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In brief

Sugiyama et al. performed label-free
Raman imaging of human and murine
ascending thoracic aortic aneurysms
(aTAAs). Using Raman spectra for
multivariate data analysis, they identify
spectral biomarkers for aTAA in elastic
fibers and collagen fibers, Ce1, and Cc6,
respectively, that are significantly
increased in aTAA lesions.
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SUMMARY

Aortic rupture and dissection are life-threatening complications of ascending thoracic aortic aneurysms
(aTAAs), and risk assessment has been largely based on the monitoring of lumen size enlargement. Temporal
changes in the extracellular matrix (ECM), which has a critical impact on aortic remodeling, are not routinely
evaluated, and cardiovascular biomarkers do not exist to predict aTAA formation. Here, Raman microspec-
troscopy and Raman imaging are used to identify spectral biomarkers specific for aTAAs in mice and humans
by multivariate data analysis (MVA). Multivariate curve resolution-alternating least-squares (MCR-ALS) com-
bined with Lasso regression reveals elastic fiber-derived (Ce1) and collagen fiber-derived (Cc6) components
that are significantly increased in aTAA lesions of murine and human aortic tissues. In particular, Cc6 detects
changes in amino acid residues, including phenylalanine, tyrosine, tryptophan, cysteine, aspartate, and
glutamate. Ce1 and Cc6 may serve as diagnostic Raman biomarkers that detect alterations of amino acids

derived from aneurysm lesions.

INTRODUCTION

Ascending thoracic aortic aneurysms (aTAAs) are life threat-
ening because of sudden rupture and dissection without any
detectable symptoms.’ The aortic diameter in aTAA increases
at least 50% compared to the normal thoracic aorta,” and the
maximum aortic diameter is used as a criterion for surgical
repair. However, patients with an aortic diameter of <5.5 cm
could develop acute dissection,® indicating an unmet need
for diagnostic tools that consider the integrity of the aneurysmal
wall.

General risk factors of aortic aneurysms are smoking, hyper-
tension, inflammation, hyperlipidemia, and aging. aTAAs are
frequently associated with mutations in components of the
extracellular matrix (ECM), including fibrillin-1 in Marfan syn-
drome,” type Il al-collagen in Ehlers-Danlos type III,> lysyl
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hydroxylase 1 in Ehlers-Danlos type XI,° and fibulin-4 (FBLN4 en-
coded by EFEMP?2) in cutis laxa syndrome.”*® Activation of the
transforming growth factor B (TGF-B) pathway is observed in
Marfan syndrome and Loeys-Dietz syndrome.? In addition, mu-
tations in the genes involved in the generation of contractile
forces in smooth muscle cells (SMCs) have been identified in fa-
milial TAAs and dissections.'® Therefore, the causal genes for
TAAs encompass the ECM to cellular components along the
elastin-contractile units.""

Medial necrosis and disruption of elastic fibers are character-
istic pathological features of human aTAA. Massive accumula-
tions of proteoglycans, such as aggrecan and versican,'? and
phenotypic switching of SMCs have been observed,'® which
can be caused by alterations in ECM components, including
FBLN4," fibulin-5,"> and collagen VIII.'® These observations
suggest that pathological changes involved in aneurysms
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include cellular and extracellular changes in the vessel wall in
addition to increased lumen size.

FBLN4 and fibulin-5 (FBLN5) are major elastic fiber-associ-
ated proteins and are essential for elastogenesis in vivo.'” Muta-
tions of FBLN4 and FBLN5 have been identified in autosomal
recessive cutis laxa type | patients, and FBLN4 was shown to
be associated with aTAA.'® Previously, we generated SMC-spe-
cific Fbin4 knockout mice (Fbin4SVK®) 4 which develop aortic
aneurysms that recapitulate the human condition. We also
generated Fbin5 KO mice (FbIin5%°), which develop aortic elon-
gation and tortuosity but do not form aortic aneurysms.'® Lack
of Fbin4 resulted in abnormal collagen maturation in addition
to abnormal elastic fibers in the FbIn4SMK© aorta,’® which was
attributed to decreased lysyl oxidase-mediated cross-linking of
collagen fibrils.?"??

Raman microspectroscopy and Raman imaging are marker-
independent and non-destructive imaging methods evolving
in the biological and biomedical fields.?*>?* Raman microspec-
troscopy can distinguish different components in tissues by
detecting molecular vibrations. ECM molecules such as
elastin, collagens, or proteoglycans have specific Raman
spectra.”>?° In previous studies, Raman microspectroscopy
was shown to reveal differences between healthy and
cancerous tissues in the skin®’*® and lungs,*® and age-depen-
dent differences in the ECM surrounding pancreatic islets.*°
Moreover, Raman microspectroscopy and Raman imaging
have the potential to analyze cardiovascular ECM structures
on a molecular level.*'3® At this time, no reports are available
regarding the assessment of aortic aneurysm by Raman
measurements.

In this study, we used marker-independent Raman micro-
spectroscopy and Raman imaging combined with multivariate
data analysis (MVA), including true component analysis (TCA),
principal-component analysis (PCA), and multivariate curve res-
olution (MCR), to examine structural and molecular signatures
with a high spatial resolution among Fbin45KC° Fpinsk©, and
wild-type (WT) aortic tissues. Furthermore, we extended our an-
alyses to human aTAA based on the spectral dataset obtained
from murine aneurysmal tissues.

RESULTS

Raman imaging allows marker-independent detection of
aortic structural composition

To set the reference spectra of aortic tissues, we performed
Raman imaging on cross-sections of murine WT ascending
aortas at 1 month of age. We successfully extracted spectra
by TCA and five major spectral components were identified,
which were assigned to the Raman signatures of elastic fibers,
collagen fibers, nuclei, lipids, and residual ECM (Figure S1A, i,
aggrecan and versican were added as defined components to
TCA (Figure S1A, iv and v). In elastic fibers, relevant Raman
bands were detected at 528, 957, and 1,108 cm ™~ for desmosine
and isodesmosine; 904 cm~" for C-C-N stretch; 1,255 cm™~" for
amide lll; 1,455 cm™"' for CH; and CH, deformation; and
1,666 cm ' for amide 1.°° In collagen fibers, relevant Raman
bands were found at 817 cm~" for C-C stretch®®; 855, 878,
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921, and 938 cm~' for proline and hydroxyproline®®; and
1,670 cm™ " for amide 1.2° In nuclei, nucleotides and phosphate
backbone-related Raman bands were detected at 787 cm™",
1,094 cm™", and 1,580 cm~'.>* In aggrecan, relevant Raman
bands were present at 947 cm~! for C-C deformation,®”
1,066 cm~' for C-C and C-O stretch,*® 1,271 cm™" for amide
N,° and 1,382 cm~' for CH, deformation.®” In versican,
848 cm™" correlated with glycosaminoglycans,*® 918 cm™ to
glycogen,*' and 1,080 cm™' to SO;~ symmetric stretch.®” In
lipids, relevant Raman bands were 1,312 cm~' for CH3CH,
twisting mode,*?>*® 1,443 cm~' for CH, deformation,*® and
1,748 cm™" for C=0 stretch.*® The residual ECM component
was dominated by protein Raman bands found at 1,459 and
1,666 cm™" correlating with CH, and CHj3; deformation and
amide |, respectively.*®** These identified spectra were used
as reference spectra for subsequent TCAs (Table S1). Intensity
distribution heatmaps for each component were generated for
Raman maps of ascending (Figure S1B) and descending (Fig-
ure S1C) aortas.

To confirm the sensitivity and specificity of the identified
Raman signature for elastic fibers, aortic tissues of postnatal
day (P) 1 WT and EIn%®*® pups were analyzed. Previously identi-
fied core reference spectra were used to perform TCA on the
large area and high-resolution scans on cross-sections of WT
and EIn®® aortas (Figures S1D and S1E). Analysis of WT aortas
resulted in Raman images that were positive for the applied
reference spectra of elastic fibers, whereas signals were unde-
tectable in EIn*© aortas, indicating that the identified spectra
were highly specific to elastic fibers.

Transfer of WT spectral components to FbIn5%° and
FbIn4®MK© aortic tissues

We used two established murine models of aortic disease,
Fbin5%© and Fbin4°K°, to examine whether Raman imaging
can detect an alteration of ECM in the diseased aortic wall.'*'?
Spectral components identified in the WT aorta were applied
as reference spectra to generate Raman images of the mutant
aortas and to define the distribution and orientation of each
component in ascending (Figure 1A) and descending (Fig-
ure S2A) aortas. In Raman imaging, WT aortas contained solid
native elastic fibers, whereas Fbin5*© elastic fibers showed dis-
ruptions. Fbin4SMKO elastic fibers were disorganized, and elastic
layers were markedly increased in the ascending aortas. In WT
and Fbin5%©, collagen fibers were predominantly located in the
adventitia, whereas collagen fibers were expanded from adven-
titia to medial layers in Fbin4SMK° aorta. WT, Fbin5%©, and
Fbin4SMX0 showed a similar distribution of nuclei. Aggrecan,
which was previously shown to be increased in TAA patients, '
was markedly accumulated in Fbin45MK© aortas. In contrast, dis-
tribution of versican was similar among genotypes. Lipid signals
were marginally increased in the Fbin4SM<© aortas compared
with WT. The imaging results obtained from descending aortas
were comparable to ascending aortas, except for Fbin4SMKO,
which showed a less destructed organization of elastic fibers
and a WT-like organization of collagen fibers when compared
with ascending aortas (Figure S2A). High-resolution scans
were also used to examine the structural details (Figures S2B
and S2C) as well as for in-depth spectral analysis by PCA and



Cell Reports Medicine ¢ CelPress

Fbln5 Fblndso

WT FbIn5K© FbIngsmko

Merge

Fbln5 Fblndsvo

Elastic fibers

Col |

Collagen fibers

Aggrecan

Aggrecan
Versican

o
3

FbIn5*° Fbln4svko

Versican

)]

=

Q0

c »

K
3 2"
= <
2
=1 \ e 3

L 5 5

= o) 3
O e
L @
o - - -,
[ = S F
° o
a
(0]
o

Figure 1. Representative Raman images and immunofluorescence (IF) staining and histochemistry for WT, fibulin-5 knockout (FbIn5K°), and
smooth muscle-specific fibulin-4 knockout (FbIn45X%) mice

(A) Raman images of large-area scans. Cross-sections of the ascending aorta from WT, Fbin5<C, and Fbin45"<°, False-color intensity distribution heatmaps for
elastic fibers (green), collagen fibers (red), nuclei (blue), aggrecan (yellow), versican (pink), lipids (orange), and residual ECM (cyan). Scale bars, 50 um.

see also Figure S1.

(B) Gross photos of murine aortas of WT, Fbin55©, and Fbin4SMK© mice. Fbin5X© exhibits elongation of the ascending aorta and tortuous descending aorta.
FbIn4SMKO shows a large aneurysm in the ascending aorta but not in the descending aorta. Scale bars, 1 mm.

(C) IF staining for collagen type |, aggrecan, and versican in red, elastin autofluorescence (green), and nuclei (blue). Scale bars, 20 um.

(D) Routine histochemical staining for Alcian blue (glycosaminoglycans) and oil red O (lipid) staining.

Scale bars, 20 pm. L, luminal side.
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MCR analysis. Gross observation of Fbin55° and Fbin4SVk©
showed elongation and tortuosity of the aorta in both animals,
whereas aneurysm was seen only in the ascending aorta of
Fbin43MKO  as was previously reported (Figure 1B)."*°

Routine histology complies with Raman imaging results
Immunofluorescence (IF) staining and histological analyses were
performed to compare and evaluate the performance of Raman
imaging for the identification of tissue structures as well as distri-
bution of matrix components in the aortic tissues. IF identified
collagen type | (Col I), aggrecan, versican, elastic fibers (auto-
fluorescence), and nuclei (DAPI) in ascending aortic tissues (Fig-
ure 1C). Whereas Col | localized in the adventitia of the WT aorta,
its distribution expanded into medial layers of Fbin5X©, and this
change was exacerbated in Fbin45M© exhibiting a strong and
broad distribution throughout the aortic wall. For aggrecan stain-
ing, Fbin4SMK° aorta showed strong signals in the intima as well
as in the medial layers, and versican staining was positive in the
intima and adventitia of all genotypes.

Next, histochemical staining was performed using Alcian blue
and oil red O (ORO), which visualizes glycosaminoglycans and
lipids, respectively (Figure 1D). Alcian blue staining exhibited a
massive accumulation of proteoglycans in Fbin5° and
Fbin4SMKO | but not in WT. ORO staining showed small lipid
deposition in the Fbin43MK© gortas, but not in other genotypes.
Histology and IF staining of the descending aortas were similar
to those of the ascending aortas (Figures S2D and S2E). The
structures and distribution patterns identified by Raman imaging
correlated with routine immunohistochemical staining.

PCA discriminated the molecular composition of the
aortic tissues among WT, FbIn5%°, and Fbin4S"K©

To access spectral patterns in WT, FbIn55°, and Fbin45MK°, we
focused on elastic fibers. We used the Raman spectra extracted
from the high-resolution scanning Raman images of elastic fibers
in ascending aortas for PCA to determine the grouping of the da-
tasets (Figure 2A). The scores plot of PC-4 against PC-5 showed
a clustering of all genotypes (Figure 2B). Statistical analysis of
the PC-4 score indicated a significant difference in WT versus
Fbin4SMKO and Fbin5*© versus FbindSMKO (Figure 2C; Table
S2). The loadings plot, which represents Raman shift values of
the selected PC, was further analyzed for the corresponding
spectral information that was responsible for the clustering of
elastic fibers (Figure S3A) and collagen fibers (Figure S3B). The
PC-4 loadings plot represented Raman features in elastic fibers
dominating in WT (negative loadings bands) or Fbin45M<© (pos-
itive loadings), respectively (Figure S3A). Those features referred
to a decrease in the amide Il group (1,240 cm~") and spectral
shifts in the CH, (1,441-1,473 cm~") and amide 1 (1,640-
1,690 cm~") bands upon elastic fiber deterioration. PCA on sin-
gle spectra extracted from the collagen component in ascending
aorta Raman images of high-resolution scans showed separa-
tion in PC-4 versus PC-3 scores plot (Figures 2D and 2E). PC-
4 demonstrated a significant difference between WT and
Fbin4SMKO as well as Fbin5%C (Figure 2F). The corresponding
molecular differences identified in the PC-4 loadings plot
showed collagen-related peaks for proline and hydroxyproline
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(862 and 944 cm™") and amide Ill (1,270 cm~") and amide IIl
(1,670 cm~") bands (Figure S3B).

Additional PCAs and statistical analyses were performed to
compare elastic fiber and collagen composition between
ascending and descending aortas in WT, Fbin5%°, and
Fbin4SMXO (Figures S3C and S3D; Table S2). While WT and
Fbin5%© showed no differences within the regions, Fbin4SMK°
showed significant separation between ascending and de-
scending aorta for both elastic fibers (Figure S3C) and collagen
fibers (Figure S3D).

Decomposition of elastic and collagen fibers by MCR
Since PCA clearly differentiated elastic and collagen fibers in
WT, FbIn5%C, and Fbin45MK°, we used MCR to further determine
the submolecular structures specific to aneurysm phenotype by
Raman microspectroscopy. First, Raman spectra focusing on
elastic fibers were decomposed into 16 components (Cel-
Ce16) by MCR and corresponding Raman images were gener-
ated (Figure S3E). Statistical analysis of the relative intensity of
MCR Raman images revealed that Ce1 was significantly different
in Fbin4SMKO compared with WT and FbinsX© (Figure 3; Table
S2). As Figure 3 and Table S2 show, Ce1 and Ce9 contained
Raman bands arising from proteins, such as phenylalanine
(1,002 cm™"), amide Ill (1,246-1,257 cm™"), amide | (1,662-
1,672 cm™ "), and CH,/CH; deformation (1,450-1,454 cm~").%*
Ce1l is assigned to a non-elastin-related substructure of the
elastic fiber because of a lack of desmosine and isodesmosine
bands. Ce9 demonstrated a similar Raman spectrum to the
native elastic fiber component identified by TCA (Figure S1A)
and protein-related bands (Table S$1).2%%*

We then analyzed collagen fibers for differences in molecular
signatures among genotypes. MCR extracted TCA-derived
collagen fibers to 12 components (Cc1-Cc12) in ascending
aortas of WT, Fbin5C, and Fbin4SMK© (Figure S3F). Cc1 was
comparable to collagen fibers indicated by proline and hydroxy-
proline bands (Figure 4A; Table S2).?°°¢ Statistical analysis of
the intensity of each MCR image showed significant differences
in Cc6 (Table S2). Cc6 was only detectable in Fbin4SV°, indi-
cating the abnormal molecular modification specific to
Fbin4SMKO (Figures 4B and 4C). This suggests that the different
structure of collagen fibers is related to aortic aneurysm
phenotype.

Based on the differential MCR analysis, we further searched
for aneurysm-specific and region-specific molecular signatures
focusing on collagen fibers in WT and Fbin45V° (Figure 4D).
Statistical analysis (Table S2) revealed significant differences be-
tween ascending and descending aortas of WT and Fbin4S™KC in
Cc®6, indicating that these bands detected the aneurysm-specific
changes in FbIn4SMKO gortas (Figures 4D and 4E). In addition,
Cc6 was only detected in the ascending aortas of Fbin4SVK©,
and the overall spectral pattern of Cc6 includes protein-indi-
cating bands such as CH,/CH3 deformation and amide I/1ll (Ta-
ble S1). The Cc6 spectrum contains amino acid residues,
including phenylalanine at 616, 1,003, 1,222, and 1,613 cm™";
tyrosine at 642, 833, 1,170, and 1,222 cm™ tryptophan at
749, 1,018, 1,336, and 1,455 cm™; cysteine at 515 cm~'; and
aspartic and glutamic acid at 1,412 cm™' (tentative assign-
ments).>**® Interestingly, Cc6 showed relatively intense peaks
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Figure 2. Principal-component analysis (PCA) on elastic fibers and collagen fibers
A) Region of interest (ROI) for single spectra extraction defined by elastic fiber TCA component of high-resolution scans in WT, Fbin5 KO, and Fbin4SMKO,
B) PCA scores plot of PC-4 versus PC-5 shows a clustering between WT (blue), Fbin5<© (red), and Fbin4SM<© (green).

C) Statistical analysis of PC-4 scores indicated as mean score values + SD.

4SMKO.

E) PCA scores plot of PC-3 versus PC-4 shows a clustering between WT (blue), Fbin5X© (red), and Fbin4S"® (green).

¢
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(D) ROI for single spectra extraction defined by collagen fiber TCA component of high-resolution scans in WT, Fbin5 KO, and Fbin:
(
(

F) Statistical analysis of PC-4 scores indicated as mean score values + SD.

Scale bars, 5 um. L, luminal side. N > 6 animals per genotype. Multiple comparison 1-way ANOVA; *p < 0.01, **p < 0.001.

See also Figure S3A and S3B and Table S2.

of tryptophan, suggesting dysregulated tryptophan metabolisms
or a substitution of tryptophan in Col |, which has been observed
in abdominal aortic aneurysm (AAA).*"#

Identification of disease-related MCR Raman signature
in human aTAA

To further examine whether the aTAA-relevant Raman signature
in murine aneurysms is applicable to human aTAAs, we
analyzed tissues from aTAA patients. TCA reference compo-
nents defined in the murine WT tissues described in Figure S1A
were applied for TCA and subsequent Raman image generation

of human control and aTAA tissues (Figure S4A). Spectra of
elastic fibers and collagen fibers were then extracted based
on the TCA intensity distribution heatmaps. The PCA results
showed a separation between control and aTAA in both elastic
fibers (Figures 5A- 5C) and collagen fibers (Figures 6A-6C,
S4B, and S4C).

For MCR analysis, the murine MCR components from elastic
fibers (Ce1-Ce16) were used as reference spectra and additional
spectral components, which were only detected in human tis-
sues (Ce17-Ce20; Figure S4D), were extracted. As Table S2
shows, Cel in aTAA samples is significantly different from
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(C) Statistical analysis of relative intensities of MCR images in Ce1 and Ce9.

Scale bars, 5 um. L, luminal side. N = 6 per genotype, data points are represented as mean intensity values + SD, statistical analysis by 1-way ANOVA; **p < 0.01.

See also Figure S3E and Tables S1 and S2.

control samples. In particular, Ce1 was increased in both murine
and human aneurysms (Figures 5D and 5E).

Similarly, we examined aneurysm lesion-specific spectra in
collagen fibers (Figure 6). The murine collagen MCR components
(Cc1-12) were used as reference spectra for human analysis.
Similar to the elastic fiber analysis, additional components
were extracted only from the human data (Cc13-15; Figure S4D).
Significant differences were revealed in Cc6 between control
and aTAA (Table S2). Cc6 was increased in human aneurysms
similar to murine aneurysms (Figure 6E).

In addition, we used PCA to compare changes in elastic fibers
and collagen fibers in murine aneurysm and human aTAA.
Although significant species differences were detected (Fig-
ure S4C), aneurysm tissues from mice and humans were sepa-
rated from healthy human controls (Figure S4E). A significant
separation of control human aortas and aTAA, as well as
Fbin43MKC \was shown in PC-5 for elastic fibers and in PC-4
for collagen fibers. Moreover, the corresponding loadings reca-
pitulated the aneurysm-specific peaks identified by MCR. Elastin
loadings demonstrated peaks at ~822 and 1,613 cm™" similar to
Ce1 (Figure 5D). Collagen loadings demonstrated peaks at 642,
831, 1,334 and 1,613 cm ™' characteristic for bands identified in
MCR component Cc6 (Figure 6D). MCR further decomposed
elastic fiber and collagen fiber components and identified aneu-
rysm-specific molecular signatures in human aTAA, which have
the potential for use as diagnostic markers.

6 Cell Reports Medicine 2, 100261, May 18, 2021

DISCUSSION

In this study, we used Raman microspectroscopy and Raman
imaging to perform marker-independent analyses of ascending
aortic aneurysms in a murine model and human aTAA. Raman
imaging allowed the visualization of cellular and extracellular
components with a high spatial resolution. Structural features
of aortic tissues in their native conditions were identified without
the need for using specific labeling. The obtained data correlated
to the distributional patterns demonstrated by IF staining and
histochemistry, and sample preparation was simple and less
time-consuming compared with conventional staining proced-
ures. MVA further allowed for submolecular discrimination be-
tween healthy aortas and aneurysmal lesions, and successfully
identified human aneurysm-specific marker signatures in elastic
fibers (Ce1) and collagen fibers (Cc6) that can be used as bio-
markers for aTAA diagnosis.

Raman microspectroscopy has the ability to evaluate tissues
in situ in their native conditions.*® For ECM molecules, which
are usually incorporated in a complex tissue surrounded by
assembled and complex fibrous structures, Raman microspec-
troscopy may facilitate examination in a more native-like state.
Marker-independent biomedical methods, such as echocardi-
ography and X-ray microtomography, are a gold standard in clin-
ical settings, but are limited to image-based analysis. Raman
measurements are advantageous among optical methods
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because they provide hyperspectral images with additional infor-
mation on molecular structures. By combining massive spectral
datasets with deep learning techniques, the accuracy of dis-
ease-specific signatures and the definition of tissue borders is
increasing.

Structural differences of aortic tissues revealed by TCA
and PCA

Elastic fibers in Fbin5"© and Fbin4>"XC appeared similarly dis-
rupted at a light microscopic level; however, Raman imaging
and PCA separated the genotypes at PC-4 (Figure 2C). Likewise,
PCA separated ascending aortas from descending aortas in
Fbin43MK° (Figures S3C and S3D). The molecular analysis of
elastic fibers by PCA identified differences in Raman bands of
amide | and amide Ill between Fbin5%° and Fbin45"KO_ Shifts
in amide | and Ill have been previously reported in relation to
an increase in a-helical content in elastic fibers due to structural
deterioration.®® Since electron microscopic observation failed to
distinguish the morphological differences in elastic fibers be-
tween ascending and descending aortas in Fbin4SM<° (data
not shown), this suggests that Raman microspectroscopy can
be a powerful tool to study the alteration of elastic fiber compo-
nents from the view of secondary structural alteration.®"

For collagen fibers, differences in distributional patterns iden-
tified by IF staining in WT, Fbin5%©, and Fbin4SMK° were also
identified by marker-independent spectral scans. Raman imag-
ing combined with PCA not only provides semiquantitative infor-
mation on vascular collagen fibers but also allows the simulta-
neous assessment of qualitative molecular-level differences.
PCA revealed a separation of WT, Fbin5XC, and Fbin4SMK°,
and PC loadings showed different structures of proteins in
Fbin5%C and Fbin4SC which are possibly due to differences
in proline and hydroxyproline content in collagen fibers.?>*® As
for elastic fibers, alterations in the features of collagen fibers
were apparent between aneurysmal ascending aortas and
non-aneurysmal descending aortas in Fbin45KO_In addition to
providing information regarding molecule localization and quan-
tity, which can also be accessed by routine staining, Raman
measurements allow for the identification of minor alterations
in ECM structure, indicating the potential as an early diagnostic
tool to identify pre-aneurysmal lesions in the aortic wall.

In normal aortas, proteoglycans such as versican are distrib-
uted transmurally and contribute to the regulation of residual
stress.®? Alcian blue staining demonstrated the increased depo-
sition of glycosaminoglycans (GAGs) in Fbin5*° and Fbin45Vk©,
suggesting that disrupted elastic fibers may facilitate the depo-
sition of GAGs or that accumulation of GAG affects the structural

Cell Reports Medicine

integrity of elastic fibers. Aggrecan accumulation was massive in
Fbin45MX© compared with FbIn5X© and WT. Aggrecan is specif-
ically expressed in vascular SMCs and is involved in vascular re-
modeling.”® Since the deposition of GAGs causes the distortion
of mechanical stress and can create a spot for aortic dissec-
tion,>* early detection of GAG accumulation and pathogenic pro-
teoglycan within the aortic wall may be a potential diagnostic tool
for diseased aorta at risk of dissection.

Identification of aneurysm-specific spectra by MCR

MCR effectively decomposed TCA elastic fibers and collagen fi-
bers and identified aneurysm-specific Raman signals. In elastic
fibers, Ce1 appears to be derived from abnormal proteins asso-
ciated with aneurysmal lesions, which is detectable only in aTAA
and Fbin4SMKO_ Although the comparison of Raman spectra and
accurate assignment to authentic proteins are needed, the
1,613 cm™" band in Cel could be a characteristic marker for
aneurysm, since the band does not overlap with amide | or
phenylalanine.

Although elastic fibers have been suggested as a major site of
pathological alteration in Fbin45"K° aortas,'* MCR identified the
region-specific features of aTAA for murine and human aortas
not only in elastic structures but also in collagen fibers. Previ-
ously, we reported that different types of collagens showed
distinctive peaks related to CH, deformation at 1,453 and
1,456 cm~'.°? Intriguingly, Cc6, a protein-like component, was
detected only in murine and human aTAA regions (Figures 4
and 6). The spectrum of Cc6 features high intensities of several
amino acid residues, indicating compositional changes of
collagen molecules. Amino acid profiles are shown to be associ-
ated with aortic aneurysm and dissection in human patients.*®
MCR has successfully captured distinct marker spectra related
to aTAA, enabling the specification of structural and composi-
tional changes in elastin and collagen molecules.

Raman measurement as a diagnostic tool for aTAA

In the present study, PCA revealed distinct Raman signatures
between ascending and descending aortas in Fbin45"X© based
on the molecular structure of ECM components, highlighting the
sensitivity of Raman microspectroscopy for the detection of
lesion-specific biochemical differences that are not accessible
by other routine techniques. In addition, two-step decomposi-
tions in TCA and MCR were efficient ways to analyze the details
and proper features of spectral components. Although there
were differences in species and tissue conditioning such as
paraffin embedding and cryosection, TCA was robust enough
to localize ECM structures with a single set of reference

Figure 4. MCR decomposed spectra and images of collagen fibers in ascending (Asc) and descending (Desc) aortas of WT, FbIn5%°, and

FbIn45MKo

(A) Most relevant MCR spectra in Fbin45M<© compared with WT and Fbin5<C. Cc6 was identified as a specific Raman spectrum in Fbin45M<© (orange), and Cc1

represents the native signature of collagen fibers (red).
(B) MCR images of Cc6 and Cc1 components.
(C) Statistical analysis of relative intensities of MCR images in Cc6 and Cc1.

(D) MCR images of Cc6 and Cc1 in WT and Fbin45MK in ascending and descending aortas. Three representative images per genotype.

(E) Statistical analysis of relative intensities of MCR images in Cc6 and Cc1.

Scale bars, 5 um. L, luminal side. N = 6 animals per genotype, data points represent mean intensity values of 3 images + SD, 1-way ANOVA (Cc6) or Kruskal-Wallis

test (Cc1) were performed; *p < 0.05, **p < 0.01.
See also Figure S3F and Tables S1 and S2.
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Figure 5. Multivariate analysis (MVA) of elastic fibers revealed similar structural patterns in murine and human aneurysm tissues

(A) Intensity distribution heatmaps of elastic fibers. Scale bar, 50 um.

(B and C) PC-5 score values showed a separation between aTAA and human control.

(D and E) By MCR, the murine aneurysm-specific spectral marker Ce1 (orange) was confirmed in human TAA tissue and could not be found in human control
tissues, whereas the native elastic fiber signature Ce9 (green) was localized in both groups.

Scale bars, 20 um. N = 3, data points represent mean score (C) or intensity (E) values + SD, non-paired t test (C and Ce9) or non-parametric Mann-Whitney test
(Ce1) were performed; *p < 0.05.

See also Figure S4 and Tables S1 and S2.

components. PCA and MCR enabled the extraction and discrim-  networks in the skin of healthy mice and a murine model of
ination of structural alterations on a submolecular level beyond  Marfan syndrome.?® In the present study, we demonstrated
species differences. that the two identified signatures in elastic and collagen fibers

Raman microspectroscopy previously detected changes in  have high potential as diagnostic biomarkers for aortic aneu-
the Raman signatures of fibrillin-1 microfibrils and elastic fiber rysms. By increasing the components of Raman spectra and

Cell Reports Medicine 2, 100261, May 18, 2021 9
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Figure 6. MVA on collagen fibers revealed similar structural patterns in murine and human aneurysm tissues
(A) Intensity distribution heatmaps of collagen fibers in human control and ascending thoracic aortic aneurysm (aTAA). Scale bar equals 50 um.

(B and C) PCA showing a clustering between control and aneurysm in PC-4.

(D and E) MCR decomposed Raman spectra and imaging of murine Cc6 (aneurysm feature, orange) and Cc1 (native collagen feature, red) components applied to
human control and TAA tissues indicate a significant difference in the aneurysm-specific signature (Cc6) but not in the native collagen signature (Cc1).
Scale bars equal 5 um. N = 3, data points are represented as mean score (C) or intensity (E) values + SD, non-paired t tests were performed; *p < 0.05, **p < 0.01.

See also Figure S4 and Tables S1 and S2.

improving the resolution, Raman imaging can quickly evaluate
vessel wall integrity and biochemical components of the
diseased vessel wall. Future research may explore other
TAA models that develop in adulthood, including fibrillin-1
mutant mice (Fbn1™9%m9R) and apolipoprotein E-deficient
mice.®>%

10 Cell Reports Medicine 2, 100261, May 18, 2021

Recently, several applications for marker-independent Raman
imaging have been reported; however, the imaging itself does
not provide sufficient information to identify Raman marker
spectra associated with cardiovascular diseases.®>°""*® The
Fbin4SMX© model recapitulates ascending aneurysms of cutis
laxa type |, which is a rare disease. However, the spectral data
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obtained from Fbin4>VK° aortas remarkably depicted ECM
changes in human aTAA, indicating the versatile application of
in vivo experimental data to human conditions.

For clinical implementation, Raman spectroscopy probe tech-
niques have already been reported in determining structural
features in cancer, skin, and oral tissues.**®' Raman measure-
ments are now used for rapid intraoperative diagnosis by stimu-
lated Raman histology for brain tumors.®>** Combined with
automated spectral decomposition methods, Raman tech-
nigues have the potential to extract target signals from big data-
sets without the need for extensive training of the end user.
Fiberoptic confocal Raman probes have already been applied
in preclinical setups. Wang et al.®® used Raman endoscopy to
measure epithelial tissues. Recently, fiberoptic Raman endos-
copy has been used in patients with recurrent nasopharyngeal
carcinoma to follow up on tumor progression.®® The field of
endoscopy is rapidly evolving, as the first robotic magnetic flex-
ible endoscope systems are now available.®” Therefore, fiberop-
tic Raman endoscopy for the aorta has the potential as a
research tool as well as in a clinical setting. Furthermore, a com-
bination of Raman measurements and artificial intelligence to
identify molecular tissue patterns specific to (pre-)aneurysm
will be a robust tool for modeling and monitoring the risk for
aneurysm rupture/dissection.

Limitations of study

We are aware that the number of human aTAA patient samples is
relatively small and needs to be increased to translate the estab-
lished method into clinical applications. At this stage, human
samples served as a proof-of-principle approach to evaluate
the relevance of the findings in the aneurysm mouse model. In
addition, the character of the study is mainly readout oriented.
We used this highly molecular-sensitive technique but focused
on identifying an aneurysm-specific signature as a spectral
marker rather than a complex biomolecular characterization of
aneurysm tissue. Structural differences were mainly linked to
Col | and elastic fibers; however, the availability of data on spec-
tral references of elastic fiber substructures (e.g., tropoelastin,
fibrillin, fibulins) remains restricted and needs to be further elab-
orated for mechanistic investigations on aneurysm formation.
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REAGENT OR RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit anti-mouse collagen type |
polyclonal antibody

Rabbit anti-mouse versican (GAG beta
domain) polyclonal antibody

Anti-aggrecan polyclonal antibody

Alexa Fluor 546, anti-mouse

Alexa Fluor 546, anti-rabbit

VECTASHIELD Mounting Medium antibody

Millipore

Millipore

Millipore

Thermo Fisher Scientific
Thermo Fisher Scientific
Vector Laboratories

Cat#: AB765P, RRID:AB_92259

Cat#: AB1033, RRID: AB_90462

Cat#: AB1031, RRID:AB_90460
Cat# A-11003, RRID:AB_2534071)
Cat# A-11035, RRID:AB_2534093
Cat#: H-1000, RRID:AB_2336789

Biological samples

Human aorta block New York University Langone Medical N/A
Center
Chemicals, peptides, and recombinant proteins
Aggrecan from bovine articular cartilage Millipore Sigma Cat#: A1960

Mouse VCAN / versican protein
(Recombinat His, N-Terminal) (aa3058-
3299)

Oil Red O

Alcian Blue Solution

LifeSpan BioSciences Inc.

FUJIFILM Wako Pure Chemical
Corporation
FUJIFILM Wako Pure Chemical
Corporation

Cat#: LS-G14317-10

Cat#: 1320-06-5

Cati#: 75881-23-1

Experimental models: organisms/strains

Mouse: C57BL/6J
Mouse: 129S6/SvEVTac
Mouse: Fbin4SMKO
Mouse: Fbin5K®
Mouse: EIn%°

The Jackson Laboratory
Taconic Biosciences
Huang et al., 2010'*
Yanagisawa et al., 2002"°
Li et al., 1998

JAX: 000664
129SVE

N/A

N/A

N/A

Software and algorithms

Igor Pro

Python

MCR-ALS
Project FIVE 5.0 software

GraphPad Prism 8

Unscrambler X

Wave Metrics

Python Software

Ando and Hamaguchi, 2014%®
WiTec GmbH

GraphPad Software

CAMO Software

https://www.wavemetrics.com/products/
igorpro/igorpro.htm

RRID:SCR_000325
https://www.python.org/,
RRID:SCR_008394
https://github.com/mshrAndo/PyMCR

https://www.witec.de/jp/products/
accessories/software-witec-suite/

RRID:SCR_002798
https://www.graphpad.com/

http://www.stjapan.co.jp/products/1658

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Hiromi Yanagisawa

(hkyanagisawa@tara.tsukuba.ac.jp).

Materials availability

This study did not generate unique reagents. Genetic mouse models will be available upon request after completion of a Materials

Transfer Agreement.
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Data and code availability
The data of this study are available without restriction. MCR bioinformatics code can be found online (https://github.com/mshrAndo/
PyMCR).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and tissue sections

Fbin5X©, Fbin4SMK® and Ein null (EIn*®) mice were previously described and maintained on a C57/BI6;129SvEv background.#194°
Animals at 1 to 3 months of age were used as adult mice for Fbin55©, Fbin45K®  and wild-type (WT). For EIn“® and WT control, post-
natal day (P) 1 neonates were used. Six to seven mice per genotype of adult mice for Fbin55©, Fbin4SMKC WT and thee mice per
genotype of P1 mice for EIn“® and WT were used in all experiments and aortic tissues were harvested, embedded in Tissue Tek
® O.C.T. medium (Tissue Tek, Sakura), and snap-frozen in liquid nitrogen or embedded in paraffin. Mice were housed in the specific
pathogen-free condition under a 12 h/12 h light/dark cycle. All animal protocols were approved by the Institutional Animal Experiment
Committee of the University of Tsukuba.

Human tissue sections

Human ascending aorta aTAA samples were collected from open surgical repairs. Control aortic tissues were obtained from multi-
organ donors confirmed as brain-dead. aTAA and control aortic tissues were analyzed for three different patients and donors. All
studies were approved by New York University Langone Medical Center Institutional Review Board (IRB). Tissues were formalin-fixed
and paraffin embedded prior to sectioning and Raman microscopy analysis.

METHOD DETAILS

Immunofluorescence staining

Ten-micrometer cross sections of the murine aorta prepared in Tissue Tek® O.C.T frozen blocks were fixed with 4% paraformalde-
hyde (PFA) for 10 min at room temperature (RT). Sections were incubated with blocking buffer containing 5% normal goat serum in
PBS and permeabilized with 0.1% Triton-X for 30 min at RT. Primary antibodies used were: anti-mouse collagen type | antibody
(1:100; AB765P, Merck Millipore), rabbit anti-mouse versican (GAG beta domain) polyclonal antibody (1:200; AB1033, Chemicon in-
ternational), rabbit anti-aggrecan polyclonal antibody (1:200; AB1031, Chemicon international). All antibodies were diluted in 5% BSA
with 0.1% Triton-X in PBS and incubated overnight at 4°C. Secondary antibodies (Alexa 546 mouse or rabbit) were incubated for 1 hr
at RT. Vectashield with DAPI (Vector Laboratories) was used to mount the slides and samples were analyzed with a laser scanning
microscope LSM 710 (Zeiss GmbH). At least three mice per genotype were used for analysis.

Histochemistry

Paraffin-embedded sections were stained with Alcian blue for glycosaminoglycans following the standard protocol.?° Cross sections
of aortas from Tissue Tek® O.C.T frozen block were fixed with 4% PFA for 10 min at RT and stained with Oil Red O (ORO) (Wako,
Japan) to visualize lipids.® Three mice per genotype were used for analysis.

Raman measurements

Raman measurements were performed with a confocal Raman microscope (WiTec alpha 300 R, WiTec GmbH, Ulm, Germany) equip-
ped with a green laser (532 nm) as described previously.”® Cross sections of aortic tissues were rinsed with PBS and a 63x Apochro-
mat water dipping objective (N.A. 1.0; Carl Zeiss GmbH) was utilized for data acquisition. Large area scans were performed on areas
of 100 x 200 um with 2 x 2 um pixel resolution and acquisition time of 0.25 s per spectrum. High-resolution scans were performed on
areas of 10 x 150 um with 1 x 1 um pixel resolution and 0.5 s acquisition time per spectrum. Laser power was set to 50 mW. Refer-
ence spectra were obtained from lyophilized aggrecan from bovine articular cartilage (A1960, Sigma-Aldrich/Merck, Darmstadt
Germany) and recombinant lyophilized murine versican (LG-G14317, LifeSpan BioSciences Inc., Seattle, USA). Single spectra
were acquired with a laser power of 50 mW and an acquisition time of 5 s. For the murine tissues, samples were prepared with as
frozen sections, washed, and kept under PBS during the measurements. Seven mice per genotype were used and at least three areas
were examined per tissue sample. For the human tissues, samples were deparaffinized, rehydrated, and kept under PBS during the
entire measurement. High-resolution scans of an area of 50 x 500 um were acquired at a pixel resolution of 1 X 1 um, an integration
time of 0.5 s, and a laser power of 50 mW. Three control and three aTAA samples were obtained, and at least three areas per section
were analyzed.

Raman imaging analysis

Spectral data were pre-processed by cosmic ray removal and background subtraction. The spectral maps were analyzed by True
Component Analysis (TCA), a tool from Project FIVE 5.0 software (WiTec GmbH) that identified different spectral information within
the dataset, as previously described.”" Briefly, TCA is a non-negative matrix factorization-based algorithm that defines similar
spectra as the same component and allows for the generation of color-coded intensity distribution heatmaps of the identified
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structures. TCA components identified in the murine WT aortas were applied as reference signatures for the TCA analysis of the KO
animals as well as the human tissues.

Principal-component analysis (PCA)

Raman spectral datasets were extracted for elastic and collagen fiber components identified by TCA. The data were normalized and
the Raman shift range was cropped to the fingerprint region between 400 and 1800 cm™. The Unscrambler X10.5 (CAMO Software,
AS, Oslo, Norway) was applied to perform principal component analysis (PCA) using NIPALS algorithm. PCA is commonly imple-
mented in chemometrics and allows for the identification and interpretation of spectral differences within a Raman dataset.?®°*
Briefly, in PCA, spectral information is described by vectors, so-called principal components (PCs). PCA results are visualized by
a scores plot, where one PC is plotted against another, with every spectrum represented as an individual dot. The corresponding
PC loadings plot displays peaks that have a great impact on the scores values and allows for the interpretation of molecular differ-
ences among the groups.?®*® The average of the score values in each animal was calculated and used for statistical analysis.

Multivariate curve resolution (MCR)

Multivariate curve resolution by alternating least-squares (MCR-ALS) was effectively used to extract chemically interpretable
spectra.®® In MCR-ALS, an original data matrix (A) can be decomposed into two matrices— W, spectral components, and H, their
intensity contribution profiles—as given below.

Anxn=WnxiHixn+Emnxn

Here E is the error matrix. In the present study, the elastic fiber and collagen fiber datasets were preselected by TCA and whole area
intensity normalized elastic fiber/collagen fiber datasets were used as A. In the optimization calculation, non-negativity constraints
(Wj; > 0and H; > 0) are introduced in order to conduct a physically adaptable decomposition; Raman scattering intensities and mo-
lecular concentrations are always non-negative. Furthermore, in the present study, /;-norm regularization (Lasso regression) was
applied to enable the extraction of specific spectral components, via sparser matrix factorization, that contribute to the difference
among samples, which were mice aortas in WT, Fbin5%©, and Fbin45MK©, and human aortas in control and aTAA patients.’? Under
these constraints, using singular value decomposition (SVD)-based initialization (applied to fingerprint region between 400 to
1800 cm™"), MCR-ALS optimization was performed by minimizing (||A — WH ||, +||AH || ;). The hyperparameter X for Lasso regres-
sion was determined as 0.002 by cross validation. For murine analysis, SVD initialization was utilized to identify MCR components,
and for human analysis, the results of murine MCR analysis were utilized as initial spectra. All optimization calculations were per-
formed using an in-house program written in Python code.®® The average intensity of h; vector for each mapping image was calcu-
lated and used for the statistical analysis.

Statistical analysis

Data were represented as mean + SD. Statistical analysis was performed using Prism 9 software (GraphPad, La Jolla, CA, USA). Sha-
piro-Wilk tests were conducted to examine whether the data followed normal distribution. If the data followed normal distribution,
statistical significance was determined by unpaired or paired t test for two-group comparisons and one-way/two-way analysis of
variance (ANOVA) for comparison among three or more groups followed by Bonferroni’s correction for multiple comparison tests.
If the normality assumption was violated, nonparametric tests (Mann-Whitney or Kruskal-Wallis) were conducted. Data were consid-
ered statistically significant for p values of 0.05 or less.
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