabbatini, S., Conti, C., Rubini,
C., Rocchetti, R., Fioroni, M., Mem¢, L., and
Orilisi, G. (2017). Fourier Transform Infrared
Imaging analysis of dental pulp inflammatory
diseases. Oral Dis. 23, 484-491. https://doi.
org/10.1111/0di.12635.

. Vidal Bde, C., and Mello, M.L. (2011).

Collagen type | amide | band infrared
spectroscopy. Micron 42, 283-289. https://
doi.org/10.1016/j.micron.2010.09.010.

Stani, C., Vaccari, L., Mitri, E., and Birarda, G.
(2020). FTIR investigation of the secondary
structure of type | collagen: New insight into
the amide Ill band. Spectrochim. Acta Mol.
Biomol. Spectrosc. 229, 118006. https://doi.
org/10.1016/j.saa.2019.118006.

Belbachir, K., Noreen, R., Gouspillou, G., and
Petibois, C. (2009). Collagen types analysis
and differentiation by FTIR spectroscopy.
Anal. Bioanal. Chem. 395, 829-837. https://
doi.org/10.1007/500216-009-3019-y.

Licini, C., Notarstefano, V., Marchi, S.,
Cerqueni, G., Ciapetti, G., Vitale-Brovarone,

iScience 27, 110303, July 19, 2024 13



https://doi.org/10.1016/j.cell.2012.11.034
https://doi.org/10.1016/j.cell.2012.11.034
https://doi.org/10.1016/S0006-3495(00)76279-5
https://doi.org/10.1016/S0006-3495(00)76279-5
https://doi.org/10.3390/cancers14153571
https://doi.org/10.3390/cancers14153571
https://doi.org/10.1002/cam4.3440
https://doi.org/10.1002/lary.27490
https://doi.org/10.1002/lary.27490
https://doi.org/10.1111/his.14202
https://doi.org/10.1186/s12885-021-08222-8
https://doi.org/10.1186/s12885-021-08222-8
https://doi.org/10.1111/his.13481
https://doi.org/10.1186/s13058-016-0740-2
https://doi.org/10.1186/s13058-016-0740-2
https://doi.org/10.4317/medoral.24922
https://doi.org/10.4317/medoral.24922
https://doi.org/10.1016/j.yexcr.2010.02.045
https://doi.org/10.1016/j.yexcr.2010.02.045
https://doi.org/10.1038/s41571-018-0007-1
https://doi.org/10.1038/s41571-018-0007-1
https://doi.org/10.3390/medicina56010015
https://doi.org/10.3390/medicina56010015
https://doi.org/10.1111/j.1349-7006.2009.01357.x
https://doi.org/10.1111/j.1349-7006.2009.01357.x
https://doi.org/10.3389/fmed.2022.859144
https://doi.org/10.3389/fmed.2022.859144
https://doi.org/10.1111/odi.14193
https://doi.org/10.1111/odi.14193
https://doi.org/10.1016/j.isci.2020.101807
https://doi.org/10.1016/j.isci.2020.101807
https://doi.org/10.1016/j.isci.2021.102475
https://doi.org/10.1016/j.isci.2021.102475
https://doi.org/10.1016/j.bbadis.2022.166494
https://doi.org/10.1016/j.bbadis.2022.166494
https://doi.org/10.1038/s41598-019-47048-0
https://doi.org/10.1038/s41598-019-47048-0
https://doi.org/10.3390/app13063954
https://doi.org/10.1111/odi.12635
https://doi.org/10.1111/odi.12635
https://doi.org/10.1016/j.micron.2010.09.010
https://doi.org/10.1016/j.micron.2010.09.010
https://doi.org/10.1016/j.saa.2019.118006
https://doi.org/10.1016/j.saa.2019.118006
https://doi.org/10.1007/s00216-009-3019-y
https://doi.org/10.1007/s00216-009-3019-y

¢? CellPress

27.

28.

29.

30.

31

32.

33

34.

35.

36.

14

OPEN ACCESS

C., Giorgini, E., and Mattioli-Belmonte, M.
(2022). Altered type | collagen networking in
osteoporotic human femoral head revealed
by histomorphometric and Fourier transform
infrared imaging correlated analyses.
Biofactors 48, 1089-1110. https://doi.org/10.
1002/biof.1870.

Balan, V., Mihai, C.T., Cojocaru, F.D., Uritu,
C.M., Dodi, G., Botezat, D., and Gardikiotis, I.
(2019). Vibrational Spectroscopy
Fingerprinting in Medicine: from Molecular to
Clinical Practice. Materials 12, 2884. https://
doi.org/10.3390/ma12182884.

Martinez Cortizas, A., and Lopez-Costas, O.
(2020). Linking structural and compositional
changes in archaeological human bone
collagen: an FTIR-ATR approach. Sci. Rep. 10,
17888. https://doi.org/10.1038/s41598-020-
74993-y.

Belloni, A., Argentieri, G., Orilisi, G.,
Notarstefano, V., Giorgini, E., D'Addazio, G.,
Orsini, G., Caputi, S., and Sinjari, B. (2024).
New insights on collagen structural
organization and spatial distribution around
dental implants: a comparison between
machined and laser-treated surfaces.

J. Transl. Med. 22, 120. https://doi.org/10.
1186/512967-024-04906-4.

Takabatake, K., Kawai, H., Omori, H.,
Qiusheng, S., Oo, M.W., Sukegawa, S.,
Nakano, K., Tsujigiwa, H., and Nagatsuka, H.
(2020). Impact of the Stroma on the Biological
Characteristics of the Parenchyma in Oral
Squamous Cell Carcinoma. Int. J. Mol. Sci. 21,
7714. https://doi.org/10.3390/ijms21207714.
Marsh, D., Suchak, K., Moutasim, K.A.,
Vallath, S., Hopper, C., Jerjes, W., Upile, T.,
Kalavrezos, N., Violette, S.M., Weinreb, P.H.,
etal. (2011). Stromal features are predictive of
disease mortality in oral cancer patients.

J. Pathol. 223, 470-481. https://doi.org/10.
1002/path.2830.

Aivazian, K., Ebrahimi, A., Low, T.H., Gao, K.,
Clifford, A., Shannon, K., Clark, J.R., and
Gupta, R. (2015). Perineural invasion in oral
squamous cell carcinoma: quantitative
subcategorisation of perineural invasion and
prognostication. J. Surg. Oncol. 111,
352-358. https://doi.org/10.1002/js0.23821.
Shan, Q., Takabatake, K., Kawai, H., Oo, M.,
Inada, Y., Sukegawa, S., Fushimi, S., Nakano,
K., and Nagatsuka, H. (2022). Significance of
cancer stroma for bone destruction in oral
squamous cell carcinoma using different
cancer stroma subtypes. Oncol. Rep. 47, 81.
https://doi.org/10.3892/0r.2022.8292.

Shan, Q., Takabatake, K., Omori, H., Kawai,
H., Oo, M., Nakano, K., Ibaragi, S., Sasaki, A.,
and Nagatsuka, H. (2021). Stromal cells in the
tumor microenvironment promote the
progression of oral squamous cell carcinoma.
Int. J. Oncol. 59, 72. https://doi.org/10.3892/
ij0.2021.5252.

Ding, L., Zhang, Z., Shang, D., Cheng, J.,
Yuan, H., Wy, Y., Song, X., and Jiang, H.
(2014). a-Smooth muscle actin-positive
myofibroblasts, in association with epithelial-
mesenchymal transition and lymphogenesis,
is a critical prognostic parameter in patients
with oral tongue squamous cell carcinoma.
J. Oral Pathol. Med. 43, 335-343. https://doi.
org/10.1111/jop.12143.

D'Arcangelo, E., Wu, N.C., Cadavid, J.L., and
McGuigan, A.P. (2020). The life cycle of
cancer-associated fibroblasts within the
tumour stroma and its importance in disease
outcome. Br. J. Cancer 122, 931-942. https://
doi.org/10.1038/541416-019-0705-1.

iScience 27, 110303, July 19, 2024

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

. Qiu, J., Jiang, E., and Shang, Z. (2022).

Prognostic value of tumor-stroma ratio in oral
carcinoma: Role of cancer-associated
fibroblasts. Oral Dis. 29, 1967-1978. https://
doi.org/10.1111/0di.14203.

Huang, Z., Xie, N., Liu, H., Wan, Y., Zhu, Y.,
Zhang, M., Tao, Y., Zhou, H., Liu, X., Hou, J.,
and Wang, C. (2019). The prognostic role of
tumour-infiltrating lymphocytes in oral
squamous cell carcinoma: A meta-analysis.
J. Oral Pathol. Med. 48, 788-798. https://doli.
org/10.1111/jop.12927.

Mascitti, M., Rubini, C., De Michele, F.,
Balercia, P., Girotto, R., Troiano, G., Lo Muzio,
L., and Santarelli, A. (2018). American Joint
Committee on Cancer staging system 7th
edition versus 8th edition: any improvement
for patients with squamous cell carcinoma of
the tongue? Oral Surg. Oral Med. Oral
Pathol. Oral Radiol. 126, 415-423. https://doi.
org/10.1016/j.0000.2018.07.052.

Rani, P., Gupta, A.J., Mehrol, C., Singh, M.,
Khurana, N., and Passey, J.C. (2020).
Clinicopathological correlation of tumor-
stroma ratio and inflammatory cell infiltrate
with tumor grade and lymph node metastasis
in squamous cell carcinoma of buccal mucosa
and tongue in 41 cases with review of
literature. J. Cancer Res. Therapeut. 16,
445-451. https://doi.org/10.4103/0973-1482.
193113.

Dourado, M.R., Miwa, K.Y.M., Hamada, G.B.,
Paranaiba, L.M.R., Sawazaki-Calone, |.,
Domingueti, C.B., Ervolino de Oliveira, C.,
Furlan, E.C.B., Longo, B.C., Almangush, A.,
et al. (2020). Prognostication for oral
squamous cell carcinoma patients based on
the tumour-stroma ratio and tumour
budding. Histopathology 76, 906-918.
https://doi.org/10.1111/his.14070.

Huang, S., Cai, H., Song, F., Zhu, Y., Hou, C,,
and Hou, J. (2022). Tumor-stroma ratio is a
crucial histological predictor of occult cervical
lymph node metastasis and survival in early-
stage (cT1/2N0) oral squamous cell
carcinoma. Int. J. Oral Maxillofac. Surg. 57,
450-458. https://doi.org/10.1016/j.ijom.2021.
06.011.

Bello, I.O., Vered, M., Dayan, D., Dobriyan, A.,
Yahalom, R., Alanen, K., Nieminen, P.,
Kantola, S., L4ar4, E., and Salo, T. (2011).
Cancer-associated fibroblasts, a parameter
of the tumor microenvironment, overcomes
carcinoma-associated parameters in the
prognosis of patients with mobile tongue
cancer. Oral Oncol. 47, 33-38. https://doi.
org/10.1016/j.oraloncology.2010.10.013.
Vered, M., Dayan, D., Yahalom, R., Dobriyan,
A., Barshack, 1., Bello, 1.O., Kantola, S., and
Salo, T. (2010). Cancer-associated fibroblasts
and epithelial-mesenchymal transition in
metastatic oral tongue squamous cell
carcinoma. Int. J. Cancer 127, 1356-1362.
https://doi.org/10.1002/ijc.25358.

Costea, D.E., Johannessen, A.C., and
Vintermyr, O.K. (2005). Fibroblast control on
epithelial differentiation is gradually lost
during in vitro tumor progression.
Differentiation 73, 134-141. https://doi.org/
10.1111/].1432-0436.2005.00017 .x.

Salo, T., Vered, M., Bello, .O., Nyberg, P.,
Bitu, C.C., Zlotogorski Hurvitz, A., and Dayan,
D. (2014). Insights into the role of
components of the tumor microenvironment
in oral carcinoma call for new therapeutic
approaches. Exp. Cell Res. 325, 58-64.
https://doi.org/10.1016/].yexcr.2013.12.029.
Devendra, A., Niranjan, K.C., Swetha, A., and
Kaveri, H. (2018). Histochemical analysis of

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

iScience

collagen reorganization at the invasive front
of oral squamous cell carcinoma tumors.

J. Investig. Clin. Dent. 9, e12283. https://doi.
org/10.1111/jicd.12283.

Yu, M., Shen, W., Shi, X., Wang, Q., Zhu, L.,
Xu, X., Yu, J., and Liu, L. (2019). Upregulated
LOX and increased collagen content
associated with aggressive
clinicopathological features and unfavorable
outcome in oral squamous cell carcinoma.

J. Cell. Biochem. 120, 14348-14359. https://
doi.org/10.1002/jcb.28669.

Samyukta, S., AHR, H.P., Kumar, S., and V L,
P.S. (2022). An Evaluation of the
Prognosticative Value of Hyalinization in the
Biological Behaviour of Oral Lesions Using
Image Analysis. Asian Pac. J. Cancer Prev. 23,
2829-2834. https://doi.org/10.31557/APJCP.
2022.23.8.2829.

Sharma, R., Rehani, S., Mehendiratta, M.,
Kardam, P., Kumra, M., Mathias, Y., Yadav, J.,
and Sahay, K. (2015). Architectural Analysis of
Picrosirius Red Stained Collagen in Oral
Epithelial Dysplasia and Oral Squamous Cell
Carcinoma using Polarization Microscopy.

J. Clin. Diagn. Res. 9, EC13-EC16. https://doi.
org/10.7860/JCDR/2015/13476.6872.
Miguel, A.F.P., Mello, F.W., Melo, G., and
Rivero, E.R.C. (2020). Association between
immunohistochemical expression of matrix
metalloproteinases and metastasis in oral
squamous cell carcinoma: Systematic review
and meta-analysis. Head Neck 42, 569-584.
https://doi.org/10.1002/hed.26009.
Kurahara, S.I., Shinohara, M., lkebe, T,
Nakamura, S., Beppu, M., Hiraki, A., Takeuchi,
H., and Shirasuna, K. (1999). Expression of
MMPS, MT-MMP, and TIMPs in squamous
cell carcinoma of the oral cavity: correlations
with tumor invasion and metastasis. Head
Neck 21, 627-638. https://doi.org/10.1002/
(sici)1097-0347(199910)21:7 <627 ::aid-
hed7>3.0.co;2-2.

Kusukawa, J., Sasaguri, Y., Morimatsu, M.,
and Kameyama, T. (1995). Expression of
matrix metalloproteinase-3 in stage | and |l
squamous cell carcinoma of the oral cavity.
J. Oral Maxillofac. Surg. 53, 530-534. https://
doi.org/10.1016/0278-2391(95)90065-9.
Baker, E.A., Leaper, D.J., Hayter, J.P., and
Dickenson, A.J. (2006). The matrix
metalloproteinase system in oral squamous
cell carcinoma. Br. J. Oral Maxillofac. Surg.
44, 482-486. https://doi.org/10.1016/j.bjoms.
2005.10.005.

Suarez-Roa, M.L., Asbun-Bojalil, J., Ruiz-
Godoy, L.M., and Meneses-Garcia, A. (2012).
Immunoexpression of matrix
metalloproteinases and their inhibitors in
different areas of oral squamous cell
carcinoma. Aust. Dent. J. 57, 300-307. https://
doi.org/10.1111/}.1834-7819.2012.01705.x.
Mashhadiabbas, F., Mahjour, F., Mahjour,
S.B., Fereidooni, F., and Hosseini, F.S. (2012).
The immunohistochemical characterization
of MMP-2, MMP-10, TIMP-1, TIMP-2, and
podoplanin in oral squamous cell carcinoma.
Oral Surg. Oral Med. Oral Pathol. Oral Radiol.
114, 240-250. https://doi.org/10.1016/].
0000.2012.04.009.

Li, H.X., Zheng, J.H., Fan, H.X,, Li, H.P., Gao,
Z.X., and Chen, D. (2013). Expression of avp6
integrin and collagen fibre in oral squamous
cell carcinoma: association with clinical
outcomes and prognostic implications.

J. Oral Pathol. Med. 42, 547-556. https://doi.
org/10.1111/jop.12044.

Su, H., Yang, F., Fu, R., Trinh, B., Sun, N., Liu,
J., Kumar, A., Baglieri, J., Siruno, J., Le, M.,


https://doi.org/10.1002/biof.1870
https://doi.org/10.1002/biof.1870
https://doi.org/10.3390/ma12182884
https://doi.org/10.3390/ma12182884
https://doi.org/10.1038/s41598-020-74993-y
https://doi.org/10.1038/s41598-020-74993-y
https://doi.org/10.1186/s12967-024-04906-4
https://doi.org/10.1186/s12967-024-04906-4
https://doi.org/10.3390/ijms21207714
https://doi.org/10.1002/path.2830
https://doi.org/10.1002/path.2830
https://doi.org/10.1002/jso.23821
https://doi.org/10.3892/or.2022.8292
https://doi.org/10.3892/ijo.2021.5252
https://doi.org/10.3892/ijo.2021.5252
https://doi.org/10.1111/jop.12143
https://doi.org/10.1111/jop.12143
https://doi.org/10.1038/s41416-019-0705-1
https://doi.org/10.1038/s41416-019-0705-1
https://doi.org/10.1111/odi.14203
https://doi.org/10.1111/odi.14203
https://doi.org/10.1111/jop.12927
https://doi.org/10.1111/jop.12927
https://doi.org/10.1016/j.oooo.2018.07.052
https://doi.org/10.1016/j.oooo.2018.07.052
https://doi.org/10.4103/0973-1482.193113
https://doi.org/10.4103/0973-1482.193113
https://doi.org/10.1111/his.14070
https://doi.org/10.1016/j.ijom.2021.06.011
https://doi.org/10.1016/j.ijom.2021.06.011
https://doi.org/10.1016/j.oraloncology.2010.10.013
https://doi.org/10.1016/j.oraloncology.2010.10.013
https://doi.org/10.1002/ijc.25358
https://doi.org/10.1111/j.1432-0436.2005.00017.x
https://doi.org/10.1111/j.1432-0436.2005.00017.x
https://doi.org/10.1016/j.yexcr.2013.12.029
https://doi.org/10.1111/jicd.12283
https://doi.org/10.1111/jicd.12283
https://doi.org/10.1002/jcb.28669
https://doi.org/10.1002/jcb.28669
https://doi.org/10.31557/APJCP.2022.23.8.2829
https://doi.org/10.31557/APJCP.2022.23.8.2829
https://doi.org/10.7860/JCDR/2015/13476.6872
https://doi.org/10.7860/JCDR/2015/13476.6872
https://doi.org/10.1002/hed.26009
https://doi.org/10.1002/(sici)1097-0347(199910)21:7&lt;627::aid-hed7&gt;3.0.co;2-2
https://doi.org/10.1002/(sici)1097-0347(199910)21:7&lt;627::aid-hed7&gt;3.0.co;2-2
https://doi.org/10.1002/(sici)1097-0347(199910)21:7&lt;627::aid-hed7&gt;3.0.co;2-2
https://doi.org/10.1016/0278-2391(95)90065-9
https://doi.org/10.1016/0278-2391(95)90065-9
https://doi.org/10.1016/j.bjoms.2005.10.005
https://doi.org/10.1016/j.bjoms.2005.10.005
https://doi.org/10.1111/j.1834-7819.2012.01705.x
https://doi.org/10.1111/j.1834-7819.2012.01705.x
https://doi.org/10.1016/j.oooo.2012.04.009
https://doi.org/10.1016/j.oooo.2012.04.009
https://doi.org/10.1111/jop.12044
https://doi.org/10.1111/jop.12044

iScience

59.

60.

61.

62.

etal. (2022). Collagenolysis-dependent DDR1
signalling dictates pancreatic cancer
outcome. Nature 610, 366-372. https://doi.
org/10.1038/s41586-022-05169-z.

Su, H., and Karin, M. (2023). Collagen
architecture and signaling orchestrate cancer
development. Trends Cancer 9, 764-773.
https://doi.org/10.1016/j.trecan.2023.06.002.
Snaedal, J. (2014). [The Helsinki Declaration].
Laeknabladid 700, 135. https://doi.org/10.
17992/1b1.2014.03.533.

Schindelin, J., Arganda-Carreras, |., Frise, E.,
Kaynig, V., Longair, M., Pietzsch, T., Preibisch,
S., Rueden, C., Saalfeld, S., Schmid, B., et al.
(2012). Fiji: an open-source platform for
biological-image analysis. Nat. Methods 9,
676-682. https://doi.org/10.1038/
nmeth.2019.

Moore, H.M,, Kelly, A.B., Jewell, S.D.,
McShane, L.M., Clark, D.P., Greenspan, R.,

63.

64.

Hayes, D.F., Hainaut, P., Kim, P., Mansfield,
E.A., et al. (2011). Biospecimen reporting for
improved study quality (BRISQ). Cancer
Cytopathol. 119, 92-102. https://doi.org/10.
1002/cncy.20147.

Amin, M.B., Greene, F.L., Edge, S.B.,
Compton, C.C., Gershenwald, J.E.,
Brookland, R.K., Meyer, L., Gress, D.M., Byrd,
D.R., and Winchester, D.P. (2017). The Eighth
Edition AJCC Cancer Staging Manual:
Continuing to build a bridge from a
population-based to a more "personalized"”
approach to cancer staging. CA A Cancer J.
Clin. 67, 93-99. https://doi.org/10.3322/caac.
21388.

El-Naggar, A.K. (2017). Editor's perspective
on the 4th edition of the WHO head and neck
tumor classification. J. Egypt Natl. Cancer
Inst. 29, 65-66. https://doi.org/10.1016/].jnci.
2017.03.003.

65.

66.

67.

¢? CellPress

OPEN ACCESS

Brun, F., Massimi, L., Fratini, M., Dreossi, D.,
Billé, F., Accardo, A., Pugliese, R., and
Cedola, A. (2017). SYRMEP Tomo Project: a
graphical user interface for customizing CT
reconstruction workflows. Adv. Struct. Chem.
Imag. 3, 4. https://doi.org/10.1186/s40679-
016-0036-8.

Paganin, D., Mayo, S.C., Gureyev, T.E., Miller,
P.R., and Wilkins, S.W. (2002). Simultaneous
phase and amplitude extraction from a single
defocused image of a homogeneous object.
J. Microsc. 206, 33-40. https://doi.org/10.
1046/j.1365-2818.2002.01010.x.

Fazzalari, N.L., and Parkinson, |.H. (1996).
Fractal dimension and architecture of
trabecular bone. J. Pathol. 178, 100-105.
https://doi.org/10.1002/(SICI)1096-
9896(199601)178:1<100::AID-PATH429>3.0.
CO;2-K.

iScience 27, 110303, July 19, 2024 15



https://doi.org/10.1038/s41586-022-05169-z
https://doi.org/10.1038/s41586-022-05169-z
https://doi.org/10.1016/j.trecan.2023.06.002
https://doi.org/10.17992/lbl.2014.03.533
https://doi.org/10.17992/lbl.2014.03.533
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1002/cncy.20147
https://doi.org/10.1002/cncy.20147
https://doi.org/10.3322/caac.21388
https://doi.org/10.3322/caac.21388
https://doi.org/10.1016/j.jnci.2017.03.003
https://doi.org/10.1016/j.jnci.2017.03.003
https://doi.org/10.1186/s40679-016-0036-8
https://doi.org/10.1186/s40679-016-0036-8
https://doi.org/10.1046/j.1365-2818.2002.01010.x
https://doi.org/10.1046/j.1365-2818.2002.01010.x
https://doi.org/10.1002/(SICI)1096-9896(199601)178:1&lt;100::AID-PATH429&gt;3.0.CO;2-K
https://doi.org/10.1002/(SICI)1096-9896(199601)178:1&lt;100::AID-PATH429&gt;3.0.CO;2-K
https://doi.org/10.1002/(SICI)1096-9896(199601)178:1&lt;100::AID-PATH429&gt;3.0.CO;2-K

¢? CellPress iScience
OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

OTSCC tissue samples Pathology Institute, Marche CERM 2019-308
Polytechnic University

Chemicals, peptides, and recombinant proteins

Mayer’s Hematoxylin Bio-Optica 05-M06002
Eosin CARLO ERBA Reagents 446664
Masson'’s Trichrome Stain Kit, Artisan™ Agilent Dako AR17392

Software and algorithms

SYRMEP Tomo Project software Elettra Sincrotrone Trieste SCpA https://github.com/ElettraSciComp/

Dragonfly software Comet Technologies Canada Inc. https://www.theobjects.com/
dragonfly/index.html

ImageJ software v.2.9.0 — FlJI package Schindelin et al.®’ https://imagej.net/ij/

OPUS software v.7.5 Bruker Optics https://www.bruker.com/
CytoSpec software v.2.00.01 Peter Lasch https://www.cytospec.com/
GRAMS/Al v.9.1 Galactic Industries, Inc. https://www.gramssuite.com/
GraphPad Prism v.8.0 GraphPad Software https://www.graphpad.com/
SPSS statistical software v.25.0 IBM Corporation https://www.ibm.com/spss
RESOURCE AVAILABILITY

Lead contact

Further information and request for resources and reagents should be directed to and will be fulfilled by the lead contact, Alessandra Giuliani
(a.giuliani@staff.univpm.it).

Materials availability

The study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Data collection and preparation

The study included patients with histological diagnosis of OTSCC, surgically treated with curative intent at the Department of Maxillofacial
Surgery, "Ospedali Riuniti” General Hospital, Ancona, Italy, between 1997 and 2018. A total of 35 patients (23 males and 12 females) of Cauca-
sian ethnicity, all Italian from the Marche region, were included; further information related to the participants can be found in the Results
section. Informed consent was obtained from all patients and the study received ethical approval from the institutional review board of Mar-
che Polytechnic University (CERM 2019-308). It was conducted in accordance with the Helsinki Declaration®® and BRISQ checklist (Supple-
mental Materials).®” The clinicopathological data were collected from the archive of the Pathology Institute, Marche Polytechnic University,
Italy, and from clinical records, by a single examiner to ensure their uniformity. Inclusion criteria were primary OTSCC (International Classifi-
cation of Disease-10: C02.0, C02.1, C02.2 e C02.3), age > 18 years, no preoperative chemo- or radiation therapy, no human papilloma virus
infection (assessed by HPV 16-specific fluorescence in situ hybridization and p16Ink4a-specific immunohistochemistry), and follow-up data of
at least 3 years for living patients. Exclusion criteria were oral cancers involving other anatomical subsites, OTSCC with no precise identifica-
tion of the origin site, and relapsed or secondary OTSCCs. The surgical samples were further stratified to allocate the similar number of pa-
tients in each pathological stage group (I, II, Ill, and IV). Recall for the updating of follow-up data was made by phone call by a single operator,
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blinded to clinicopathological data and group allocation. All patients had postoperative follow-up every 2 months for the first year, every
3 months during the second year, and every 6 months thereafter. If a patient had symptoms or signs of suspected recurrence, an immediate
postoperative visit was scheduled.

METHOD DETAILS
Histological analysis

To confirm the original diagnosis, for each case, 4-um thick serial sections were cut from formalin fixed, paraffin-embedded (FFPE) blocks,
which included the most invasive part of the primary tumor (the same routinely used to assess the depth of invasion status).

To confirm the original diagnosis and to assess the quality of the biospecimens, each sample was histologically revaluated and
reclassified by 2 expert pathologists, blinded to the clinicopathological data, according to the 8th Edition of American Joint Committee
on Cancer (AJCC) Cancer Staging Manual®® and 4" Edition of Word Health Organization (WHO) Classification of Head and Neck
tumors.*

The histopathological evaluation of the morphological parameters was performed by the oral pathologists, on the Haematoxylin (Bio-
Optica, id.05-M06002, Milan, Italy) and eosin (CARLO ERBA Reagents, id.446664, Milan, Italy) (H&E) stained sections, using an Olympus
BM50 optical microscope (Olympus, Tokyo, Japan). Any disagreement between the pathologists was resolved by unanimous consensus.
For each case, the following morphological parameters were evaluated: (a) Pattern of invasion, according to Brandwein-Gensler et al. [64]:
POI was evaluated at low magnification (x4) along the infiltrative tumor front. POI-1 was assigned to tumors with pushing, well-delineated
infiltrating borders; POI-2 to tumors with infiltrating, solid cords, bands and/or strands; POI-3 to tumors with small groups or cords of infil-
trating cells (n>15); POI-4 to tumors with marked and widespread cellular dissociation in small groups of cells (n<15) and/or in single cells;
POI-5 to tumors with tumour satellites of any size >1 mm away from main tumour or next closest satellite with intervening normal tissue.
Furthermore, for each sample, the WPOI and the PPOI were scored. For the WPOI no minimal cut-off value was established; (b) Tumor
budding: the tumoral infiltrative front was initially scanned at low magnification (x4) to select the area with the greatest number of budding
foci ("hotspot area”). Then, the number of TB was counted in the hotspot area at higher magnification (x20); (c) Tumor stroma ratio, according
to Mascitti et al.,[6]: the tumoral infiltrative front was initially scanned at low magnification (x4) to identify the most invasive area with the high-
est percentage of stroma. Later, the same area was evaluated at high magnification (x 20) to select a single high-power field where tumour cell
nests were present at all borders of the selected image field. The percentage of stroma tissue was manually estimated per 10-fold, per image
field; subsequently, patients were dichotomised in two groups, considering the optimal threshold of neoplastic tissue percentage, deter-
mined by Mesker et al.[65]: a stroma-rich group (TSR<50%); and a stroma-poor group (TSR>50%); and (d) Immunophenotype: The density
and localization of tumor-infiltrating lymphocytes (TILs) were determined based on the recommendation of the International TILs Working
Group. For each sample, the H&E-stained section was fully assessed at low magnification (x4). Subsequently, the presence of TlLs was eval-
uated in the stromal compartment of five random high-power fields (x20), considering all the percentage of the area occupied by mononu-
clear cells within the borders of the invasive tumor. The area percentage was estimated per 10-fold per image-field, and the mean value of
scored percentages was considered for each sample[66]. Based on the results, patients were divided into the following groups: “immune-
inflamed” phenotype (the mean percentage of lymphocytes inside the tumor mass in proximity to the tumor cells was >10%, regardless
the percentage of stromal TILs around the tumor border); “immune-excluded” phenotype (the mean percentage of stromal lymphocytes
around the tumor border was >10% with a negligible amount of intratumoral lymphocytes [<10%]); and “immune-desert” phenotype (the
mean percentage of lymphocytes detected both in the tumor mass and in the stromal area was negligible [<10%])[4].

Furthermore, each sample was also submitted to histochemical analysis using Masson’s Trichrome staining (Masson’s Trichrome Stain Kit,
Artisan™, AR17392, Agilent Dako) to characterize the main components of the connective tissue: the staining highlights the presence of mus-
cle (red-staining), collagen (blue-staining), fibrin (pink staining), erythrocytes (red-staining) and nuclei (blue/black-staining).

Synchrotron radiation-based PhC-microCT

The histological analysis also allowed to highlight areas containing both the tumor mass and the extratumoral region. Hence, for each biopsy,
a cylindrical sample (diameter = 2 mm; height = 3+4 mm) was cut from the most invasive area with the highest stroma percentage using a
13-gauge bone-marrow transplant needle (Hospital Service SpA, Aprilia, Italy).

All the nr.35 cylindrical samples were investigated by PhC-microCT scanning, which was performed at SYRMEP beamline, ELETTRA Syn-
chrotron Facility, Trieste, Italy, using the white beam and the following settings: silicon filter (thickness = 0.5 mm); peak energy = 17 keV; num-
ber of projections/180°: 1800; angular step = 0.1°; exposure time/single projection = 0.2 s; sample-detector distance = 100 mm; pixel size =
890 nm. Data acquisition was scheduled in a single session to avoid image biases related to different working cycles.

The tomographic reconstruction was performed at the Physics Laboratory, Marche Polytechnic University, Italy, using the SYRMEP Tomo
Project software,®” through the Paganin’s method.®® The &/ ratio was set to 100. For each sample a volume of 6 mm? (2048 x2048x 2048
pixel®) was acquired and reconstructed. Subvolumes of interest (VOI - 0.1 mm?) were extrapolated both from the peritumoral, intratumoral
and extratumoral stroma, using 3D-visualization and the orthographic projections in the Dragonfly software (v.2022.1, ORS, Montréal,
Quebec), and pre-processing with the Frangi3D filter. The 3D microstructural analysis was performed using the BoneJ tool of FIJI (ImageJ
v.2.9.0)°' to characterize the following morphological indices: the collagen specific volume (Vol.%), measuring the collagen density, i.e.
the ratio between the collagen volume and the total volume of the investigated VOI; the mean collagen bundle Thickness (Th; um) and
the mean collagen bundle Spacing (Sp; um), measuring the mean distance between two collagen bundles. The 3D orientation and
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arrangement indices (namely, the Anisotropy Degree (DA), the Connectivity Density (Conn.D; pm3), and the Fractal Dimension (Fr.Dim)) were
also calculated. DA was used to quantify the directionality of the collagen bundles; it evaluates whether the bundles have a certain orientation,
or if they're randomly aligned. The method to measure anisotropy is fairly complex and consists of multiple steps: find mean intercept length
(MIL) vectors from n directions; plot MIL vectors into a point cloud; solve the equation of an ellipsoid that best fits the point cloud; calculate the
degree of anisotropy from the radii of the ellipsoid. DA = 0.0 means the image is completely isotropic, thus the sample has no directionality
whatsoever; DA = 1.0 means there is an extreme prevailing orientation in the structure of the image. Conn.D parameter is designed to es-
timate the number of connected structures i.e. bundles in a network. This connectivity measure is related to a topological number ¥ known
as Euler number. Mathematically, connectivity is defined =1—(y+A%), where  describes the shape or structure of a topological space and the
term Ay, corrects for the change in the topology of an object, when it is cut to pieces; the input image must be 3D and binary; the resulting
parameter is the Connectivity density (Conn.D): number of elements per unit volume, showing higher values for better-connected collagen
bundles and lower values for poorly connected ones. The fractal dimension (FrD) parameter estimates the fractal dimension of a stack of im-
ages by applying the box-counting algorithm. In this algorithm grids of diminishing size are scanned over the image, and the number of boxes
containing at least one foreground voxel is counted. As the box size decreases and the grid becomes finer, the proportion of foreground
boxes increases in a fractal structure. In 3D the FrD value ranges from 2 (planar distribution) to 3 (fully 3D distribution).The box-counting al-
gorithm, with the following starting setup was used®’: box initial size [px]: 48; smallest box size [px]: 6; box scale factor: 1.2; grid translation: 0.
The mean Fiber Length was studied using the BoneJ Analyze Skeleton tool after removing the noise and binarizing.

Fourier Transform InfraRed Imaging

FTIRI measurements were carried out at the Advanced Research Instrument (ARI) Laboratory, Department of Life and Environmental Sciences,
Marche Polytechnic University, by a Bruker INVENIO-R interferometer coupled with a Hyperion 3000 Vis-IR microscope and a Focal Plane
Array detector (Bruker Optics, Ettlingen, Germany). The FPA detector is an array detector, usually applied for high resolution spectral imaging
analysis of non-homogeneous samples, such as tumoral tissues.

Overall, Nr. 2 sections (7-um thickness) were cut from each cylindrical sample and deposited onto CaF; optical windows. On each section,
IR images were acquired in transmission mode in the intratumoral, peritumoral, and extratumoral regions (15x condenser/objective; 4000—
900 e spectral range; spectral resolution 4 cm™; 256 scans). Each image was sized 164X 164 um?, and contained 4096 pixels/spectra, with a
spatial resolution of 2.56x2.56 um?. Before each acquisition, the background spectrum was collected with the same setup on a clean portion
of the CaF; optical window. All IR images were pre-processed to avoid the contributions of atmospheric carbon dioxide and water vapour,
and vector normalized to correct variations in section thickness (respectively Atmospheric Compensation, and Vector Normalization routines;
OPUS 7.5 software package, Bruker Optics, Ettlingen, Germany).

On pre-processed IR images, the topographical distribution of proteins and collagen was highlighted by integration under the following
spectral regions: 1720-1470 ecm™ (PROTEINS images) and 1299-1184 cm” (COLLAGEN images). Different color scales were used: blue color
referring to areas with the lowest absorbance values, while light pink/white to regions with the highest ones. Pre-processed IR images were
also subjected to Hierarchical Cluster Analysis (HCA), using Euclidean distance and Ward's method (CytoSpec software v. 2.00.01). The
average IR spectra were extracted from the collagen-rich areas identified by HCA and submitted to peak fitting analysis in the 1720-
1470 cm™ and 1360-1184 cm™’ spectral ranges (Euclidean distance; Gaussian function) (GRAMS/AI 9.1, Galactic Industries, Inc., Salem,
New Hampshire). For each underlying peak, the position detected by Second Derivative minima analysis and expressed as wavenumbers,
and the integrated area was obtained.

Spectral data were used to calculate the following band area ratios: COLL/PRT (ratio between the area of the spectral range 1299-1184 cm”
" and the area of the spectral range 1720-1470 ecm™); PRO/PRT (ratio between the area of the band at 1342 cm™" and the area of the spectral
range 1720-1470 cm™); RANDOM (ratio between the area of the band at 1262 cm™" and the area of the range 1360-1184 cm™); TRIPLE HELIX
(ratio between the area of band at 1280 cm™' and the area of the range 1360-1184 ecm™"), and ALPHA HELIX (ratio between the area of the band
at 1320 cm™" and the area of the range 1360-1184 cm™).

BRISQ report for histology, PhC-microCT, and FTIRI

Regarding sample acquisition, collection, stabilization, and preservation for histological analysis, the following protocol was conducted in accor-
dance with standard operating procedures adopted by Pathology Unit, Department of Biomedical Sciences and Public Health, Marche Poly-
technic University, Ancona, ltaly (n. protocol: PO01.1003.AP) and with Italian Ministry of Health Guideline regarding management of materials
for diagnostic purposes in pathology (REF: https://www.salute.gov.it/portale/documentazione/pé_2_2_1.jsp?lingua=italiano&id=2369). More
detailed information about standard operating procedures is available to others upon request (Prof. C. Rubini, mail: corrado.rubini@
ospedaliriuniti.marche.it).

Surgical samples of Oral Tongue Squamous Cell Carcinoma (OTSCC) came from patients treated with a curative intent at “Ospedali Riu-
niti” General Hospital (Ancona, ltaly). The in vivo ischemic time (i.e., the time from the interruption of the blood supply to the tumor by the
surgeon to the excision of the tissue specimen) was not known, although it never exceeded 3 hours. After the complete excision of tumor
tissue, the surgical samples were sent within 30 minutes to the laboratories of the Pathology Unit in a standardized container to conduct
an intraoperative pathology examination of the resection margins. The masses of the tumor tissue were then subjected to fixation in 10%
neutral buffered formalin (NBF), with an ex vivo ischemic time (i.e., the time from excision to the initiation of tissue fixation) within 30 minutes.
During this phase, surgical samples were exposed to a room temperature range of 19-22°C.
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Samples were fixed at room temperature range of 20-25°C for 24-48 hours in 10% NBF formalin, in order to ensure complete fixation of the
tissue samples. After that, samples were embedded in paraffin wax through Leica ASP6025 S tissue processor (Leica Biosystems Nussloch
GmbH, Nussloch, Germany), Bio-optica BEC 150 paraffin embedding station and Bio-optica BTP 170 cooling plate (Bio-Optica SpA, Milan,
Italy) according to the following protocol:

Step Reagent Time (min:sec)
1 70% ethanol 30:00
2 80% ethanol 30:00
8 95% ethanol 30:00
4 100% ethanol 30:00
5 100% ethanol 60:00
6 100% ethanol 90:00
7 Xylene 45:00
8 Xylene 45:00
9 Xylene 90:00
10 Paraffin 60:00
1 Paraffin 60:00
12 Paraffin 90:00

After that, formalin-fixed, paraffin-embedded (FFPE) blocks of maximum size 32 x 25 x é mm were obtained, each containing a tissue
sample of maximum size 25 x 20 X 4 mm.

For the first six months after preparation, paraffin tissue sections are stored in dedicated boxes in a temporary archive located within the
Pathology Unit, characterized by a temperature (<27°C) and humidity (30-70%) controlled environment. After that, paraffin tissue sections are
transferred for definitive storage (>10 years) by an operator into dedicated containers in an archive located within the “Ospedali Riuniti” Gen-
eral Hospital, characterized by a temperature (19-24°C) and humidity (40-60%) controlled environment. During transport, lasting <15 min, the
samples are exposed to the temperature and humidity conditions of the environment, in accordance with the standard operating procedures.

To confirm the original diagnosis and to assess the quality of the biospecimens relevant to the subsequent analysis, such as adequate
amount of tissue in the FFPE block (minimum size 15 x 10 X 2 mm) and absence of extensive areas of necrotic or hemorrhagic tissue,
each sample was histologically revaluated before experimental analysis by 2 expert pathologists. For each case, 4-um serial sections from
FFPE blocks were carried out by Leica RM2125 RTS rotary microtome (Leica Biosystems) until obtaining slices in which the whole area of
the tissue is present. By using a brush, the slices were placed in a tray with cold water and then on microscope slides in a thermostatic
bath at the temperature of 46°C. Finally, the slides were placed on a dedicated basket in a thermostat at 50-57°C until completely dry. Serial
sections were obtained from FFPE blocks including the most invasive part of the primary tumor (i.e., the same routinely used to assess the
depth of invasion status). Before slides were coverslipped through Leica CV5030 coverslipper (Leica Biosystems), hematoxylin-eosin-stained
sections were obtained through Leica Autostainer XL (ST5010) automated slide stainer (Leica Biosystems) according to the following protocol:

Step Reagent Time (min:sec)
1 Oven (65°C) 10:00
2 Xylene 2:00
3 Xylene 2:00
4 100% alcohol 2:00
5 100% alcohol 2:00
6 70% alcohol 1:00
7 Wash medium 2:00
8 Hematoxylin 5:00
9 Wash medium 2:00
10 HCl alcohol 0:02
11 Wash medium 3:00
12 Scott’s medium 3:00

(Continued on next page)
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Continued

Step Reagent Time (min:sec)
13 Wash medium 3:00

14 Eosin 2:00

15 95% alcohol 0:30

16 100% alcohol 2:00

17 100% alcohol 2:00

18 100% alcohol 2:00

19 Xylene 1:00

Regarding sample acquisition, collection, stabilization, and preservation for PhC-microCT analysis, cylindrical sections from FFPE blocks,
stored in a dedicated box and with temperature (<27°C) and humidity (30-70%) controlled environment away from light sources, were brought
to the Italian Phase Contrast Imaging Flagship Node (SYRMEP beamline of the ELETTRA Synchrotron Facility, Trieste, Italy) for data acqui-
sition. The experiment received the availability for 9 shifts, able to analyze the 36 surgical specimens in 72 hours, including the technical times
and the optimization of settings. For each PhC-microCT acquisition, one sample was fixed to the metallic flat plate (sample holder) with a
fixing vax at the lower base of the specimen. All the scans were performed using white X-ray beam (peak energy = 17 keV) filtered with a silicon
plate (thickness = 0.5 mm); the exposure time per projection was set to 0.2 s, with a collection of 1800 projections over a total range of 180°; the
sample-detector distance was set to 100 mm, resulting in a pixel size of 890 nm. Data acquisition was conducted from 10 to 12 September
2021. After each sample acquisition, it was removed by the users and stored again in the dedicated box with controlled environment.

Regarding sample acquisition, collection, stabilization, and preservation for FTIRI analysis, cylindrical sections from FFPE blocks were
brought from the Italian Phase Contrast Imaging Flagship Node (Trieste, Italy) to the Department of Life and Environmental Sciences, Poly-
technic University of Marche (Ancona, ltaly), stored in a dedicated box and with temperature (<27°C) and humidity (30-70%) controlled envi-
ronment away from light sources. All phases of FTIRI analysis were performed in a room with controlled temperature (19°C). The specimens
were embedded again in paraffin to make easier the cut of the sections that would be submitted to FTIRI analysis. The procedure involved the
use of liquid paraffin to embed the cylindrical sections in a larger device without dissolve the pre-existing embedding, and hence without
undergone the OTSCC sample to further manipulations. After the solidification of the wax, the re-embedded OTSCC blocks were stored
at room temperature in dedicated glass containers before proceeding with their cut.

For FTIRI analysis, for each FFPE sample, 7-um serial sections from paraffin embedded blocks were cut at ~150 um away each other by a
microtome. The sections were deposited onto CaF, optical windows (1 mm thick, 13 mm diameter) and let air-dry for 30 min.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis was performed using GraphPad Prism version 8.00 (GraphPad Software) and SPSS statistical software version 25.0 (IBM
Corporation). One-way analysis of variance (ANOVA) and Tukey's multiple comparisons test evaluated the differences among groups exam-
ined by both PhC-microCT and FTIRI measurements. Correlation analysis between the collagen bundles morphometric indices, FTIRI fea-
tures, and clinicopathological stage were explored by Spearman rank correlation analysis. A P-value of <0.05 was accepted as statistically
significant for all tests. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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