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Abstract
Idiopathic pulmonary fibrosis (IPF) is a fatal lung disease characterized by unrelenting scarring

and stiffening of the lungs that leads to approximately 34,000 fatalities in the U.S. annually. IPF
prognosis is dismal if left untreated, with a median survival rate of 3-4 years post diagnosis.
Current therapeutic options are extremely limited and have been shown to only slow disease
progression. Unfortunately, IPF is difficult to diagnose as its presentation can resemble that of
other lung pathologies, which can often lead to misdiagnosis. In addition, there are limited

hallmarks of disease progression highlighting the need for a diagnostic tool.

Current research investigating the etiology of IPF has focused on cellular aspects, genetic markers,
and secreted factors. Although fibrosis is the primary presentation of the disease, the organization
of structural remodeling [i.e., collagen and other extracellular matrix (ECM) proteins (e.g., elastin
and fibronectin)] has received substantially less attention. Additionally, recent findings suggest
that the collagen architecture is of pathogenetic importance even at the time of diagnosis. The
collagen architecture has not been well studied beyond standard histology, which is incapable of
providing structural details on collagen morphology (i.e., fiber size, shape, and alignment) and
biochemical aspects (e.g., isoform balance and helical structure). Thus, the imperative structural
collagen and ECM alterations surrounding fibrotic scar tissue are widely unknown. This gap in
knowledge exists due to the technical challenge of imaging the collagen structure with sufficient

resolution, contrast, and detail.

Currently available clinical diagnostic tools such as high-resolution computed tomography
(HRCT) lack the resolution needed to probe the aforementioned ECM alterations. There remains
a clear need for an optical microscopy tool that is capable of capturing changes in the ECM

architecture with high specificity and sensitivity. | hypothesize that ECM alterations are



biomarkers and that understanding these underlying changes will not only provide insight into
disease progression but also lead to better diagnostics, prognostics, and measures of treatment
efficacy. Towards this, 1 employ second harmonic generation (SHG) microscopy and other
nonlinear microscopy techniques [i.e., third harmonic generation (THG), two-photon excited
fluorescence (TPEF)] to characterize the sub-resolution collagen assembly and its relationship to
cells and other ECM proteins ex vivo and in vitro. SHG has sufficient resolution and specificity to
probe collagen, enabling investigation of collagen concentration, changes in alignment within
fibrils and fibers, and up-regulation of different collagen isoforms. Specifically, | use SHG pixel-
based polarization analyses to further elucidate the macro/supramolecular collagen structure by
determination of the: i) alpha helical pitch angle, ii) anisotropy (alignment of dipoles within
fibrils), and iii) chirality. Collectively, these measurements reveal significant changes in the
collagen architecture in the abnormal fibrotic tissue and these alterations can serve as new

biomarkers for IPF diagnosis and progression.
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Chapter 1: Introduction
Elements of this chapter have been published as:

J

ames, D. S.; Campagnola, P. J. Recent Advancements in Optical Harmonic Generation Microscopy:

Applications and Perspectives. BME Frontiers 2021.

1.1 Summary/Focus Statement

Idiopathic pulmonary fibrosis (IPF) is a fatal lung disease that accounts for 34,000 deaths in the
United States each year®, with between 30,000 and 40,000 newly diagnosed cases.* IPF patients
have a median survival rate of 3-4 years post diagnosis and its prognosis is worse than that of many
cancers.® A lower percentage of patients (10-15%) live 5 or more years, highlighting the
heterogeneity of disease progression.® " While the use of well-defined radiographic and pathologic
patterns, and multidisciplinary consensus have greatly improved diagnostic accuracy for IPF, often
times, cases of IPF can have substantial overlap in presentation with other fibrotic interstitial lung
diseases. Additionally, there remains a gap in knowledge surrounding extracellular matrix
alterations (ECM) that occur during disease progression. Although collagen is one of the most
prevalent ECM proteins in fibrotic scar tissue, research has been limited to histology, which is
incapable of assessing the structural and biochemical aspects of the complex collagen morphology.
This demonstrates a clear need for an imaging tool that is specific and sensitive to the collagen

architecture, enabling the identification of diagnostic and prognostic indicators.

1.2 ldiopathic Pulmonary Fibrosis
1.2.1 Classification

IPF is a form of interstitial lung disease (ILD), a heterogenous group of more than 150 chronic
respiratory diseases, all characterized by scarring and/or inflammation of the lungs.® This deadly
disease accounts for 20-50% of all ILD cases, and represents the most frequent and severe of the
idiopathic interstitial pneumonias (11Ps), a group of ILDs of unknown cause.® 1° Common to all

ILDs is damage to the region between the capillaries and the alveolar space, known as the



interstitium of the lung.'! In fact, this unique characteristic of ILDs is what differentiates it from
obstructive lung diseases [e.g., chronic obstructive pulmonary disease (COPD)] where lung
airways are obstructed instead. All ILDs present some degree of scarring, known as fibrosis,
however, the cause and progression can significantly vary and in some cases are unknown. IPF is
not only the most common but also the most fatal among all ILDs 2 with respiratory failure
accounting for over 80% of all fatalities.” 13

Lung diseases which are classified as 11Ps are of unknown etiology and vary in degrees of
inflammation and fibrosis.!* This group of heterogeneous nonneoplastic diseases result from
damage to the lung parenchyma.’® The primary site of injury in 1IPs is the interstitium, the space
between the epithelial and endothelial basement membranes.’® Overall, the language used to
classify and diagnose IIPs has been confusing, as clinicians in different countries use different
terminology to ultimately describe the same disease. The American Thoracic Society/European
Respiratory Society (ATS/ERS) continually make revisions and update classifications of 11Ps to
combat this problem.

In 1969, Liebow and Carrington developed the foundational histologic classification for
11Ps.’® 7 They described five groups of chronic 11Ps: usual interstitial pneumonia, bronchiolitis
obliterans interstitial pneumonia and diffuse alveolar damage, desquamative interstitial
pneumonia, lymphocytic interstitial pneumonia, and giant cell interstitial pneumonia. Over time,
this classification scheme has evolved, where some of the original classifications were dropped

while new ones were added.® In 2001, the ATS/ERS developed a new classification system based

on clinical, radiological and pathological criteria which is summarized in Table 1.1.%°



Table 1.1: Histologic and Clinical Classification of 11Ps* Reproduced from Ref. ¥

Histologic Patterns Clinical-Radiologic-Pathologic Diagnosis

Usual interstitial pneumonia Idiopathic pulmonary fibrosis/cryptogenic fibrosing alveolitis
Nonspecific interstitial pneumonia Nonspecific interstitial pneumonia (provisional)’

Organizing pneumonia Cryptogenic organizing pneumonia*

Diffuse alveolar damage Acute interstitial pneumonia

Respiratory bronchiolitis Respiratory bronchiolitis interstitial lung disease
Desquamative interstitial pneumonia Desquamative interstitial pneumonia

Lymphoid interstitial pneumonia Lymphoid interstitial pneumonia

* Unclassifiable interstitial pneumonia: Some cases are unclassifiable for a variety of reasons (see text).
" This group represents a heterogeneous group with poorly characterized clinical and radiologic features that needs further study.
*# COP is the preferred term, but it is synonymous with idiopathic bronchiolitis obliterans organizing pneumonia.

It is important to note that the diagnostic process is dynamic as it requires close
communication between a team of experts, which at a minimum contains a pulmonologist,
radiologist, and when appropriate, a pathologist.® Without this team of experts, a biased or
uninformed interpretation could be made, resulting in a misdiagnosis. Discussion and agreement
between experts have improved diagnostic accuracy substantially with accumulated experience.*®
19 Moreover, academic physicians in a multidisciplinary environment have better diagnostic

agreement than community physicians, who are more likely to assign the diagnosis of IPF.%



1.2.2 Pathobiology
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Figure 1.1. Alveolar and ECM modifications in idiopathic pulmonary fibrosis. 1) Healthy
alveoli and ECM. 2) Injury. 3) Repair process begins by recruiting neighboring fibroblasts. 4)
Diseased alveoli and ECM, which is represented by dense ECM accumulation and fibroblast to
myofibroblast transition resulting in inflammation.

At the alveolar structure level, the epithelium or lung environment is composed of various cells,
where type | and type Il alveolar epithelial cells (AEC) are among the most critical in lung
homeostasis.?! In fact, the alveolar epithelium represents 99% of the surface area of the lung and
is primarily responsible for gas exchange.?! Type Il AECs are primary epithelial progenitor cells
that are highly capable of self-renewal and differentiating into type | AECs.?? It is thought that
depletion of the vital type Il AEC is a major contributor and possible precursor to fibrosis but
details surrounding the mechanisms which lead to this are not fully understood. IPF is
characterized by AEC injury and apoptosis, which is accompanied by progressive scarring,?

ultimately resulting in fibrotic areas of dense acellular collagen, with abundant smooth muscle

hyperplasia and proliferating fibroblasts, known as fibroblastic foci.?® 2* Over time, the foci



become patchy and honeycomb until the alveolar walls are replaced with dense fibrosis,?*

compromising cystic dilation of air spaces.?®

Although there is consensus that fibrosis is a key player in IPF, the role of inflammation is
a controversial subject. The predominating belief is that like other pulmonary diseases,
inflammation plays a critical role in disease onset and progression.?>%" While inflammatory
signaling may contribute to IPF, there is strong evidence that supports IPF resulting from repetitive
injuries that do not resolve. 2> 28 29 Additionally, deregulation of several key wound healing
pathways and factors are instrumental in pathogenesis. Cytokines and chemokines involved in the
development of pulmonary fibrosis invariably regulate other cell functions in addition to cell
proliferation.®® Some of the factors that have been implicated in IPF include hypoxia-inducible
factors (HIF),3* tumor necrosis factor-alpha (TNF-o), platelet-derived growth factor (PDGF),
insulin-like growth factor-1 (IGF-1), interleukins, endothelin-1 (ET-1), connective tissue growth

factor (CTGF), and transforming growth factor-beta (TGF-B)? 2% % to name a few.

It is important to note that of the major factors previously mentioned, TGF-f plays a central
profibrotic role in IPF. Moreover, TGF-B1, is the most potent stimulator of fibroblast ECM
production.®® The ECM is a complex network of macromolecules [i.e. collagen (fibrillar and non-
fibrillar), elastin, proteoglycans, and glycoproteins (fibronectin, fibrillin, fibulin)] governed by
families of proteinases and their corresponding inhibitors that regulate cell functions such as
survival and proliferation. In many diseases, these processes are generally deregulated and
accompanied by ECM deposition and/or remodeling.®? For instance, during fibrosis, there is
increased accumulation of several components including fibronectin, hyaluronic acid, elastin and
collagen.?® Several studies have shown that there is a strong correlation between disease initiation

and progression, and remodeling of the ECM in the tissue microenvironment.> 33-3 The ECM is



responsible for ensuring a cell is operating and maintaining normal functionality,® 4° where

defects can cause severe abnormalities, resulting in cancers and diseases.

In response to TGF-B1 and other factors and environmental cues, there is a significant
increase in collagen synthesis and secretion by fibroblasts and myofibroblasts in IPF.2® Enhanced
collagen deposition results from mRNA transcription and stability, through increased matrix
metalloproteinase inhibitor (MMP) production and decreased degradation of procollagen as a
result of collagenase inhibition.*® Furthermore, desolubilization of newly synthesized fibronectin®
serves as a scaffold for collagen, elastin and other proteins, creating this aberrant matrix.*2
Research has shown that this abnormal matrix is composed of collagen | and other minor isoforms
(type 111, V),**4 where the relative isoform balance changes during disease progression. Using
immunofluorescence, Striker et al. found that collagen 111 was characteristic of early IPF, whereas
collagen | dominated in late-stage disease.*® Type | collagen is a predominant component of the
stromal ECM, “6%8 and is responsible for both structural and physiological functions.*® Elastin,
another important ECM protein, is responsible for providing tissues with its elasticity and ability
to expand and contract. Changes in elastin also contribute to ECM remodeling in IPF, where the
proportion of collagen and elastin determines the elastic recoil of the lungs and airway patency.®"
38 In normal alveolar septa, elastin is found in an organized epithelial layer giving rise to elasticity
required for proper lung function; however, in early IPF, these mature elastin fibers are degraded
by MMP-9 and elastase, which are released from myofibroblasts (inflammatory cells).! As a result
of disease progression, elastin is degraded and fibroblasts then synthesize both collagen and
elastin, where the newly deposited elastin is disorganized, resulting in a lung matrix with poor

mechanical properties.3®



While literature suggests that ECM remodeling is a crucial factor throughout the
progression of IPF, there is incomplete knowledge regarding the mechanisms through which the
remodeling occurs. Existing clinical modalities lack the resolution required to probe these ECM

changes, further emphasizing a clear need for better diagnostic techniques and treatment options.

1.2.3 Treatment options

The natural progression of IPF is variable and unpredictable, making it extremely difficult to treat.
Since IPF was historically regarded as a disease dominated by inflammation, treatment therapies
consisted of anti-inflammatory and immunosuppressive/cytotoxic agents. The lack of evidence
surrounding drug efficacy to improve patient survival and quality of life prompted the ATS/ERS
committee to release treatment recommendations in 2000, suggesting the use of corticosteroids
combined with immunosuppressants such as azathioprine or cyclophosphamide.® The side effects
of corticosteroid therapy are tolerated by many patients but can be debilitating.> In 2011 ATS/ERS
stated that most IPF patients should not be treated with a combination of the aforementioned

therapy.*®

Given that inflammation is mild to moderate in IPF, the paradigm has shifted to studying
matrix deposition and reorganization initiated by fibroblasts after the initial injury. Despite this
shift, the optimal treatment therapy for IPF has yet to be discovered. To this end, researchers have
used a variety of methods to induce pulmonary fibrosis, which have helped identify several cells,
cytokines, and profibrotic growth factors that are important in the pathogenesis of IPF.2°> While
other preclinical models have been used, bleomycin, a cancer chemotherapeutic agent, is by far
the most popular. Furthermore, a subset of human bleomycin subjects have age- and dose-
dependent pulmonary fibrosis that pathologically resembles usual interstitial pneumonia.®>*

Some researchers have used mice treated with bleomycin as models for human IPF > but there are



several limitations preventing direct translation.*® Scientists agree that animal models need to be
significantly improved as they do not recapitulate the complex pathobiology of IPF. However,
these preclinical animal models could potentially be used as a first-line approach to study drug
response and treatment. In fact, one of the two drugs approved by the United States Food and Drug
Administration (FDA) to treat IPF, pirfenidone, was first reported in the 1990s as a potential
treatment to ameliorate bleomycin-induced lung fibrosis in hamsters %’ and has been used since in
several animal models and found to be effective in treating fibrosis in the lungs, heart, liver, and

kidneys.>®

The mechanistic action of pirfenidone is ill-defined; however, non-clinical studies suggest
it inhibits pro-fibrotic behaviors in fibroblasts and fibrocytes, impacting numerous pathways,
including down-regulation of inflammatory cytokines (e.g., tumor necrosis factor-a), pro-fibrotic
cytokines (e.g., TGF-B), and oxidative stress.>® % Adverse effects are common and may include
vomiting, esophageal reflux, asthenia and weight loss, ®* in addition to rash and photosensitivity.®2
The other FDA approved drug to treat IPF, nintedanib, is a multiple tyrosine kinase inhibitor that
targets platelet-derived growth factor receptors a and B, vascular endothelial growth factor
receptors 1, 2 and 3, and fibroblast growth factor receptors 1, 2 and 3.5 In vitro studies have shown
that inhibition of signaling via the tyrosine kinase pathway ultimately impedes fundamental
processes of fibrosis, such as ECM deposition, and the recruitment, proliferation, and
differentiation of fibroblasts and fibrocytes.%® Potential side effects include diarrhea, elevated

hepatic enzymes, and weight loss.®*

Most patients with IPF show a decline in forced vital capacity (FVC), the amount of air a
person can exhale after taking a deep breath, with only 8% showing stability over 1 year.®* Clinical

trials have demonstrated that both nintedanib and pirfenidone reduce the decline in lung function



in IPF patients.®>%8 The phase 111 INPULSIS and ASCEND trials showed that patients with mild
or moderate FVC impairment prior to treatment, saw a reduction in the rate of FVC decline by
about 50% within a year of treatment.®® ¢ More recently Richeldi et al. compared the efficacy of
nintedanib in patients with more versus less severe gas exchange impairment at baseline.®® Over a
24-week period, they found that nintedanib had a similar effect on FVC decline regardless of
severity in gas exchange impairment, suggesting this treatment can be used in patients with
advanced IPF. It is important to mention that neither nintedanib nor pirfenidone have shown
significant relief of dyspnea, cough, or quality of life impairment associated with IPF.%? The exact
reasons behind this could be attributed to several factors but are still unclear. Prompt treatment is
critical in IPF in order to preserve lung function, ultimately improving the outcome.®? This can be
difficult for a variety of reasons ranging from delayed symptom onset to misdiagnosis. While the
introduction of these antifibrotic drugs have given physicians new options to treat IPF, uncertainty
about drug efficacy remains. In fact, these treatments have been shown to slow disease progression

but cannot reverse the fibrosis or improve the patient’s quality of life.

Single and double lung transplantation have shown to prolong survival and improve the
quality of life for patients with IPF, unless there are some preexisting contraindications that may
negatively influence survival.’® Though the 5-year survival rate after transplantation is between
50-60%,> this method is not without its own challenges. In addition to the limited donor
availability and extensive wait lists, it can be challenging to select qualified candidates who are
sick enough to warrant treatment yet well enough to survive the procedure.?® *° This prompted the
International Society for Heart and Lung Transplantation to develop selection criteria for potential
lung transplant candidates.®® These recipients may experience acute rejection or rehospitalization,

or develop systemic hypertension, chronic kidney disease, and/or diabetes within 1 year of the
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procedure.?® Although there are several risks associated with lung transplantation, it remains the

only effective intervention to prolong survival in IPF patients.

1.2.4 Clinical presentation, signs, symptoms

The cause of IPF is unknown; however, it has been attributed to risk factors including genetics,
cigarette smoking, and environmental and occupational exposures (e.g., metal or wood dust,
farming and livestock).'" 23 Its pathogenesis is thought to involve multiple microinjuries to the
lung,”® arising from one of the aforementioned factors.

Symptoms as a result of IPF onset are usually gradual, with dyspnea being the most
prominent and disabling symptom accompanied by a nonproductive cough.*® Others may include
digital clubbing, which develops in 25-50% of patients and velcro-type fine end inspiratory
crackles, which gradually progress to engulf the entire lung.>® Patients are typically 50 years of
age or older at onset and IPF is slightly more common in males; in addition, many patients

experience symptoms at least 6 months prior to presentation.>°

Upon injury, neighboring fibroblasts proliferate and migrate into the wound and transition
into myofibroblasts. This process is known as the fibroblast to myofibroblast transition (FMT).
Myofibroblasts are specialized cells that have characteristics of both the ECM and smooth muscle
cells.” They are defined by their contractile force, and de novo expression of alpha smooth muscle
actin (0-SMA) in stress fibers.”? Myofibroblasts are extremely important for normal wound healing
and in maintaining tissue integrity,” as they secrete both collagen and elastin fibers. In normal
tissue, function is fully restored after completion of reepithelialization (wound closure), followed
by apoptosis and clearance of myofibroblasts and vascular cells.” In IPF, on the other hand, focal
activation and proliferation of fibroblasts are accompanied by mild inflammation and

accumulation of newly deposited ECM and its subsequent destruction (Figure 1).” In IPF, type Il
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alveolar epithelial cells over proliferate and continually secrete fibroblasts, which leads to an

increased number of myofibroblasts.

IPF is characterized by the usual interstitial pneumonia (UIP) pattern of fibrosis.>® UIP
accounts for approximately 60% of biopsied patients and is the most common pattern of 11Ps.’® 77
This pattern features patchy interstitial fibrosis with dense acellular collagen and abundant smooth
muscle proliferation,?*1” which displays spatial and temporal heterogeneity. For example, areas of
dense collagen accumulation (old scar) are juxtaposed with fibroblastic foci (new scar
formation).” This distinct pattern is important for diagnosis; however, it is not always present or
a clear indicator of IPF.

1.2.5 Current diagnostic techniques

Currently, IPF is diagnosed using a combination of tests, including chest x-ray, high-resolution
computed tomography (HRCT), lung biopsy, lung function tests, and several others. These
methods are limited by several factors, such as resolution, accuracy, cost, potential to cause

scarring, and/or exposure to radiation.

A definitive IPF diagnosis requires both the UIP radiographic pattern and proper clinical
presentation. Biopsies are reserved for patients without the definitive UIP radiographic pattern. In
addition to the histologic pattern, other diagnostic criteria include, (i) exclusion of other ILDs, (ii)
abnormalities on chest radiographs or HRCT, and (iii) abnormal pulmonary function, which reveal
restriction (i.e. reduced total lung or vital capacity) and/or impaired gas exchange.*® In the absence

of the UIP pattern, there is a separate criterion for diagnosis.*> >

The most common chest radiographic abnormality in IPF patients is peripheral reticular
opacity, which is often accompanied by honeycombing and lower lobe volume loss.>

Occasionally, chest radiographs appear to be normal in patients with IPF.X> When the radiographic
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UIP pattern is present, however, IPF can be diagnosed via HRCT.*® Like histologic classification,
the UIP pattern must be present in order for a definitive IPF diagnosis via HRCT. HRCT features
seen in the UIP pattern include honeycombing and traction bronchiectasis and bronchiolectasis

and may be accompanied by the presence of ground-glass opacification, and fine reticulation
- . G
4k

Figure 1.2. High-resolution computed tomography (HRCT) images of the usual interstitial
pneumonia pattern. (A-C) Transverse section and (D) coronal reconstruction revealing
honeycombing with subpleural and basal predominance. (E) Magnification of left lower lobe,
illustrating honeycombing, clustered cystic airspaces with well-defined walls, and variable
diameters (denoted by arrows). Reproduced from Ref.”

(Figure 1.2).®
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Over time, there have been significant advances in HRCT imaging. For instance,
volumetric HRCT can capture multiplanar (coronal and sagittal) images of the entire lung,
allowing for better identification of these features and other abnormalities.” Additionally, there
have been updates to governing documents for IPF diagnosis, where the most recent was published
in 2018. This document includes criteria for categorizing the distinct HRCT, and histopathological

UIP patterns with four levels of certainty; definitive, probable or indeterminate UIP, and
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alternative diagnosis (Table 1.2).”® Patients with IPF and definitive UIP by HRCT have shorter
survival than those with indeterminate HRCT findings.® Although HRCT is an essential tool to
diagnose and monitor IPF, it is typically limited to the description and location of radiological
patterns, providing no quantifiable information on the extent of these findings.& In addition, a

major drawback specific to volumetric HRCT is the increased radiation exposure.’®

Table 1.2: Histopathology Patterns and Features. Reproduced from Ref.”®

uUIP Probable UIP Indeterminate for UIP Alternative Diagnosis

® Dense fibrosis with architectural ® Some histologic features from @ Fibrosis with or without ® Features of other histologic
distortion (i.e., destructive column 1 are present but to an  architectural distortion, with patterns of IIPs (e.g., absence of
scarring and/or honeycombing) extent that precludes a definite  features favoring either a fibroblast foci or loose fibrosis)

® Predominant subpleural and/or diagnosis of UIP/IPF pattern other than UIP or in all biopsies
paraseptal distribution of And features favoring UIP ® Histologic findings indicative of
fibrosis ® Absence of features to suggest  secondary to another cause* other diseases (e.g.,

® Patchy involvement of lung an alternative diagnosis e Some histologic features from  hypersensitivity pneumonitis,
parenchyma by fibrosis column 1, but with other Langerhans cell histiocytosis,

® Fibroblast foci Or features suggesting an sarcoidosis, LAM)

® Absence of features to suggest

alternative diagnosis®
an alternate diagnosis

® Honeycombing only

Definition of abbreviations: |IP = idiopathic interstitial pneumonia; IPF = idiopathic pulmonary fibrosis; LAM = lymphangioleiomyomatosis; UIP = usual
interstitial pneumonia.

*Granulomas, hyaline membranes (other than when associated with acute exacerbation of IPF, which may be the presenting manifestation in some
patients), prominent airway-centered changes, areas of interstitial inflammation lacking associated fibrosis, marked chronic fibrous pleuritis, organizing
pneumonia. Such features may not be overt or easily seen to the untrained eye and often need to be specifically sought.

"Features that should raise concerns about the likelihood of an altemative diagnosis include a cellular inflammatory infiltrate away from areas of
honeycombing, prominent lymphoid hyperplasia including secondary germinal centers, and a distinctly bronchiolocentric distribution that could include
extensive peribronchiolar metaplasia.

While surgical biopsy followed by a series of radiographic tests remains the gold-standard for IPF
diagnosis, this presents increased risks of death or expedited disease progression within the
postoperative window.8! The work presented in this dissertation addresses many of these
limitations and describes a label-free approach to examine and quantify extracellular matrix
remodeling to better elucidate its role in IPF progression, which is a critical first step in developing

diagnostic, preventative and treatment strategies.

1.3 Alternative Diagnostic Tool

A major challenge in developing effective diagnostic and treatment strategies for IPF is the limited
knowledge surrounding disease etiology. As highlighted in preceding sections, previous studies

have largely omitted investigating the structural alterations of the fibrotic ECM itself, which is the
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primary presentation of the disease and is mainly composed of collagen and elastin. Additionally,
existing clinical diagnostic techniques lack the sensitivity and specificity needed to examine the
ECM changes and their role in IPF progression. These challenges motivate the use of alternative
approaches to study IPF. The work described in this dissertation addresses this need by employing
multiphoton microscopy (MPM) to characterize the sub-resolution ECM architecture in normal

and diseased human lung tissues.

1.3.1 Multiphoton microscopy

Since the early 1990s, MPM has revolutionized biological imaging, where the first advances used
two-photon excited fluorescence (TPEF) to probe live cells and tissues. Shortly after, other
nonlinear optical methods like Second Harmonic Generation (SHG), Third Harmonic Generation
(THG) and Coherent Anti-Stokes Raman (CARS) were shown to be viable biological imaging
tools, with each providing its own unique and often complementary information. While these tools
have not yet been widely adopted or used clinically, they have enhanced the understanding of
tissues especially in different diseases, including epithelial cancers (i.e., ovarian, prostate, lung)
and connective tissue disorders. The studies in this dissertation will focus on delineating structural
differences in normal and IPF tissues primarily by examining collagen via SHG and, to a lesser

extent, surrounding cellular and muscularized structures via THG.

1.3.2 Induced polarization

In order to comprehend these two imaging modalities, we need to understand the photophysics of
the underlying contrast mechanisms. The nonlinear interactions between light and matter can be
described using polarization P, induced by an intense electric field E, according to the following

relationship:

P = X(l)E(l) +X(2)E(2) +X(3)E(3) + e
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where x™ is the n'"—order nonlinear susceptibility. x( is the term for linear processes and
nonlinear effects are attained at higher order susceptibility (n>1). For instance, the second order
nonlinear susceptibility, x), governs SHG and other relatively similar nonlinear processes (i.e.,
sum frequency generation and difference frequency generation), while x®) gives rise to three-

photon absorption, CARS, stimulated Raman scattering, THG, and TPEF.8?

1.4 Third Harmonic Generation

THG is a nonlinear coherent process where three photons are up-converted to produce a photon
that is triple the frequency of the incident photon. THG was first experimentally demonstrated in
calcite, gases and liquids, shortly after the demonstration of SHG.®? During the late 1990s, high-
resolution THG biological microscopy was first demonstrated by the Silberberg, Brakenhoff, and
Wilson groups.®% & Unlike SHG, which arises from asymmetries on the sizescale of Asqg, THG
contrast arises from the 3D volume around interfacial regions with a change in refractive index.%
8 Since all cells and tissues have such changes in refractive index, THG can be an effective
general imaging tool to map material distributions in cells and tissues. For example, the sensitivity
of THG to membrane boundaries has been successfully utilized to image unstained lipid bodies
and whole zebrafish embryos.®

THG is a third order nonlinear process, which involves a real ® susceptibility and is

related to the nonlinear refractive coefficient n, by

3

= 2
degnic

Rel7?},

n;

where & is the vacuum dielectric constant, no is the linear refraction coefficient (ny? « ERe{ ;5(1)}),
and Re denotes the real component of a complex value.!” Thus, THG is sensitive to

inhomogeneities such as aqueous medium interfaces and microstructures where n, is highly
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mismatched.®® However, the THG intensity can be larger using a lower numerical aperture
objective, as the signal arises from the volume around the region of refractive index difference,
rather than the interfacial region itself. Thus, this modality does not provide strong contrast for
bulk volumes in tissue, whereas similar refractive indices can exist in regions that have the same

asymmetry needed for SHG.

1.5 Second Harmonic Generation

Although THG and SHG arise from very different contrast mechanisms, the two modalities are
complementary, enabling 3D visualization of different aspects of cells and thier ECM. Similar to
THG, SHG is a nonlinear second order coherent process where two lower energy photons are up-
converted, emitting a photon at exactly twice the frequency of the incident excitation source.8 %
Dr. Maria Goeppert-Mayer theoretically predicted SHG (along with two-photon excitation) in her
1931 PhD thesis,* whereas the first experimental demonstrations were on quartz in 1961 following
the development of the ruby laser.®? While modern SHG biological imaging was reported in the
late 1990s,% % it is interesting to note that there were prior spectroscopic and low-resolution
microscopy examinations of collagen in 1971% and 1986,%® respectively. The initial interest in
this contrast mechanism for biological microscopy was probing membrane potential in live cells
using voltage sensitive dyes,®” where it was shown that SHG afforded greater sensitivity than
traditional fluorescence methods.® % % However, the larger majority of SHG microscopy has
been performed on tissues for structural analysis.

SHG microscopy has now emerged as a powerful and widely used tool for high-resolution,
high-contrast, three-dimensional imaging of tissues.®® %SHG contrast requires non-
centrosymmetric assemblies on the sizescale of Asng, Which is ideal for imaging well-ordered

structures such as fibrillar collagen (i.e. Col I, Col Il, Col Ill, Col V). Other structural proteins
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such as non-fibrillar or symmetric fibrillar collagen (e.g., Col IV), laminin, fibronectin and elastin
are transparent by this modality as this criterion is not met. While this may seem a large limitation,
collagen is a primary component in the extracellular matrix (ECM) of many connective tissues

including tendon,*" 100 101 gkin 102, 103 corneq, % 105 plood vessels, bone and also in stroma

107 108

in internal organs such as ovary, cervix, lung,'% liver, 1" and kidney®.

1.5.1 Phasematching conditions and SHG directionality

Some of the specific techniques that enable SHG to be such a powerful tool are also shared with
THG. SHG and THG are coherent processes and have a spatial and temporal relationship with the
excitation based on phase-matching considerations. This results in a distribution of directional
components (i.e., forward and backward) that depend on the tissue structure. While this presents
additional experimental challenges relative to TPEF, which is incoherent and equally emitted over
4r steradians, there is an abundance of structural information obtained from the spatial emission

pattern of SHG and THG.

Now, | will go into specific techniques that enable SHG to be such a powerful tool.
Expanding upon the framework of Mertz and Moreaux,*%® our lab developed an empirical model
to predict trends of forward and backward directional components and relative SHG intensities as
a function of collagen fibril size and packing on the sizescale of Asnc.!*? The phase-mismatch (Ak)
governs the emission pattern and is defined by Ak=k»,-2Kk.,, where ki, and k, are the wave vectors
for the SHG and incident photon, respectively. In the case of ideal phase-matching, Ak=0,
SHG emission is 100% forward directed and co-propagates with the laser, which can be seen in
uniaxial crystals and interfaces. However, this is not the case in biological tissues and as a result,
due to the need to conserve momentum, a distribution of forward and backward components

emerges. SHG intensity is modulated by a sinc? function of Ak, where larger phase mismatch
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results in both a lower forward-backward ratio, which we denote the creation ratio or emission
directionality (FsHe/Bshc), and a weaker SHG intensity. Here, structures axially aligned on the
order of Ashc (e.g., large or packed fibrils) result in predominantly forward SHG, whereas
smaller and/or more random structures with larger Ak values are associated with backward

directed SHG (although Fsnc/Bsne>1).%’

While this emission directionality contains potentially valuable sub-resolution structural
information, in general, it is not directly measurable in a tissue imaging experiment, because
forward and backward components become convolved with scattering. The SHG emission and
scattering cannot be decoupled analytically in the quasi-ballistic regime (~few scattering lengths)
and researchers must use Monte Carlo (MC) simulations based on the bulk optical properties
[scattering coefficient (us), scattering anisotropy (g), and absorption coefficient (pa)]. This
approach can also be used to extract the relative SHG conversion efficiencies in tissues, which are
related to the collagen density as well as the phase-mismatch.

1.5.2 Polarization-resolved theoretical underpinnings

Imaging by SHG has additional richness beyond such visualization and analysis of the fibrillar
morphology. The susceptibility tensor, ¥, is a bulk property and is the quantity measured in an
experiment. However, the molecular level property of the nonlinearity, i.e., the first
hyperpolarizability, B, forms the basis of the contrast mechanism. This parameter is defined in

terms of the permanent dipole moment:
d® = BE?.
The molecular and bulk properties are then related by:

2P = Ny(B),
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where Ns is the density of molecules and the brackets denote their orientational average. Thus,
harmonophores must have a permanent dipole moment, where these must be aligned within the
focal volume of the microscope so that x® is non-zero. These constraints limit the different
proteins that can be visualized with SHG, where the main species are collagen and myosin. In
comparison, proteins such as elastin, laminin, and fibronectin have neither regular molecular

structures nor assemblies thereof.

The nonlinear susceptibility tensor, ¥, matrix elements contain information on the
molecular and supramolecular structure that can be extracted utilizing polarization dependence on
the excitation, SHG signal, or both. For example, we showed that analysis of SHG intensity
measurements as a function of linear laser polarization yields the a-helical pitch of well aligned
systems such as tendon and skeletal muscle, where this is dubbed the single axis molecular

model.1**113 The SHG intensity can be defined as
ly(0) = |NP(2)|2 = a{(sin?® + bcos?0)? + c?sin*Ocos?6},

where N represents the number density of the elemental dipoles and a, b, and ¢ are numerical
coefficients defined by, a = N)(g()x,b =X§Z’Z)Z/X§?X,andc =2, and represent the non-
vanishing matrix elements of ¥®. Importantly, this treatment yielded helical angles in good
agreement with structural biology studies. This model was improved upon by Dong and colleagues
where they incorporated chiral and achiral components in their analysis and were able to
differentiate Col 1 and Col Il within the same tissue.'? A limitation of this approach is the
requirement of well-defined fiber alignment, a condition that is not met in most tissues. To address

this problem, Brasselet implemented a pixel-based generic model which analyzes the distribution

of dipole moments within the focal volume.'** Our lab adapted this approach to reconstruct the
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linear polarization response described above and also to determine the alignment of dipole
moments within the focal volume (signal anisotropy). For this purpose, 361 images are collected

at each field of view, where 19 excitation and 19 emission angles are acquired every 10 degrees.

Lastly, SHG has been combined with circular dichroism (SHG-CD) implementation for a
nonlinear analog of the standard spectroscopic tool used to study protein folding. While this
approach offers sensitivity for studying chirality of protein assemblies, SHG-CD is a coherent
process and does not require absorption like conventional CD. In brief, SHG-CD images are
collected using left- and right- handed (LH and RH) circularly polarized (CP) laser excitation and

intensities of the two images are measured and denoted by

IrHcp—IRHCP

I _ =
SHG=CD ILacp+IRHCP/2'

where Irncp and IHep refer to SHG pixel intensities from RHCP and LHCP images, respectively.
This normalized difference can be related to collagen attributes such as the triple helix chirality

and the out of plane tilt angle.!%®

1.6 Microscope Setup

Here | provide the most important equipment aspects that are specific to SHG and THG
microscopes, which are typically built around the same laser scanning platforms as other MPM
systems. The most common excitation source used for SHG imaging is the Nd:YVO4 (532 nm; 5-
18 Watts) pumped (titanium sapphire or ti:sapphire) femtosecond oscillator, where these have
tuning ranges of approximately 700-1000 nm. While scattering limits the penetration depth into
tissue, the SHG conversion efficiency decreases at longer wavelengths by about 3-fold over this
range. Moreover, this range enables simultaneous imaging of nearly all fluorophores via two-

photon excitation. In practice, THG needs to be performed at wavelengths longer than about 1200
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nm for optical transmission of the signal through glass optics. Laser sources for this purpose have
included optical parametric oscillators, frequency shifted fiber lasers, and Cr:fosterite.

Due to their ability to image structural aspects of tissues, polarization control is a critical
aspect of both SHG and THG imaging. This is because these techniques are label free and, unlike
TPEF, the contrast is subject to the constraints of the electric dipole interaction, where best contrast
arises from molecular dipoles aligned parallel to the plane of laser polarization. For SHG imaging,
circular polarization is widely used as it simultaneously excites all orientations equally. However,
while circular polarization is readily attainable at the laser output with a quarter-wave plate, the
resulting state at the plane of focus becomes elliptical due to non-45-degree reflections,
birefringence, and strain in the dichroics and other optics in the path. To correct this, we use a half-
wave plate before the quarter-wave plate to act as a compensator. Linear polarization can become
similarly distorted and can be corrected through compensation. We then use a liquid crystal
modulator in the infinity space to either rotate the linear polarization or reverse the handedness of
circular polarization for SHG-CD analysis. Other polarization distortion correction approaches
have been applied but are not as straightforward as this combination of compensation and motion-

free rotation in the infinity space.

1.7 Collagen as a Biomarker

Over the last two decades, there has been an increasing interest in applying SHG microscopy to
image a wide range of tissues. While the large majority of cancers are epithelial in nature,
essentially all these tumors involve significant remodeling of the ECM both during early stage
disease and throughout progression.t” Similarly, in connective tissue disorders and other diseases
such as IPF, the ECM architecture undergoes modifications.!!® These alterations can be in the form
of increased collagen synthesis (desmoplasia), changes in morphology/alignment as well as

changes in collagen isoform expression, e.g., increased Col Il or Col V synthesis. These ECM
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modifications have received little attention from pathologists, who mainly focus on cellular
attributes via hematoxylin and eosin (H&E) staining (i.e., nucleus to cytoplasmic ratio) and
expression of disease specific markers for diagnostics. Moreover, the eosin labeling is not highly
sensitive to the fibrillar collagen morphology. However, SHG microscopy, with its

sensitivity/specificity to visualize collagen, is well-suited for this task.

1.7.1 SHG potential for disease diagnostics

SHG microscopy has perhaps been most powerful in providing valuable insights into collagen
remodeling in breast cancer.!1%-122 |t is well known that increased collagen density in breast tissue
increases the risk of carcinoma, however it is not directly causal and conventional tools such as
ultrasound cannot resolve the fibrillar structure.?® To this end, in pioneering work, Keely and
coworkers quantified collagen alignment to classify stages of remodeling during disease
progression. Using murine tumor models, they identified three distinct and robust patterns they
dubbed tumor-associated collagen signatures (TACS),1?3 124 defined by TACS-1, dense collagen
accumulation around small tumors; TACS-2, elongated collagen fibers parallel to the tumor
boundary; and TACS-3, collagen fibers normal to the tumor boundary, where the latter facilitate
invasion and likely metastasis as well. Translating this study to human tissues in a tumor
microarray, they found that TACS-3 was associated with disease recurrence and poor patient
survival.*?°

To date, our emphasis has been on delineating structural differences in connective (tendon,
muscle, cartilage, skin), ovarian and lung tissues. Perhaps the most well-studied of these has been
in ovarian cancer. In previous studies conducted by my lab, we collected SHG images of normal
ovary and high grade serous ovarian cancer (HGSOC) and examined their forward and backward
emission patterns. Additionally, we used the generic pixel-based model,*'* described previously,

to probe the supramolecular structure of collagen in HGSOC,'™® since studies based on
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immunostaining had suggested that the Col 11l isoform was up-regulated in high grade disease
relative to normal stroma. We validated this approach using a series of self-assembled collagen
gels, ranging from 0-40% Col 11, with the balance comprised of Col I, and delineated structural
differences via P-SHG, where the latter had a higher pitch angle, consistent with structural biology
analysis.*™® Additionally, we employed a machine learning texture analysis method, known as
textons, to distinguish SHG images of normal ovary, high risk ovarian stroma, benign and
endometrioid tumors, and low and high grade serous ovarian cancers.'?® Using un-supervised
learning via k-means clustering, textons (or repeating features) are identified by convolving small
pixel patches of images with a 3D filter set of different orientations and scales. In the supervised
learning classification stage, differences between the texton distributions of test and training data
are evaluated by Gaussian weighted nearest neighbor comparison, which then are used to generate

receiver operator characteristic curves to calculate classification accuracy.

The results from these studies uncovered significant alterations in the collagen architecture
in HGSOC. For instance, SHG images of normal ovary and malignant tumors showed a vast
morphological difference in the collagen assembly, where collagen fibers in the normal tissue were
cross-hatched and randomly oriented in contrast to highly frequent wavy and aligned fibers in
ovarian cancer.'®® We found that HGSOC had a lower Fsuc/Bste than normal stroma, which
agreed with predictions of our phase-matching model based on the respective TEM data. Unlike
in the case of the collagen gels, the pitch angle in human tumors was lower than normal and
inconsistent with a Col Il increase.'?” Additionally, we found a lower anisotropy (i.e. dipole
alignment within fibrils), and lower SHG-CD in high grade disease relative to normal tissues,

where this is consistent with either rapidly degraded or incorrectly synthesized collagen. With the



24

texture analysis tool, we successfully classified the 6 different classes of ovarian tissues with ~83-

91% accuracy.

While SHG has been used to uncover a profound remodeling of collagen in many epithelial
cancers, it has been used to a lesser extent to investigate fibrosis. Huang and researchers utilized
P-SHG to analyze changes in collagen isoform balance and fibril orientation during progressive
liver fibrosis in bile-duct-ligation (BDL) rat liver models.1?® BDL samples harvested between 0
and 6 weeks showed an increase in collagen deposition with more randomly oriented fibers.
Furthermore, these studies revealed that the Col I11/Col | ratio significantly increases during
disease progression, suggesting that collagen type 111 is an important factor in the severity of liver
fibrosis. In pioneering work, the Vargas lab captured 3D images of whole murine lungs.'?® Here,
they coupled an optimized optical clearing approach using benzyl alcohol:benzyl benzoate
immersion with fluorescence and SHG imaging and stitching. Images were taken of mice treated
with PBS (normal) and poly(1:C), which is a fibrosis model that induces airway remodeling and
subepithelial fibrosis. TPEF and SHG images revealed a significant increase in collagen in the
poly(l:C) treated lung and was comparable to histological images. Quantitatively assessing
volumetric reconstructed images, they saw a 3-fold increase in the whole lung collagen volume
(%) in poly(I:C) treated lung. In addition, they found that there was a higher percentage of distal
bronchioles with increased collagen deposition and a higher volume fraction of collagen around
conduits in fibrotic models.

1.7.2 Existing MPM IPF data
Previous IPF studies have largely used immunostaining to investigate collagen isoform changes,
or analyzed signaling pathways or therapeutic response however, our primary focus has been on

studying ECM modifications. As IPF progresses, elastin is degraded by elastase and fibroblasts
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synthesize both collagen and elastin. The new elastin is disorganized and provides poor elastic
recoil properties, resulting in compromised lung patency.3” *0 In IPF patients, there is an initial
increase in collagen deposition, but late-stage IPF is described as having an increased presence of

elastin.® An intrinsic property of elastin is its ability to auto fluoresce via TPEF. We simultaneously

Figure 1.3. Superimposed SHG and TPEF images of collagen (green) and elastin (blue) in a) normal
and b) IPF parenchyma. Scale bar = 25 um Adapted from Ref. ! published under CC BY 3.0.
collected TPEF (elastin) and SHG (collagen) images and showed that the ECM structure in normal
and IPF lung tissues not only displays visual differences but that the elastin/collagen ratio was
impacted during disease progression.! In normal tissue, the collagen and elastin were intertwined,
whereas in the diseased tissue, the elastin and collagen were no longer intermingled (Figure 1.3).
Additionally, this balance between collagen and elastin is extremely important as it determines
ECM stiffness (collagen) and elastic recoil forces (elastin) of the lungs. As the elastin contrast is
linearly proportional to the concentration, and SHG is a convolution of the square of the collagen
concentration and its organization, it is not possible to determine their actual molecular ratios.
However, we compared the volumetric ratio of elastin and collagen using the well-documented
method: [Ev-Cv]/[Ev+Cv], where Ev and Cv represent elastin and collagen voxel volumes,

respectively,'®* and we found that IPF tissues were less elastic than collagenous.
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As a first step towards differentiating between SHG images of normal and IPF tissues, | employed
the 3D-texton classification technique that was used to successfully separate 6 classes of ovarian
samples. Varying the number of textons and nearest neighbors resulted in accuracies of 87 and
85% for normal and IPF, respectively (Figure 4). While this approach was successful, it is not
optimal for extracting hierarchical differences between multiple sets of image data (i.e., SHG and
THG) since the 3D filter sets were created based on SHG images of ovarian tissues. In chapter 4,

I will discuss an approach to overcome this challenge.
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Figure 1.4. Receiver operator characteristic curve for IPF (black squares) and normal (red circles).

1.8 Summary

IPF prognosis is poor due to the lack of effective treatment options, and limited knowledge of the
disease etiology and underlying molecular and temporal changes during disease progression.t
Current therapeutic options are extremely limited and have only shown to slow disease
progression. While fibrosis is the primary presentation of the disease, there is a critical lack of

knowledge about what role the collagen architecture, and ECM of the fibrotic scar tissue plays in
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disease development. A better understanding of collagen remodeling in IPF could lead to better
diagnostics, prognostics, and measures of treatment efficacy. Towards this, | employ SHG imaging
and techniques, to characterize the sub-resolution collagen assembly in ex vivo and in vitro lung
samples. Specifically, 1 use SHG pixel-based polarization analyses to further elucidate the
macro/supramolecular collagen structure by determination of the: i) alpha helical pitch angle, ii)
anisotropy (alignment of dipoles within fibrils), and iii) chirality. In addition, 1 employ THG
microscopy to further characterize the sub-resolution ECM and cellular assembly in IPF tissues.
Collectively, the studies presented in this dissertation hereafter will reveal significant changes in
the ECM architecture, especially collagen organization, in abnormal fibrotic tissue and these

alterations can serve as new biomarkers for IPF diagnosis and progression.
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Chapter 2: Probing Extracellular Matrix Remodeling in Human Tissues
Elements of this chapter have been published as:

J

ames, D. S.; Jambor, A. N.; Chang, H. Y.; Alden, Z.; Tilbury, K. B.; Sandbo, N. K.; Campagnola, P. J.

Probing ECM remodeling in idiopathic pulmonary fibrosis via second harmonic generation microscopy
analysis of macro/supramolecular collagen structure. J Biomed Opt 2019, 25, 1-13.

2.1 Summary/Focus Statement

This chapter focuses on analyzing and characterizing macro/supramolecular collagen structure in
normal and diseased human lung tissues via polarization-resolved second harmonic generation (P-
SHG) microscopy techniques and optical scattering measurements. Idiopathic pulmonary fibrosis
(IPF) is a progressive lung disease with poor prognosis. Patients typically have a short lifespan
following diagnosis, since there are limited effective treatment options. A fundamental limitation
is the lack of knowledge surrounding the underlying collagen alterations that occur during disease
progression. While the fibroses is the primary presentation of the disease, the collagen architecture
has not been well studied beyond standard histology. In this chapter, several metrics based on
second harmonic generation (SHG) microscopy and optical scattering measurements were used to
characterize the sub-resolution collagen assembly in human IPF and normal lung tissues. Using
SHG directional analysis revealed that while collagen synthesis is increased in IPF, the resulting
average fibril architecture is more disordered than in normal tissue. Wavelength dependent optical
scattering measurements lead to the same conclusion, and both optical approaches are consistent
with ultrastructural analysis. SHG circular dichroism (SHG-CD) revealed significant differences
in the net chirality between the fibrotic and normal collagen, where the former has a more
randomized helical structure. Collectively, the measurements reveal significant changes in the
collagen macro/supramolecular structure in the abnormal fibrotic tissues. We suggest these

alterations can serve as new biomarkers for IPF diagnosis and progression.
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2.2 Introduction

Idiopathic pulmonary fibrosis (IPF) is a form of interstitial lung disease (ILD) characterized by
unrelenting scarring and stiffening of the lungs that leads to approximately 34,000 deaths each
year. The interstitial fibrosis is characterized by spatial and temporal heterogeneity; for example,
areas of dense collagen accumulation (old scar) are juxtaposed with fibroblastic foci (new scar
formation).! As scarring increases, efficient lung function decreases, compromising the uptake of
oxygen by the blood, resulting in shortness of breath, limited exercise capability, and daily cough.
The median survival rate for patients diagnosed with IPF is typically 3 to 5 years post-diagnosis.
Currently, IPF is clinically diagnosed using a combination of tests including chest x-ray,
high-resolution computed tomography (HRCT), lung biopsy, and lung function tests. These
techniques often lack the sensitivity and specificity needed to examine the extracellular matrix
(ECM) changes and their role in IPF progression. For example, when the classic radiographic
pattern is present, IPF can be diagnosed via HRCT.? However, this pattern is not always uniquely
defined due to the heterogeneity of the disease. Moreover, radiographic methods lack the
resolution and sensitivity to probe the collagen morphology changes, which are an integral part of
the pathology. Biopsy followed by histology remains the gold-standard for IPF diagnosis; however

there is a significant risk of associated morbidity, and longitudinal samples cannot be taken.?

There remains a clear need for better diagnostics as well as prognostic indicators. We
suggest that probing the underlying macro/supramolecular changes in collagen presents such a
new direction. Perhaps counterintuitively, the specific collagen changes in this fibrosis have not
received significant attention beyond conventional H&E staining, which only shows increased
deposition. As an alternative, SHG microscopy offers considerable opportunities to study collagen

alterations and provide insight into both disease etiology and progression. We previously showed
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that SHG combined with machine learning, based on two-dimensional wavelet transforms/
principle component analysis of the fiber morphology, classified normal and IPF tissues with near
100% accuracy.* In addition, we found that the collagen/elastin balance increased, consistent with

increased clinical stiffness and difficulty breathing.

SHG microscopy can also be used to probe sub-resolution aspects of collagen architecture.
For example, SHG polarization-resolved methods [e.g. linear SHG polarization analysis (P-SHG)
and circular dichroism (SHG-CD)] can extract information on the helical structure of collagen
(e.g., o-pitch angle and triple helical chirality).> We previously showed that collagen molecular
aspects were different in human ovarian cancer compared to normal ovarian tissues.® This is also
relevant for IPF as there have been earlier reports using immunostaining that showed the Col I and
Col 111 isoform balance changes during disease progression and is also different from that of
normal tissue.”® Moreover, these isoforms have different pitch angles and we have shown that
these can be delineated by linear polarization analysis and application of the single-axis molecular
model 1% 1* Additionally, analysis of the SHG directional response, i.e. the forward-backward ratio
(F/B), yields data on the sub-resolution size and packing. In this current study, we used these SHG
metrics along with bulk optical property measurements to characterize the macro/supramolecular
structure of IPF and normal human lung tissues. Collectively, these optical readouts provide new

insight into the collagen alterations in IPF that have been previously unattainable by other methods.

2.3 Materials and Methods
2.3.1 Human tissues

All tissue samples (de-identified) were obtained from lung transplant recipients at UW Hospital
Madison, Wisconsin, under an IRB approved protocol. The normal tissues were from pathologist-

defined normal adjacent tissue from biopsies of patients without fibrotic lung disease. All IPF
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samples were from patients with advanced or highly progressed IPF. Tissues were fixed in 4%
formalin and sectioned using a vibratome (Leica VT1200) to ~200 um thickness. We have shown
that fixation does not significantly alter the fibril structure.!? After sectioning, the tissues were
stored at 4°C in phosphate buffered saline (PBS) for conventional SHG imaging or optically
cleared by immersion in 50% glycerol overnight to reduce scattering-induced depolarization
effects for SHG polarization-resolved imaging. For imaging, samples were mounted on glass slides
in PBS or glycerol with #1.5 coverslips and nail polish to seal the slides. A total of three normal
and four IPF-independent patient samples were imaged and also used for optical property
measurements.

2.3.2 Collagen concentration assay and a-SMA staining

In accordance with the manufacturer’s instructions, we used a Sirius Red Collagen Detection Kit
(catalog no. 9062, Chondrex, Redmond, Washington) to extract the collagen concentration of
collagen type | standards (8, 16, 31.5, 63, 125, 250, and 500 pg/ml solutions), blanks (acetic acid
only) and our test samples (lung tissues). Each of the lung tissue samples was homogenized in 1
mg/mL pepsin in 0.05-M acetic acid and incubated for 10 days at 4°C. After collagen digestion
and Sirius Red staining, the supernatant was collected, and the total collagen concentration was
detected. A Tecan Infinite M1000 Plate Reader was used to measure the optical density (OD) at
530 nm to obtain absorbance readings from the standards, blanks, and lung samples. We subtracted
the blank OD values from the standards and test samples. Then, we plotted the OD values of the
standard curve using linear regression analysis and then calculated the collagen concentration
(ug/ml) of the lung tissues. Three tissues per group, each ran in duplicate, were analyzed.
a-smooth muscle actin (SMA) expression was imaged to identify fibrotic regions to be imaged by
SHG. Samples were fixed in 4% formaldehyde, blocked in 1% BSA in PBS, permeabilized with

0.1% Triton X-100 for 30 min, and then incubated overnight at 4° C with the primary antibody,
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anti-a-SMA (monoclonal, mouse). Secondary staining was performed using goat anti-mouse
lgG2a Alexa Fluor 594 (ThermoFisher, 1:1,000 dilution) and then incubated overnight, then
mounted in PBS and imaged by two-photon excited fluorescence (TPEF). The two-photon
excitation laser wavelength was 780 nm, and the emission collection was centered at 632 nm with

a bandpass filter.

2.3.3 SHG microscope system

The details of the SHG microscope have been described in detail in chapter 1. Briefly, the system
consists of a laser scanning unit (FluoView 300; Olympus, Melville, New York) mounted on an
upright microscope (BX61; Olympus, Tokyo, Japan), where the excitation source is a mode-locked
titanium sapphire laser (Mira; Coherent, Santa Clara, California). Imaging was performed with a
fundamental laser wavelength of 890 nm for SHG forward-backward (F/B) and P-SHG analysis
and 780 nm for SHG-CD; the shorter wavelength for the latter provides greater sensitivity.®
Average powers at the focus were ~30 to 50 mW using a 40 x 0.8 NA water immersion lens
(LUMPIanFL; Olympus, Tokyo, Japan) and a 0.9 NA condenser. The resulting lateral and axial
resolutions were ~0.7 and 2.5 um, respectively. Forward- and backward-directed SHG emission
was collected using matched photon-counting detectors (7421 GaAsP; Hamamatsu, Hamamatsu
City, Japan), where the collection efficiencies were calibrated, as before, using fluorescent beads.*?
The SHG wavelengths (445 and 390 nm) were isolated with the respective 10-nm-wide bandpass
filters (Semrock, Rochester, New York). The excitation wavelength was confirmed using a fiber-
optic spectrometer (Ocean Optics, Dunedin, Florida). Fields of view were 170 x 170 um for SHG
F/B and 85 x 85 um for both SHG-CD and P-SHG and were acquired with scanning speeds of 2.71
s/frame with three-frame Kalman averaging. The power was controlled by an electro-optic

modulator (ConOptics, Danbury, Connecticut) run by a custom LabVIEW program (National
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Instruments, Austin, Texas), interfaced with the FluoView scanning system using a data

acquisition card (PCI-6024E; National Instruments).

Linear polarization was obtained using a half-wave plate to define the state entering the
microscope. The desired linear rotation at the focal plane was achieved using a liquid-crystal
rotator (LCR; Meadowlark Optics, Frederick, Colorado) mounted in the infinity space.!* Circular
polarization is achieved with a quarter-wave plate after the LCR, where left- and right-handed
states are achieved with 90 degrees of linear rotation by the LCR.' The linear and circular
polarization states were validated as previously described by imaging cylindrically symmetric
giant vesicles.>* The polarization control was also run by a custom LabVIEW program interfaced

to the FluoView scanning system.

2.3.4 SHG polarization analyses

Helical pitch angle analysis

For polarization-dependent measurements, images were taken every 10 degrees through 180
degrees of rotation.® Here, the method was applied to both optically cleared normal and IPF
tissues. We previously showed that scattering within biological tissue rapidly scrambles the
excitation polarization and optical clearing is required.'® We also showed that this process does
not affect the polarization response in thin tissues (~10 um). The a-helical pitch angle is extracted®
by combining the pixel-based generic model*® with the single-axis molecular model.** In
concordance with previous experiments, we determined the pitch angle, 6, through analysis of the

symmetry reduced tensor elements:

6, =tan"'/2/b = tan™! \/2/()(2)2/)(;2() : 1)

Second Harmonic Generation-Circular Dichroism
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SHG-CD analysis was used to interrogate the overall chirality of the human lung tissues. Images
of IPF and normal lung tissues were taken using left- and right-handed (LH and RH) circularly
polarized (CP) laser excitation and obtained 30-um deep into the optically cleared tissues to avoid
boundary effects.® To account for variations in intensity in the different samples, we report the
normalized SHG-CD response defined as

[I2ayLHCP— I20)RECP]
Ieto_ep = ) 2
SHG=CD = (2w)LHCPt I(2w)RHCP]/2 @)

where |>w)zuce and lxwrece represent the integrated pixel intensities of the SHG images of LHCP
and RHCP, respectively. This is calculated on a pixel basis, where we first set a threshold mask
above the noise background to identify non-zero pixel values. Absolute values were summed
across the entire field of view as the sign of CD response will depend on fiber orientation.> 7+ 18
2.3.5 Bulk property measurements

The spectral dependence of the single scattering anisotropy, g, and the scattering coefficient, s,
was determined using the setup previously reported by Hall et al.'° The scattering coefficient, ps,
is determined by on-axis attenuation measurements through the Beer-Lambert law:

I = alye~4us+ra), 3)
where 1 is the transmission with the sample, lo is the transmission without the sample, o is the
factor for losses due to refractive index mismatches, d is the tissue thickness, s is the scattering
coefficient, and pa is the absorption coefficient.?® Since lung is a collagen-rich tissue, pa is
significantly less than ps and can be considered negligible.?

The scattering anisotropy, g, is first determined by goniometry, where the angular
distribution of increasing scattering light is measured from O degrees to 180 degrees using a
rotating photodiode detector on a motorized stage and fit to the Henyey-Greenstein phase function

(valid for most tissues):
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Multiple scattering broadens the angular response and yields a lower measured anisotropy, ger. We
therefore developed a Monte Carlo simulation framework to extract the true anisotropy gsingle from
the measured ger .2° gsingle is associated with the scattering directionality and structural organization
of the tissue on a scale from 0 to 1, with the following limits: g=0, isotropic scattering,
corresponding to randomly organized structure; and g=1, all forward-directed scattering, and
associated with highly organized structure relative to the excitation wavelength. The independent
determination of g and psalso yields the reduced scattering coefficient, ps’ (which is used as an
input parameter for the Monte Carlo simulations for SHG directionality):
s = us(1—g). (5)

2.3.6  Determination of SHG emission directionality

The emission or creation directionality (Fsnc/BsHa) is reflective of the fibril assembly, i.e. size and
packing in the axial direction? and is determined by assessing the depth-dependent measured F/B
ratio through image stacks of ~100 um of thickness. The depth-dependent response then results
from a convolution of the Fsne/Bshc with scattering (us ) of the SHG signal at Asng. As previously
described, a Monte Carlo simulation framework?? (modified for SHG from MCMLZ%) using the
measured bulk optical properties (Section 2.3.5) extracts the emission directionality
(Fsha/Bsnc).?% 22 The SHG emission directionality was determined both across the whole field of
view and locally to investigate the extent of heterogeneity in the tissues.?* Here a 15x15 pixel patch
area (corresponding to ~ 5.3 x 5.3 um) was used as it optimally captures the fiber and fiber bundle
structures of the tissue and is adequately robust to Poisson noise. The number of stacks for this

analysis was 34 and 75 for the IPF and normal tissues, respectively.
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2.3.7 Statistical analysis
One-way analysis of variance (ANOV A) with Student’s t-tests (polarization-resolved SHG, SHG-

CD) and Tukey’s honest significant difference (HSD) post-hoc tests (bulk optical property
measurements, all other SHG methods) were performed in Origin 9.1 (OriginLab, Northampton,

Massachusetts). p-values less than 0=0.05 were considered statistically significant.

2.4 Results
2.4.1 Assessment of overall collagen assembly

We first present an overall comparison of the collagen content in normal and IPF lung tissues. The
top row of Figure 2.1 shows representative SHG images of normal and IPF lung tissues. We note
that the IPF tissue has greater coverage across the field of view and denser collagen accumulation
in comparison to normal. IPF also appears to have thinner, wavier fiber structures, whereas the
fibers are more linear in normal lung tissue. We point out that collagen morphologies tend to vary
significantly across sampling areas, where regions of diseased tissue may resemble that of
normal/healthy lung tissue. Still, previously, we were able to differentiate these tissues with high
accuracy using machine learning analysis of the SHG images.* In order to validate the apparent
difference in coverage, we calculated a packing efficiency for each group, where this is quantified
by creating a binary mask over a lower threshold of 15 counts (on a 12-bit image stack) and then
calculating the fraction of the resulting nonvanishing pixels. We found that IPF has a significantly
higher packing (normal: 0.56 + 0.03, IPF: 0.69 £+ 0.04; p < 0.01).

Next, we verified that we were interrogating fibrotic regions, where this is important given
the heterogeneity of the collagen morphology in both types of tissues. A standard marker for

fibrosis is increased a-SMA expression as this is associated with a fibroblast-to-myofibroblast
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Figure 2.1. Combined collagen and a-SMA staining in normal [(a) and (c)] and IPF [(b) and (d)]

tissues. The top row shows SHG images only and the bottom row is an overlap of SHG (grayscale)
TPEF (red) for a-SMA, identifying fibrotic regions. Scalebar = 30 um

transition (FMT), where myofibroblasts secrete significantly larger amounts of collagen and other
ECM proteins than un-differentiated fibroblasts.? 26 We thus overlapped SHG and TPEF images
from an anti a-SMA antibody, where this is shown in the bottom row of Figure 2.1. The normal
and IPF lung show little and extensive a-SMA expression, respectively.

We further measured the collagen concentrations for IPF and normal lung tissues using a Sirius

Red detection kit. The Sirius Red dye binds to the repeating Gly-X-Y pattern that forms most of
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Normal IPF

Figure 2.2. Collagen concentration data of normal (blue) and IPF (red) lung tissues. Standard
error bars are shown. Number of samples were six for both IPF and normal with three separate
slices in each case. Note: * indicates p < 0.05.
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the amino acid sequence in the fibrillar collagen triple helix. The measured concentrations are
shown in Fig. 2.2 and we found approximately a two-fold increase in collagen concentration in

IPF over normal tissues, in agreement with the SHG imaging data showing increased coverage.

2.4.2 Bulk optical parameter measurements

We further characterized the respective normal and IPF tissue structures through the wavelength
dependence of the scattering coefficient, s, the single scattering anisotropy, g, and the reduced
scattering coefficient, ps'. We will also use these values in the Monte Carlo simulations in the next
section (2.4.3). The scattering coefficient, ps, is associated with the density and polarizability of a
tissue and is equal to the reciprocal of the mean free path of a photon before scattering. We used a
set of wavelengths (390, 495, 545, 780, 990, and 1070 nm) that are near those of the SHG (445
nm) and fundamental (890 nm), and as examples, the latter are given in Table 2.1 (tabulated as
mean + standard error. We found the IPF tissues had consistently higher values, corresponding to
increased densities, consistent with the analyses in section 2.4.1. The anisotropies were not
significantly different between the tissues but increased at longer wavelengths, in good accordance
with Mie theory.

Table 2.1: Bulk Optical Parameters for Normal and IPF Tissues

Group A(nm)  ps(cm™) single W’ (cm™)

Normal (N = 20) 445 32723 0.914 £ 0.004 26.5+1.6
890 260 + 21 0.950 £ 0.003 13.0x1.0

IPF (N =18) 445 405+ 23 0.908 £ 0.007 419+4.2
890 283 +24 0.946 £ 0.006 13.7+1.9

For quantitation, we compare the spectral dependence of the reduced scattering coefficient,
Ms,” which arises from the spatial distribution of the refractive index due to structural differences
on size scales smaller than the diffraction limit. We follow the treatment of Backman using the
Whittle-Matérn correlation function, where the spectral dependence is given by ps (k) ~ A@™4),

Here, the output is the shape factor m, which corresponds to one half of the fractal dimension,?’: 28
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where higher m values are associated with larger, more ordered structures on the approximate size
scale of 50 nm - 1 um. The resulting ps (1) values are plotted in Figure 2.3, where the best fits for
the normal and IPF tissues were m=1.61 and 1.34, respectively. In this analysis, this is a large
difference that corresponds to very different tissue structures, specifically indicating IPF tissues
have a larger distribution of scatter sizes that contribute to the response. We note that we observed
similar behavior in comparing normal and malignant ovarian tissues, where the latter had higher
values of ps due to increased collagen deposition but stronger wavelength dependence, i.e. lower

m due to the reduced regularity of the fibril structure.?®
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Figure 2.3. Spectral dependence of ps’ over UV/Vis and NIR wavelengths for normal and IPF
tissues where the fit is to the Whittle-Matérn correlation function. The IPF tissues are more

highly scattering but have stronger spectral slope (lower m), indicting a broader range of scatter
sizes. There were ~ 20 independent measurements at each wavelength using the different tissues.

2.4.3 Characterization of fibril assembly by local SHG emission directionality

SHG in tissues is characterized by non-ideal phasematching, i.e. Ak=k»,-2k,#0, where ® and 2w
correspond to the fundamental and SHG angular frequencies. As a consequnce, to conserve
momentum, this results in a distribution of forward (Fshc) and backward (Bshs) emitted

components where we have dubbed the quantity Fsne/Bshe as the creation ratio or emission
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directionality.?® In this treatment, lower values correspond to greater phase-mismatch and more
disorganized structures relative to the sizescale of AsHg. The SHG emission becomes coupled with
scattering during tissue propagation and Monte Carlo simulations using ps at Askc are used to
extract the creation ratio as previously described.?® As we are interested in the heterogeneity within
the tissues, the analysis is performed on 15 x 15 pixel patches instead of the whole field of view.

In previous work, we found this size range to be optimal in examining heterogeneity.?*

The measured F/B versus depth and best simulation for the creation ratio, Fsne/BsHe, are
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Figure 2.4. Local analysis of the SHG emission directionality. (a) Measured F/B as a function of
depth into normal (blue) and IPF (red) tissues; solid and open symbols correspond to measured and
simulated responses, respectively. The resulting Fsne/Bshc in 15 x 15 pixel patches for (b) normal
and (c) IPF tissues. Number of stacks were 34 and 75 for IPF and normal, respectively. Scalebar=30
microns.

shown in Fig. 2.4(a) and summarized in Table 2.2 (tabulated as mean + standard error). We note
that at a few depths, there are similar experimental F/B values between the normal and IPF tissues.

This is likely due to nonideal F/B behavior for some of the IPF samples due to intrinsic
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heterogeneity of these tissues relative to the normal lung. Still, the extracted best-fit values of the
SHG creation ratio, Fsne/BsHe, and associated reduced chi-squared values are negligibly affected.
The locally extracted Fsnc/BsHe values for the patches of representative images for normal and
IPF are shown in Figs. 2.4(b) and 2.4(c), respectively. Compared to normal, IPF has a lower
FsHe/Bsha creation ratio, which suggests smaller and less organized collagen fibrils in the axial
direction relative to AsHe.

We propose that the lower organization of collagen in IPF is either due to fibrosis (i.e.,
fibrotic collagen is intrinsically less organized) or other changes in the ECM that affect the
collagen morphology. This finding is in agreement with previous SEM studies that showed that
the collagen fibrils were more irregular in IPF than in normal tissue.?® We also examined the
heterogeneity within these tissues. Interestingly, we found a lower Fsne/Bshe standard deviation
for IPF, which suggests that 4% values are more uniform within the obtained stacks. Thus, while
overall the IPF tissues have more heterogeneity, containing both normal and fibrotic regions, the
fibrotic regions themselves are more uniform than normal tissues.

Table 2.2: Creation Ratios for Normal and IPF Lung

Fste/Bsha

Group Fsha/Bshe Std. Dev.?

Normal (N=75) 2.67+0.14 1.16 £ 0.07
IPF (N=34) 2.02+0.12 0.74 £ 0.07
p-value <0.01 <0.01

& Calculated per individual tissue.

2.4.4 Polarization-resolved second harmonic generation

There are previous accounts using immunostaining that showed the relative proportion of Col I

and Col 11 is different in IPF relative to normal lung. Specifically, Col 11 is relatively increased
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in early stage disease, and then Col | is more prevalent in later stages, corresponding to an older
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Figure 2.5. Linear polarization analysis of normal (blue) and IPF (red) tissues. (a) The reconstructed
pixel-based response; (b) the extracted pitch angles. The data were similar to each other, inconsistent
with an increase in Col 111 abundance in IPF.

scar.? 3031 |mmunostaining is not always very quantitative in general and less so for the current
case as Col 111 antibodies have crosstalk with those for Col | as the epitope is the same.

To examine this proposed change in relative collagen isoform abundance, we employed
SHG polarization analysis based on the single axis molecular model, which is sensitive to the a-
helical pitch angle.!! Based on structural biology, the pitch angle (angle of coil relative to long
molecular axis) for Col Il is about 2 degrees higher than that of Col I. Previously, we showed
that SHG could discriminate between the fibrillar morphology of varying collagen I/collagen 111
concentrations in mixed gels.!® We also successfully differentiated these gels based on the
extracted pitch angles, where the results were consistent with known difference of Col I and Ill
from the protein database.®?

Applying this same polarization-resolved SHG technique to image human lung tissues [EQ.
(1)], we obtained pitch angles (Fig. 5) of 48.25 and 48.2 for normal and IPF, respectively,
suggesting there is no measurable collagen isoform change in IPF. This could occur as there is no

significant increase in Col 11 or it is not identifiable due to the spatial heterogeneity in IPF.
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We further analyzed the helical properties of normal and IPF tissues via the SHG-CD
protocol as described previously [Eq. (2)].° Representative SHG-CD images are shown in Fig.
2.6(a) for both normal and IPF, where red and blue correspond to the sign of the response and
corresponds to the polarity of the fiber and the magnitude arises from the alignment of the triple
helices within the focal volume.® The response is calculated using the absolute value [Eq. (2); we
found the average SHG-CD was significantly higher (almost two-fold) in normal versus IPF [Fig.
2.6(b)]. This decreased chirality in IPF suggests either improper collagen fibril formation or
changes in crosslinking. In principle, this would also be consistent with an increase in Col III;

however, that is not consistent with the pitch angle analysis (Figure 2.5).
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Figure 2.6. (a), (b) Normalized SHG-CD data of cleared normal (blue) and IPF (red) lung tissues
measured at 780 nm excitation wavelength. (a) The red and blue correspond to positive and negative
SHG-CD values, respectively, which are determined by the fiber polarity. (b) Standard error bars are
shown. Number of unique images were 134 and 121 for IPF and normal, respectively. Field size =
85x85um. Note: **** represents p < 0.00001.
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2.5 Discussion

While seemingly paradoxical, the collagen macro/supramolecular changes in IPF are not well
studied. SHG can directly visualize the collagen assembly, is sensitive to morphological changes
within the assembly, and has significant potential, especially when coupled with polarization-
resolved approaches and further with optical scattering measurements.®® For example, the SHG
directional analysis of the measured F/B versus depth response combined with Monte Carlo
simulations based on optical properties yield data on the relative fibril size and assembly that is
consistent with the (limited) available SEM measurements.?® Moreover, the spectral analysis of
the reduced scattering coefficient revealed that IPF is both more dense (higher s, packing
efficiency) and less organized (lower m) than normal lung tissue, further consistent with the lower
SHG creation ratio, Fsne/BsHe. Thus, these optical measurements are consistent with both
increased collagen deposition and decreased order in IPF. Importantly, both the SHG and optical
properties can be performed on intact tissues, where thin sections are required for any high-

resolution electron microscopy work.

We did not find any differences with respect to the a-helix pitch angle and thus no
difference in relative Col I/111 abundance. It is possible that due to the heterogeneity within the IPF
tissues, our imaging locations were not optimized. Additionally, it can be difficult to distinguish
between late and early-stage disease, thus the Col 11l to Col I turnover could have already taken
place. However, the SHG-CD response was very different, so there were clear changes in chirality
in these locations. Moreover, there was clear enhanced a-SMA expression in these tissues (Fig.
2.1), consistent with fibrotic regions. It is now known there is marked difference in crosslinking

in IPF relative to normal tissues,* where this could affect the net chirality. There are other possible
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underlying ECM changes as well, e.g., increased fibronectin deposition,® to which SHG is not

directly sensitive.

Interestingly, we found a similar trend in our work on ovarian cancer, where Col 11l was
also reported to be increased.®® Similarly, this was not borne out by extracted pitch angles, while
the SHG-CD was significantly less for ovarian cancer than normal stroma.® Moreover, the SHG
directional analysis and optical properties analysis all trended in the same direction (i.e. denser
and more disordered) for IPF and high grade ovarian cancer relative to the corresponding normal
tissues, suggesting commonalities in the mis-formed collagen. Intriguingly, several of the same
pathways are altered in both diseases, e.g. up-regulation of proteases.®**® Moreover, the
microenvironments of fibroses and cancers have many similarities including fibroblast activation,
increased collagen synthesis, and stiffness.3” SHG is thus sensitive to a range of physical changes

associated with increased collagen deposition accompanying different diseases.

2.6 Conclusion

IPF prognosis is poor due to the lack of effective treatment options, limited knowledge of the
disease etiology and underlying molecular and temporal changes associated with disease
progression.* To help solve this problem we have used SHG imaging in combination with optical
property measurements to examine macro/supramolecular and fibril changes in the fibrotic
collagen. These metrics indicated significant differences in collagen assembly between the normal
and IPF tissues, with the latter being characterized by increased disorder, where this is consistent
with the limited available structural biology data.?® As SHG can be done on whole tissues, the
ability to obtain sub-resolution structural data without the constraints of historical methods offers

great promise for this imaging modality as a diagnostic tool. For example, a laser scanning
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microendoscope® could be developed to monitor disease progression as well as response to

treatment.
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Chapter 3: Examining LOXL Modulation of Collagen in 3D Spheroid Models of
IPF

Elements of this chapter have been accepted as:

J

ames, D. S.; Brereton, C.; Davies, D.; Jones, M. G.; Campagnola, P. J. Examining LOXL modulation of

collagen architecture in 3D spheroid models of idiopathic pulmonary fibrosis via second harmonic
generation. J Biomed Opt 2021. 25, 1-13.

3.1 Summary/Focus Statement

This chapter examines the impacts of selective promotion and inhibition of collagen crosslinking
in 3D in vitro idiopathic pulmonary fibrosis (IPF) models. IPF patients have a poor prognosis with
short lifespan following diagnosis, as patients have limited effective treatment options. Despite
matrix stiffening being the hallmark of IPF there remains a lack of knowledge surrounding the
underlying collagen alterations that take place during disease progression. Specifically, while
increased collagen crosslinking has been implicated, the resulting effects on collagen
macro/supramolecular changes have not been explored. We sought to determine if second
harmonic generation (SHG) microscopy could characterize differences in the collagen architecture
in 3D spheroid models of IPF grown under different crosslinking modulation conditions
(promotion and inhibition). We used SHG polarization analyses to compare the structure of the
IPF spheroids, examining SHG metrics based on the fiber morphology, relative SHG brightness,
and macro/supramolecular structure. Comparison of the fiber morphology of the spheroids showed
that the control group had the longest, straightest, and thickest fibers. The spheroids with crosslink
enhancement and inhibition had the highest and lowest SHG conversion efficiencies, respectively,
consistent with the resulting harmonophore density. SHG polarization analyses showed that the
peptide pitch angle, alignment of collagen molecules and overall chirality were altered upon
crosslink modulation and were also consistent with reduced organization relative to the control
group. While no single SHG signature is associated with crosslinking, we show that the suite of

metrics used here are effective in delineating alterations across the collagen architecture sizescales.
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The results largely mirror those of human tissues and demonstrate that the combination of 3D
spheroid models and SHG analysis is a powerful approach for hypothesis testing the roles of
operative cellular and molecular factors in IPF.

3.2 Introduction

Idiopathic pulmonary fibrosis (IPF) is a fatal lung disease characterized by excessive scarring and
stiffening of the lungs, ultimately resulting in respiratory failure. While IPF etiology is poorly
understood, it has been attributed to a non-specific combination of both genetic and environmental
factors, which promote repetitive alveolar injuries.® Upon injury, alveolar epithelial cells (AECs)
are aberrantly activated and secrete profibrotic cytokines, especially transforming growth factor-
beta (TGF-P).2 Fibroblast activation by TGF-B results in a highly contractile and myofibroblast
phenotype, which serves as the primary effector cell for increased collagen (and other matrix
proteins) production and extensive tissue remodeling.® # Despite being the hallmark of the disease,
the collagen architectural alterations themselves have not been well studied. Specifically, there
have been limited TEM imaging studies and cellular level imaging has been confined to H&E
pathology, where the limitations of the latter are well-documented.® Further examination of the
operative cell-matrix interactions could provide better insight into disease etiology and also
prognosis. Moreover, while there are now two Food and Drug Administration (FDA) approved
drugs to treat IPF (pirfenidone and nintedanib), their mechanisms are not well understood, and
better assessments of their efficacy would be helpful in defining treatment regimens. Because of
these collective difficulties, there remains a clear need for both better diagnostic techniques as well

as an understanding of the extracellular matrix (ECM) changes that occur in the disease.

Understanding the biology and consequences on ECM remodeling via activated profibrotic

signaling pathways is a critical step in the process. While the role of several species (e.g. TGF-p,
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ROCK, etc.) have been well-studied at the cellular level, their effects on the modulation of collagen
architecture remain largely unknown. We have previously utilized Second Harmonic Generation
(SHG) microscopy to probe the collagen structure in IPF and delineated it from normal tissue by
different means.® ” Specifically we used machine learning to classify normal and IPF human lung
tissues, with high accuracy (~95%), based on the collagen morphology.® More recently we used
polarization resolved SHG as well as the SHG emission directionality (forward/backward
measurements) to examine the macro/supramolecular changes and found that the collagen was
more disorganized at both the triple helical and fibril levels of structure.” Similar trends were also
seen in human ovarian cancer, which is characterized by up-regulation of several of the same

pathways as IPF.810

While we have documented these changes in IPF, it is also important to elucidate the
underlying molecular factors that give rise to these alterations. Here we begin this process by
examining the role of crosslinking modulation on the collagen architecture. Lysyl oxidase (LOX)
and its counterparts, lysyl oxidase-like (LOXL) proteins, are responsible for crosslinking collagen
and elastin in the ECM and are required for the structural integrity of many tissues.'* Studying
LOX and LOXL induced changes on collagen structure is potentially relevant for IPF, as increased
crosslinking results in tissue stiffening, which is a hallmark of the disease. Indeed, Jones and

Tschumperlin have shown that LOXL family members are up-regulated in ex vivo IPF tissues.* *°

Examining the impact of crosslinking on the collagen architecture using well controlled in
vitro models can yield new insight into the disease progression as this process can be modulated
through selective promotion and inhibition. For example, using long term spheroids (40-60 days),
Jones recently showed that increased ‘bone’ type pyridinoline collagen crosslinking, mediated by

lysyl hydroxylase 2 (LH2/PLOD2), LOXL2 and LOXL3, altered nano-scale architecture.®
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Selective inhibition normalized mechano-homeostasis and limited the self-sustaining effects on

fibrosis progression.

While this study focused on the biomechanics aspects, initial SHG imaging also revealed
alterations in the collagen fiber morphology. Here we extend the characterization of collagen
architecture in similar IPF spheroid models with selective crosslinking modulation by further
analysis of fiber morphology, examination of coherence aspects through SHG conversion
efficiency, as well as probing macro/supramolecular changes through polarization resolved SHG
(P-SHG and SHG-CD) imaging. We further correlate these results to human tissue and provide
new insights into the role of collagen crosslinking in IPF.

3.3 Materials and Methods

3.3.1 Invitro spheroid preparation

IPF lung fibroblasts were cultured using the 3D in vitro model of fibrosis as previously described.*
All human lung experiments were approved by the Southampton and South West Hampshire and
the Mid and South Buckinghamshire Local Research Ethics Committees (ref 07/H0607/73), and
all subjects gave written informed consent. Briefly, peripheral lung fibroblasts were obtained as
outgrowths from surgical lung biopsy tissue of patients (n = 3 donors) who were subsequently
confirmed with a diagnosis of IPF according to international consensus guidelines.'® All primary

cultures were tested and free of mycoplasma contamination.

The fibroblasts were seeded in Transwell inserts in DMEM containing 10% FBS. After 24
hrs, the media was replaced with DMEM/F12 containing 5% FBS, 10 pg/ml L-ascorbic acid-2-
phosphate, 10 ng/ml EGF, and 0.5 pg/ml hydrocortisone with or without N-[[1,2-Dihydro-4-
hydroxy-2-oxo-1-(phenylmethyl)-quinolinyl]carbonyl]-glycine ~ (10X2)  (50uM,  Stratech

Scientific, UK) and/or PXS-5120 (PXS-S2A) (10uM, Pharmaxis, Australia), as indicated. Each



62

experiment included a vehicle control. TGF-B1 (3 ng/mL) was added to the cultures, and the
medium replenished three times per week. After 42 or 60 days in culture the spheroids were
harvested and fixed in 4% paraformaldehyde for imaging analysis or flash frozen for crosslinking
analyses. These were then sent to our lab for SHG imaging. On average, the spheroids had a full
thickness of 400-600 um. However, due to attenuation we cannot image through the full volume
and used a vibratome to slice the spheroids into individual ~100 thick sections, and then we imaged

multiple areas of each section.

Samples for imaging analyses were stored at 4°C in phosphate buffered saline (PBS) for
conventional SHG imaging or optically cleared by immersion in 50% glycerol overnight to reduce
scattering-induced depolarization effects for SHG polarization resolved imaging. For imaging,
samples were mounted on glass slides in PBS or glycerol with #1.5 coverslips and nail polish was

used to seal the slides. A total of 12 independent samples were imaged.

Collagen crosslinks were calculated as previously reported.* Briefly, total mature
pyridinium collagen crosslinks (PYD+DPD) were determined using an enzyme-linked
immunosorbent assay (ELISA; Quidel Corporation, San Diego, USA) according to manufacturer’s
instructions. For normalization, total collagen content was estimated by colorimetric assay of
hydroxyproline (Hyp) based on the reaction of oxidized hydroxyproline with 4-
(Dimethylamino)benzaldehyde, as per manufacturer’s instruction (Sigma-Aldrich, Poole, UK).
The molar content of collagen was estimated from hydroxyproline using a conversion factor of
300 hydroxyprolines per triple helix, and mass of collagen was estimated using a molecular weight
of 300 kDa per triple helix. Quantitation of the collagen crosslinks was achieved by comparison

to a standard curve. Sample values were interpolated using GraphPad Prism software.
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3.3.2 SHG microscope system

The details of the SHG microscope have been described in Chapter 1 and elsewhere!” 18 and are
only briefly described here. The system consists of a laser scanning unit (FluoView 300; Olympus,
Melville, New York) mounted on an upright microscope (BX61; Olympus, Tokyo, Japan), where
the excitation source is a mode-locked Titanium Sapphire laser (Mira; Coherent, Santa Clara,
California). SHG imaging was performed with a fundamental laser wavelength of 890 nm for
morphology, conversion efficiency, and linear polarization (P-SHG) analysis and 780 nm for SHG
circular dichroism (SHG-CD), where the shorter wavelength for the latter provides greater
sensitivity.’® Average powers at the focus were ~30 to 50 mW using a40x 0.8 NA water
immersion lens (LUMPIlanFL; Olympus, Tokyo, Japan) and a 0.9 NA condenser was used for
collection of forward SHG. The resulting lateral and axial resolutions were ~0.7 and 2.5 microns,

respectively.

Forward SHG emission was collected using a photon-counting detector (7421 GaAsP;
Hamamatsu, Hamamatsu City, Japan). The SHG wavelength (445 and 390 nm) was isolated with
the respective 10 nm wide bandpass filters (Semrock, Rochester, New York) and the excitation
wavelength was confirmed using a fiber-optic spectrometer (Ocean Optics, Dunedin, Florida).
Fields of view were 170 x 170 um for non-polarization resolved SHG and 85 x 85 pum for both
SHG-CD and P-SHG where these were acquired with scanning speeds of 2.71s/frame with three-
frame Kalman averaging. The power was controlled by an electro-optic modulator (ConOptics,
Danbury, Connecticut) run by a custom LabVIEW program (National Instruments, Austin, Texas),
interfaced with the FluoView scanning system using a data acquisition card (PCI-6024E; National

Instruments).
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Linear polarization was obtained using a half-wave plate to define the state entering the
microscope and the desired linear rotation at the focal plane was achieved using a liquid crystal
rotator (LCR; Meadowlark Optics, Frederick, Colorado) mounted in the infinity space.*® Circular
polarization is achieved with a quarter-wave plate after the LCR, where left- and right-handed
states are achieved with 90 degrees of linear rotation by the LCR.!® The linear and circular
polarization states were validated as previously described by imaging cylindrically symmetric
giant vesicles.!® ¥ The polarization control was also run by a custom LabVIEW program

interfaced to the FluoView scanning system.

3.3.3 Relative SHG conversion efficiency

We determined the relative SHG conversion efficiency, which arises from the collagen
concentration and organization, by measuring the forward attenuation, i.e., the rate of SHG
intensity decrease with increasing depth into the tissue. We have shown that this response is a
coupled effect of the relative conversion and primary filter effects (i.e., loss of laser power) and in
general Monte Carlo techniques are necessary to isolate the former.® % The spheroids used in this
study are less than one scattering length thick and this approach is not necessary for relative
intensity measurements. Due to intrinsic heterogeneity in concentration, it is necessary to
normalize the SHG intensity response to account for local variability within the same tissue
(different fields of view) and to make relative comparisons between different tissues. We
normalized each optical section within each optical series and these were self-normalized with the
average maximum intensity value. Then the difference in slope of the attenuation is directly related
to the conversion efficiency.?! 22 Images were collected for the entire thickness of the spheroids in

four different locations.
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3.3.4 SHG polarization analyses

While the spheroids are not highly scattering, we have shown even one scattering length gives rise
to significant depolarization in collagenous tissues.? The scattering length in these models is ~100
microns where we have found this in other in vitro systems (unpublished). Here, spheroids were
sliced into sections of about 100 microns in thickness and then optically cleared with 50% glycerol
to essentially eliminate these effects. Additionally, images were obtained 20 um deep into the
samples to avoid boundary effects.

Helical pitch angle and anisotropy analysis

Polarization-dependent measurements were performed as previously described,® where images
were taken every 10 degrees through 180 degrees of rotation of the incident laser polarization and
SHG signal polarization. The a-helical pitch angle is determined by rotating the laser polarization
and measuring the SHG intensity. Then the data is analyzed using the combination of the pixel-
based generic model?* and the single-axis molecular model.?® In accordance with previous work,
we determined the a-helical pitch angle, 0p, through analysis of the symmetry reduced tensor

elements:

6, =tan"',/2/b = tan™? \/2/()(2)2/)(2()}() : (1)
The SHG signal polarization was further determined on a pixel basis and as a function of
laser polarization. The anisotropy, B, is reflective of the alignment of dipole moments within the
focal volume. The limiting cases are 0 and 1, representing totally random and perfectly aligned

structures, respectively, and is calculated as

_ II%(&)T(H)—II%Z)TP(H)
BO) = ze Grrize Gy )

ar Perp
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where 134, and I3, represent the parallel and perpendicular SHG polarization response,

respectively.

Second Harmonic Generation-Circular Dichroism

SHG-CD analysis was used to interrogate the overall chirality of the collagen where the method
has been described previously.'® To account for variations in intensity in the different spheroids,
we report the normalized SHG-CD response defined as

I 2eyLrcP— I2w)RECP]
I _ = , 3
SHG=CD = (2w)LHCPt I(2w)RHCP]/2 ®3)

where |>w)zace and lxw)ruce represent the integrated pixel intensities of SHG images excited with
left-handed (LHCP) and right-handed circularly polarized (RHCP) light, respectively. This is
calculated on a pixel basis, where we first set a threshold mask above the noise background.
Absolute values were summed across the entire field of view as the sign of the CD response will

depend on fiber orientation.®

3.3.,5 Statistical analysis

One-way analysis of variance (ANOVA) with post hoc two-way Student’s t-tests were performed,
where p-values less than 0=0.05 were considered statistically significant. The statistics toolbox in

Origin 9.1 (OriginLab, Northampton, Massachusetts) was used.

3.4 Results

3.4.1 Collagen fiber assembly

We compared the collagen fiber morphology of 42- and 60-day spheroids for the four treatment
groups: (i) Control (Ctrl) spheroids with TGF-p only; (ii) PXS-5120 (10 uM, a dose that inhibits
all LOX/LOXL enzymes and inhibits pyridinoline collagen crosslinking®); (iii) I10X2 (which

enhances pyridinoline collagen crosslinking?® 27); and (iv) 10X2 + PXS-5120. After 42 days in
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culture, mature pyridinoline collagen cross links (DPD/PY D) were significantly increased in the

presence of 10X2, while PXS-5120 significantly reduced pyridinoline cross links (Fig. 3.1).
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Figure 3.1. Enhancement or inhibition of pyridinoline crosslinking in a 3D in vitro model of
fibrosis. Total mature trivalent (PYD + DPD) collagen crosslinks determined by ELISA. n= 6
samples from 3 IPF donors. ** indicates p < 0.01 and *** indicates p < 0.0001.

Representative SHG images for the four groups are shown in Figure 3.2. The control [Fig
3.2(a) and Fig 3.2(e)] and 10X2/promoter [Fig 3.2(c) and Fig 3.2(g)] spheroids appear to have
denser collagen accumulation and brighter SHG intensity in comparison to samples where collagen
crosslinking has been inhibited. Spheroids treated with PXS-5120 (including PXS-5120 + 10X2)
had shorter and less pronounced fiber structures, whereas the Ctrl and 10X2 collagen

morphologies were elongated and straighter for both 42- and 60-day cultures.
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PXS-5120 PXS-5120 + IOX2

42-Day Spheroids

60-Day Spheroids

Figure 3.2. Representative SHG images of in vitro IPF samples for 42- and 60-day cultures.
Scalebar =30 microns

We employed CT-FIRE?® to quantify these fiber characteristics, where this analysis utilizes
both the fast discrete curvelet transform (CT) and a fiber extraction (FIRE) algorithm to yield
descriptive collagen fiber statistics.?® As FIRE was designed to extract fibers from relatively sparse
collagen gels, this analysis is sometimes unable to distinguish between individual fibers and fiber
bundles. A representative CT-FIRE fiber map of Ctrl is shown in Figure 3.3(a).

First, we examined collagen fiber/fiber bundle straightness in the four groups. The Ctrl and
I0OX2 (enhanced crosslinking) spheroids had the straightest fibers (Fig. 3.3b). Additionally, the
Ctrl group had the longest average fiber length followed by the 10X2 treatment group (Fig. 3.2¢),
where in contrast the groups with inhibition treatment had shorter fibers. There were also
differences in the fiber widths, where the Ctrl group (Fig. 3.3d) was characterized by the thickest
fibers. Overall, crosslink inhibition resulted in reduced assembly of fibers. Reduced fiber diameter

and length occur upon enhance crosslinking as the covalent bonds between individual
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tropocollagen molecules pulls the fiber together. Essentially, the same number of molecules are

packed into a smaller space. This is borne out by recent TEM studies.*
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Figure 3.3. Representative collagen fiber/fiber bundle map. Average collagen fiber straightness,
length, and width for control (black), LOXL inhibitor (red), crosslinking promoter (blue) and
inhibitor in combination with promoter (magenta) in vitro samples quantified by CT-FIRE
software. Standard error bars are shown. * indicates p < 0.05, ** indicates p < 0.01 and ****
indicates p < 0.00001. Scale bar =30 microns

To further characterize the effects of collagen crosslink modulation on the fiber
architecture, we determined the relative normalized SHG conversion efficiency of each group by
measuring the forward attenuation (see section 3.3). The averaged data is shown in Figure 3.4,
where the normalized rate of decay corresponds to the conversion efficiency, i.e., a flatter depth

dependent response is associated with greater brightness. We found that the 10X2 spheroids had
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the highest conversion efficiency, whereas the PXS-5120 inhibition had the most rapid decrease
in intensity and corresponding conversion efficiency. The difference between these groups was ~3
fold, based on the relative values at 80 microns into the spheroid. The Ctrl and promoter/inhibitor

groups were similar to each other and in between the limiting cases.

—a— Ctrl
1.0 —e— PXS-5120
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Normalized Forward Attenuation
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Depth (um)
Figure 3.4. Forward attenuation as a function of depth for control (black), LOXL inhibitor (red),
crosslinking promoter (blue) and inhibitor in combination with promoter (magenta) in vitro
samples. Standard error bars are shown.

These results are consistent with our expectations as increased crosslinking should increase
SHG brightness due to collagen molecules being more densely packed in fibers. This is because
in the limiting case of complete alignment, the SHG efficiency scales as the square of the collagen
concentration. Conversely, crosslinking inhibition should result in weaker SHG due to decreased
harmonophore density. We note that we performed this analysis on ~100 micron thick sections as
opposed to thin sections (~5-10 um) because the latter can display significant edge/cutting angle

effects and consistent SHG intensities are difficult to obtain.3!
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3.4.2 Polarization resolved second harmonic generation

By reconstructing the pixel-based SHG intensity as a function of excitation polarization angle
using the generic model (Figure 3.5a) and then fitting to the single-axis molecular model,?® we
extracted the effective peptide pitch angle for each group (Figure 3.5b). The measured pitch angle
for the Ctrl spheroids is similar to what we found in normal human lung and other tissues
comprised of Col 1.”° In the spheroids with crosslink modulation, we found larger pitch angles (all
significantly different from the Ctrl but not from each other). We do not know the specific
molecular changes that lead to the apparent higher angle, but LOX crosslinking binds triple helical

and fibril units together and can likely change the underlying effective peptide structure probed by

SHG.
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Figure 3.5. Linear polarization analysis of Ctrl (black), LOXL inhibitor (red), crosslinking
promoter (blue) and inhibitor in combination with promoter (magenta) in vitro samples, where the
reconstructed pixel-based response and the extracted pitch angles are in (a) and (b), respectively.
Standard error bars are shown. ** indicates p < 0.01 and **** indicates p < 0.00001.

We also examined the SHG signal anisotropy, 3, which is a measure of the alignment of
dipole moments within the focal volume, in the four treatment groups (Fig. 3.6a). As previously

described, this is performed at all angles of excitation and is acquired at the same time as the data
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for the peptide pitch angle determination (Figure 3.5).° The mean anisotropy value for Ctrl
spheroids was higher at 0° and lower at 90° than other treatment groups. Indeed these values are
similar to those we previously reported for collagen in well-aligned tissues'’ and in Col | gels.®
The negative value at 90° is non-physical and arises from subtraction errors from pixels with very
low signal (near zero) at this orthogonal excitation polarization angle. The groups with
crosslinking modulation had lower and higher anisotropies at 0- and 90-degree excitation,
respectively. This data suggests that LOXL promotion and/or inhibition alters the alignment of
dipole moments where they become less aligned within fibrils. For a simple comparison, the
extracted values for 0-degree excitation are shown in Figure 3.6(b). We note that the sensitivity
of this measurement is ~0.02 and values in the range of ~0.5-0.6 correspond to highly disordered

structures relative to normal Col I.
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Figure 3.6. Pixel-based SHG signal anisotropy responses for Ctrl (black), LOXL inhibitor (red),
crosslinking promoter (blue) and inhibitor in combination with promoter (magenta) in vitro
samples. (a) Reconstructed anisotropies at all excitation angles and (b) individual 0-deg angle.
Standard error bars are shown. * indicates p < 0.01 and ** indicates p < 0.001.
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3.4.3 Second harmonic generation combined with circular dichroism

Next, we probed the net chirality of the collagen using the SHG-CD approach described
previously.'® The normalized SHG-CD responses are shown in Figure 3.7 for all treatment groups.
We first note that the SHG-CD response is highest for the Ctrl group, suggesting that collagen
molecules are aligned primarily on axis in the fibrils. This is similar to what we have seen in well
aligned tissues and in collagen gels.® '’ This decrease in collagen chirality in I0X2 spheroids is
reflective of decreased alignment of the molecules within the fibrils due to increased collagen
crosslinking. Similarly, crosslinking inhibition by PSX-5120 also produces collagen with
decreased chirality. While the SHG-CD results are analogous to the anisotropy (Fig. 3.6), this
mechanism does not probe the same structural aspects. Specifically, SHG-CD probes the triple
helical structure and how these units are assembled into fibrils, rather than the alignment of the

dipole moments.

B Cir
B PXS-5120
B 0x2

I PXS-5120 + 10X2

ok I

0.054

0.00 -
Fig 3.7. Normalized SHG-CD data of cleared Ctrl (black), LOXL inhibitor (red), crosslinking
promoter (blue) and inhibitor in combination with promoter (magenta) in vitro samples. ()
Reconstructed anisotropies at all excitation angles and (b) individual 0-deg angle. Standard error
bars are shown. * indicates p < 0.01 and ** indicates p < 0.001.
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3.5 Discussion

While previous efforts have probed structural changes in IPF and normal lung architecture via
immunofluorescence, AFM, and other techniques,* & 13 1632 the impact of collagen crosslinking
on the collagen structure has not been well explored. For example, it has been documented that
LOX expression is increased in human IPF, # the resulting macro/supramolecular changes are
unknown. Purely structural analyses cannot provide this essential information and spectroscopic
approaches are required. For instance, previous studies have examined collagen crosslinking via
Fourier transform infrared (FTIR) spectroscopy, as the amide | band is sensitive to the collagen
secondary structure.>* However, this technique requires isolation, digestion or other extensive
sample preparation, and FTIR has insufficient resolution. Additionally, the connection between

the amide | and Il bands and crosslink density has had limited success.

SHG has great potential for this task as we have shown that sub-resolution structural
information can be extracted.”® % However, while the SHG response should be influenced by
changes in crosslinking, there are no SHG signatures that are uniquely attributed to these
alterations. Others have addressed this problem by imaging pyridinoline crosslinks in gels and
tissues via the combination of SHG and two-photon excited fluorescence (TPEF).%6-*! However,
these measurements can be challenging to assess as the autofluorescence bands can come from
different conformations and the spectra can be varied. Quantification is further complicated due to
the quadratic dependence of SHG on concentration, whereas TPEF is proportional to crosslink

concentration.

As a new approach to examining the effects of crosslinking modulation on collagen
architecture, we implemented SHG microscopy using several metrics based on analysis of fiber

morphology, conversion efficiency (based on coherence) and polarization responses using in vitro
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models with selective promotion and inhibition. This work builds on the investigations of Jones
and coworkers, where using spheroid models and mechanical and biochemical measures, they
identified the importance of dysregulated crosslinking on the collagen structure-function in IPF.43°
It is important to study these alterations in models where crosslinking is specifically modulated to
fully understand the architecture changes. Notably, these experiments cannot be done on ex vivo
human tissues, and representative animal models of IPF do not exist. Thus, the combined use of
detailed SHG imaging analyses with well-defined crosslink modulation allows systematic
hypothesis testing of biochemical factors that affect structure. Identifying these features in a known
in vitro system is a critical step for eventual translation to in vivo imaging diagnostics. Below we

describe the effects on different levels of collagen architecture.

The relative conversion efficiency arises in part from the phase-mismatch, Ak, which is
defined by Ak=k»,-2k., Where ki, and k., are the wave vectors for the SHG and incident photons,
respectively. Here the SHG intensity is modulated by a sinc? function of Ak, where a smaller phase-
mismatch results in higher intensity.*® In the current case, a higher local density of collagen
molecules will arise upon enhanced crosslinking and will lead to increased SHG intensity over the
Ctrl condition as the phase-mismatch will be lower (see Fig. 3.4). Analogously, crosslink inhibition
will increase phase-mismatch and produce weaker SHG contrast. However, this situation is more
complicated as the net SHG intensity also depends on the organization, which we probed via

polarization resolved SHG.

None of the three polarization responses (peptide pitch angle, signal anisotropy and
chirality) are uniquely associated with crosslinking. However, these metrics for the control
spheroids (Ctrl) are similar to those seen in normal Col I, for example in tendon and collagen gels.

%17 Notably, all these measures are different for all forms of collagen crosslink modulation. While
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we do not yet know the specific macromolecular changes, all three responses are consistent with
decreased organization. Of specific relevance is the SHG signal anisotropy (Fig. 3.6), as lower
values of B correspond to a decrease in molecular alignment, leading to weaker SHG. This effect
is analogous to what we previously reported in mixed Col I/Col 11l self-assembled gels, where
increasing fractions of Col Il decreased the alignment of the dipoles, as inferred by lower and
higher anisotropies at 0- and 90-degree excitation, respectively.® There was also a marked
difference in the net peptide pitch angle upon crosslinking alterations. We note that while we used
this analysis previously to probe the structure of Col 1/Col 111 mixed gels,® ° the models here were
grown only from IPF fibroblasts and we do not expect collagen isoform modulation. However,

this measurement does have sensitivity to structural changes upon crosslinking alteration.

We also note a possibly unexpected difference between the decreased anisotropy and
increased alignment in the 10X2 treated group. The apparent discrepancy arises from different
operative size scales in collagen architecture. The SHG signal anisotropy measurement describes
the dipole moment alignment angle within collagen fibrils (formed by crosslinked collagen
molecules; 50-100 nm in diameter). Collagen molecules are almost perfectly aligned on the long
axis in a normal collagen fibril*? and we have shown these become altered in human IPF tissues.’
As expected, the dipole moments within the measured volume become less aligned upon
crosslinking modulation, where this is consistent with the decreased fiber lengths and widths in
Figure 3.3. We previously showed that the fibers in human IPF tissues were more aligned than in
normal tissues,® while at the same time the fibrils were indeed less ordered. As many factors affect

the SHG response, it is important to use a suite of tools to fully characterize the response.

We also note that SHG-CD (Fig. 3.7) is related to conventional UV absorption CD in terms

of probing chirality, but the underlying mechanisms are different. For example, spectroscopic CD
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uniquely probes absorption bands associated with secondary (~190-220 nm) and tertiary (~ 250
nm) structures, whereas SHG-CD arises from coherence and not absorption and reports the overall
chirality as opposed to specific structural aspects. Several factors give rise to the SHG-CD
response including out of plane tilt angle, sub-resolution molecular alignment and overall chirality.
The direct relationship of tilt and SHG-CD response was rigorously derived by Barzda, where they
showed an out of plane tilt is essential for a non-vanishing response.** We previously discussed
the issue of polarity in SHG-CD, where a normal fiber has an overall handedness along its length
with all of the molecules aligned in the same direction or having the same C-N/N-C terminus
throughout.'® In the current case, the models with crosslink modulation have lower SHG-CD
responses, where this may arise from a combination of reduced alignment of dipoles moments in
the fibrils, (borne out by the lower SHG signal anisotropy in Fig. 3.6) and reduced chirality from
improper single helices (from pitch angle; Fig. 3.5) assembling into an improper triple helix.
Schanne-Klein and co-workers recently suggested that SHG-CD probes homogeneous polarity
versus a mix of antiparallel fibrils,** which agrees with our current studies. Overall, our findings
are thus mainly consistent with this report. We note that we are not sensitive to title angle in our

measurements.

The decreased chirality along with large changes in the effective pitch angle (Fig. 3.5) are
consistent with large structural changes. Additionally, the decreased anisotropies with crosslink
modulation (Fig. 3.6) are consistent with decreased alignment of the collagen dipole moments
within fibrils. Based on these findings alone, it would be expected that even for the 10X2
modulated group, the SHG conversion efficiency (Fig. 3.4) would decrease due to decreased
organization and increased phase-mismatch. However, these effects are likely overcome by the

increased harmonophore density that occurs upon enhanced crosslinking by 10X2. As seen in the
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dense and completely aligned limiting case, the SHG conversion scales as the square of
concentration. Thus, it is important to have this full suite of analysis tools to characterize collagen

architecture changes upon crosslink modulation.

We can place our findings in the context of several human studies. First, we point out that
these models of crosslink modulation are relevant to human IPF, where for example, Tschumperlin
and co-workers found that LOXL1 and LOXL2 gene and protein levels were increased in IPF
samples.* ¥ Additionally, Jones showed that crosslink enhancement in the same spheroid models
used here led to increased mechanical stiffness, which is consistent with the IPF clinical
presentation.* In our previous work on human IPF tissues, we found higher fiber alignment in IPF
(through machine learning based image analysis), although normal fibers themselves were
straighter.® This is consistent with structural data in human IPF tissues as well.” Similarly, the
collagen in the spheroids was produced by IPF fibroblasts and those without crosslink modulation
were the straightest. We also found that human IPF tissues had decreased underlying organization
(sub-micron) through wavelength dependent optical scattering measurements and reduced phase-
matching based on SHG directional analysis.'® Further, the IPF tissues had reduced anisotropy and
chirality compared to normal lung, similar to the spheroids with crosslink modulation used here.
Collectively, these experiments demonstrate the need for a series of measurements probing all
levels of collagen architecture to interrogate the role of crosslinking alterations in IPF in in vitro
models and ex vivo tissues. This analysis can then provide insight into disease etiology and

progression.

3.6 Conclusion

We have shown that SHG metrics based on coherence and polarization analyses are powerful for

probing the collagen macro/supramolecular alterations in 3D in vitro models of IPF with enhanced
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and inhibited crosslinking. These models have relevance to human IPF as it has been established
that LOX expression is up-regulated in human disease, resulting in increased crosslinking and
corresponding matrix stiffness. Moreover, the use of multiple SHG metrics can provide structural
information not possible by other methods. While no SHG metrics are uniquely related to
crosslinking, using a suite of SHG tools, we found changes in structure consistent with those
expected by LOX modulation. Moreover, these findings using in vitro models produced under
well-controlled conditions were analogous to those in our previous work on ex vivo IPF tissues.
Collectively, these measurements using 3D models and SHG analysis provide great promise for
understanding disease etiology of IPF as the approach permits extensive hypothesis testing of
cellular and molecular factors relevant to this disease. Identifying these features in a known in
vitro system is a critical step for eventual translation to in vivo imaging diagnostics.

3.7 Appendices
3.7.1 Appendix A

In addition to examining crosslink inhibition in 42- and 60-day spheroids, we did the same
for spheroids cultured for 21 days. Here, three unique human lung fibroblast cell lines were used.
The methods presented in section 3.3.1 were similar to those used here except that DMOG was
used instead of 10X2. DMOG is a prolyl-4-hydroxylase inhibitor, which inhibits multiple
enzymes that are important for fibrillar collagen formation. Jones found that DMOG profoundly
suppressed fibrillar collagen production, crosslinking, and tissue stiffness.* Treatment groups for
these experiments are denoted as fibrotic (TGFpB-1 only), inhibitor (DMOG), and multi-inhibitor
(DMOG + PXS-5120). In Figure 3.8 we show representative SHG images for each of the three
treatment groups. As expected, we see that there is a lot more collagen coverage in the fibrotic
sample (TGFp-1 only) compared to the inhibitor and multi-inhibitor. It is important to note that 21

days in culture may not be long enough to truly examine the impact of crosslinking and fibrillar
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collagen inhibition. This could potentially explain the lack of collagen presence in the samples

treated with inhibitors.

Fibrotic Inhibitor Multi-inhibitor

R Y 4 ; ;’ 1
Figure 3.8. Representative SHG images of in vitro IPF samples harvested after 21 days of culture.
FOV =170 x 170 microns

Like the spheroids harvested after 42 and 60 days, we also calculated the forward
attenuation, i.e., relative brightness (Fig. 3.9). We found that even as early as 21 days, there is a
substantial decrease in SHG intensity in spheroids treated with DMOG and DMOG+PXS5120,
confirming that inhibition of fibrillar collagen formation and crosslinking can be visualized via

SHG.
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Figure 3.9. Forward attenuation as a function of depth for control (black), LOXL inhibitor (red),
crosslinking promoter (blue) and inhibitor in combination with promoter (magenta) in vitro
samples. Standard error bars are shown.

Lastly, we examined the collagen chirality and found that fibrotic samples had the largest SHG-
CD followed by the inhibitor and then the multi-inhibitor (Fig. 3.10). While this data trends in the
correct direction, it is important to note that none of the SHG-CD values were significantly

different from each other.
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Figure 3.10. SHG-CD images and normalized SHG-CD data of cleared TGFB (black), collagen
fibrillar formation inhibitor (red), LOXL inhibitor (blue) and inhibitor in combination with
promoter (magenta) in vitro samples. Standard error bars are shown.
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Chapter 4: Creating a Collagen and Cellular Lung Atlas via Second and Third
Harmonic Generation Microscopies

4.1 Summary/Focus Statement

In pioneering work, this chapter captures the collagen and surrounding structures (i.e., cells and
muscularized vessels) across ex vivo normal and diseased human lung tissues via multimodal
nonlinear microscopy. Idiopathic pulmonary fibrosis (IPF) is a fatal and progressive lung disease.
IPF patients live between 3-4 years post diagnosis and have limited effective therapeutic options.
While pulmonary scarring, which results in matrix stiffening, is a hallmark of IPF, there remains
a lack of knowledge surrounding the underlying collagen alterations that occur during disease
progression. Specifically, while increased amounts of collagen and crosslinking have been
implicated, the resulting effects on collagen macro/supramolecular changes have not been well
explored. Here we developed an analytical tool based on second harmonic generation (SHG) and
third harmonic generation (THG) microscopies to create an atlas that characterizes the
extracellular and cellular assembly in human IPF and normal lung tissues. Specifically, we formed
a classification scheme based on the collagen fiber morphology and co-occurring pixel grayscale
values. Multimodal images presented stark differences in collagen coverage, THG signal, and
overall organization, where IPF had greater collagen deposition, and THG signal from cells and
muscularized vessels in comparison to its normal counterpart. Using logistic regression and a
support vector machine, we were able to classify normal and IPF tissues with over 82% accuracy.
Collectively, this SHG and THG atlas provides a roadmap of collagen, cells, and muscularized
vessels across large areas of lung tissue and demonstrates a powerful multimodal approach for

capturing high-resolution images.
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4.2 Introduction

Idiopathic pulmonary fibrosis (IPF) is a lethal interstitial lung disease of unknown pathological
etiology, which accounts for more than 34,000 deaths in the United States annually.! Characterized
by excessive scarring and stiffening of the lungs, patients have a median survival rate of 3-4 years
post diagnosis,? with respiratory failure accounting for over 80% of all fatalities.>* Pathologically,
IPF has been attributed to repetitive microinjuries® arising from a non-specific combination of risk
factors, including genetics, and environmental and occupational exposures.®’ Upon injury, an
inflammatory response is launched triggering extracellular matrix (ECM) repair.2 During this
repair process, cytokines are secreted, especially pro-fibrotic transforming growth factor-beta
(TGF-B),% which activates macrophages and fibroblasts. These activated fibroblasts then
differentiate into highly contractile myofibroblasts and are primarily responsible for increased
collagen synthesis and extensive tissue remodeling.®®° In IPF, the increased deposition of collagen
and other ECM components results in unrelenting fibrotic scar tissue that compromises breathing
and significantly alters lung function. Currently, surgical biopsy followed by a series of
radiographic tests (i.e., high-resolution computed tomography and chest x-ray) remains the gold-
standard for diagnosing IPF. Not only are these techniques incapable of studying the fibrotic scar
tissue, they also increase the risk of death and advance disease progression within the postoperative

window.10

Although collagen desmoplasia is a hallmark of the disease, its underlying architectural
changes have not received significant attention beyond TEM studies and cellular imaging via
hematoxylin and eosin (H&E) staining. These techniques are not sensitive or specific to changes
in the collagen architecture and therefore are unable to delineate specific alterations that occur

during disease progression. To date, there are two licensed drugs (pirfenidone and nintedanib)
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approved to treat IPF. While clinical trials have demonstrated that both therapies slightly reduce
the decline in forced vital capacity,**"** these treatments only slow IPF progression and do not
reverse the scarring process. Additionally, the mechanistic actions of pirfenidone and nintedanib
are not fully understood and neither drug has shown significant relief of dyspnea, cough, shortness
of breath, or quality of life impairment.®® There remains a clear need for a better understanding of
ECM alterations associated with IPF to identify prognostic indicators and improve diagnostic

techniques.

Second harmonic generation (SHG) microscopy is well suited for this task as it is sensitive
and specific to collagen and its alterations. SHG is an intrinsic process where two photons of equal
frequency upconvert to produce a photon that is exactly twice the frequency and half the
wavelength of the incident photon. This technique is ideal for imaging well-ordered structures, as
its contrast requires molecules that lack inversion symmetry, on the size scale of Agy.. When this
criterion is met, as in the case of fibrillar collagen (i.e., Col I, Col 11, Col I11, and Col V, or mixtures
thereof), SHG microscopy can provide high-resolution, high-contrast, three-dimensional imaging
of a wide range of tissues. We have previously employed SHG microscopy to investigate the
collagen architecture in ex vivo IPF and normal human lung tissues,'®'” and in 3D IPF models.®
Using SHG images to train a machine learning algorithm, we were able to delineate normal and
IPF tissues with ~95% accuracy.'® In another study we utilized polarization resolved SHG (P-
SHG) to examine the macro/supramolecular collagen structure and found that the collagen in IPF
is incorrectly assembled and more disorganized in comparison to normal lung tissues.” More
recently, we extended this characterization to study in vitro IPF spheroids with crosslink

modulation (i.e., inhibited and/or enhanced). Our results showed that the peptide pitch angle,
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alignment of collagen molecules and overall chirality were altered upon crosslink modulation,

consistent with decreased organization, relative to the control group.*®

While SHG microscopy is powerful on its own, when combined with other nonlinear
microscopy techniques like third harmonic generation (THG) microscopy and/or two-photon
excited fluorescence (TPEF), it can be even more powerful, often providing unique yet
complimentary information. For example, simultaneously measuring the elastin autofluorescence
and SHG intensity, we previously characterized the elastin to collagen ratio in human lung
tissues.? We found that IPF tissues were less elastic relative to collagenous, consistent with known

mechanical implications of the disease.

In this study, we expanded upon previous experiments by incorporating third harmonic
generation (THG) microscopy. Like SHG, THG is an intrinsic, nonlinear process where three
photons upconvert to emit a photon that is triple the frequency of the incident photon. THG contrast
arises from changes in refractive index of 3D volumes around interfacial regions,? and can be
used to capture structural changes in cells and tissues. For example, Sun and coworkers used THG
microscopy to examine changes in skin morphology due to ageing.?? THG images revealed distinct
changes in nuclear size, and cell size and density at different depths of older skin where over time,
basal cells became irregularly shaped and less organized in comparison to young skin. In another
study, they found that THG clearly identified neuropathological plaques that are associated with

Alzheimer’s disease in ex vivo mouse brain tissues.??

We now, for the first time, simultaneously collect and stitch SHG and THG images to
create an atlas or map of collagen and surrounding structures (i.e., cells, muscularized vessels)
across the entire sample (15mm x 30mm) of ex vivo normal and IPF human lung tissues. We

assessed the collagen fiber width, length and straightness with CT-FIRE and analyzed the cells
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and muscularized vessels using gray level co-occurrence matrix (GLCM). Comparing SHG and
THG images with annotated pathological images, we were able to find and statistically distinguish
unique regions (i.e., airways, vessels, fibroblastic foci, and areas of dense fibrosis). Finally, by
employing machine learning, we successfully classified IPF and normal tissues over 82% of the
time. Collectively, these optical statistics that investigate the relationship between collagen, cells,
and muscularized vessels provide new insight into the etiology of IPF.

4.3 Materials and Methods

4.3.1 Human samples

De-identified human tissue specimens of normal (non-fibrotic) and IPF (fibrotic) lungs were
obtained from thoracic surgical resection samples at the Carbone Cancer Center Translational
Science BioCore at the University of Wisconsin-Madison (IRB approval #2011-0840). Lung
samples were histologically assessed to ensure either normal tissue architecture and absence of
occult disease for non-fibrotic tissue, or a usual interstitial pneumonia (UIP) pattern of disease for
fibrotic tissue. Normal and fibrotic tissues were subject to paraffin embedding, sectioning, and
Mason’s trichrome staining or immunostaining against smooth muscle a actin (¢SMA) antibodies
with horse radish peroxidase (HRP)-labeled secondary antibodies and ChromoMap 3, 3-
diaminobenzidine (DAB) detection step. Harris hematoxylin counterstain was performed for
nuclear labeling. As negative controls, appropriate immunoglobulins along with matching
secondary antibodies and detection steps were applied. Stained slides were scanned using Aperio
Digital Pathology Slide Scanner System and snapshots were acquired in Aperio ImageScope.
(Leica Biosystems, Wetzlar, Germany)

4.3.2 SHG microscope system

The essentials of the SHG imaging system have been described elsewhere and are only briefly

discussed here.?#% A femtosecond laser was coupled to a home-built laser-scanning system
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(WiscScan) mounted on a fixed stage upright microscope (BX61; Olympus, Tokyo, Japan). A Zeiss
20x 0.75 numerical aperture (NA) air immersion objective and a 0.9 NA condenser were used for
excitation and collection, respectively, where the lateral and axial resolutions were 0.5 and 2.1 um.
Forward-SHG and forward-THG emission were collected using a photon-counting detector
(H7422-40P GaAsP; Hamamatsu, Hamamatsu City, Japan). The laser excitation was 1170 nm
provided by a Chameleon Ultra Ti:Sapphire oscillator and a synchronously pumped APE Optical
Parametric Oscillator (Coherent, Santa Clara, CA). The SHG (583 nm) and THG (370 nm)
wavelengths were isolated with the respective 22 and 10 nm wide bandpass filters (Semrock,
Rochester, New York).

4.3.3 Mapping

High-throughput imaging was achieved using motorized xy- and z-stages controlled by Micro-
Manager 2.0.0.” To enable image collection at multiple positions on the specimen slide, we
created a grid by setting the xy positions of two points of interest (i.e., diagonal corners) on the
sample. We specified an overlap and pixel size of 5 and 0.585 pm, respectively. The program then
automatically calculated xy-stage positions in between the two set points. Optimal focus for each

Xy position was achieved by collecting 20 z positions with a 2 um step size.

4.3.4 Stitching

Stitching was achieved using a multi-program approach. We developed a Fiji 2 macro to z-project
images with the maximum intensity from each image stack then separated the SHG and THG
channels. All pixel values were then mapped between 0-255. We stitched image tiles together
using the Grid/Collection Stitching plugin 2 in Fiji. The approximate position of each tile was
encoded into the filename during data acquisition, thus creating a tile layout that specifies where

each image should be placed. This global approach is capable of stitching image tiles together
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without knowing the tile configuration a priori and without needing to compute the tile overlap.
We specified the x and y grid sizes, the percentage of overlap between image tiles (1.67 in our
case), the index of the first x and y (defined by position in filename), and the file directory and
name format. Once individual regions were stitched, we used the pairwise stitching Fiji plugin 2°
to combine two unique parts from the same slide. Due to issues with memory and/or stitching
mishaps, we were unable to stitch two extremely large images together in Fiji. After combining as
many regions as possible and overlaying the SHG and THG channels, we then used the photomerge
feature in Photoshop to combine and blend images together.

4.3.5 Image and statistical analysis

We employed CT-FIRE® to quantify the collagen fiber statistics visualized by SHG. This
standalone analytical tool utilizes the curvelet transform (CT) and a fiber extraction (FIRE)
algorithm, to obtain descriptive collagen fiber metrics i.e., width, length, straightness, and angle,
on a fiber by fiber basis.3* THG images were analyzed using the Gray Level Co-Occurrence Matrix
(GLCM), which was previously described elsewhere.? Briefly, GLCM is a statistical method that
examines the spatial relationship of pixel grayscale values at a given offset, i.e., compares the
brightness of nearest neighbors. The generated matrix identifies unique textural features that make
up an image. For this project, we assessed 5 GLCM textures, which describe the number of
repeated pairs (angular second moment), homogeneity of an image (inverse difference moment),
local variation of pixel pairs (contrast), inhomogeneity or grey level randomness (entropy), and

the linear gray level nearest neighbor dependence (correlation).

To examine the association of SHG and THG statistics in normal and IPF tissues, we
employed logistic regression. Here we used the scikit-learn package in Python to build the binary

prediction model, allocating 80% of the data for training and the remainder for testing. We then
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evaluated our classification model using a confusion matrix. Additionally, we used a linear support
vector machine (SVM) to not only classify the normal and IPF data but also rank the relative
feature importance of the CT-FIRE and GLCM metrics. In this implementation we used the scikit-
learn package in Python to create a c-support vector with a linear kernel. Feature values were
normalized and split into training and test sets, consisting of 80 and 20% of the data, respectively.
Weight coefficient values were squared to standardize their importance. We also used the one-vs-

rest classification for the multi-class classification model.

One-way analysis of variance (ANOVA) with post hoc two-way Student’s t-tests were
performed using the statistics toolbox in Origin 9.1 (OriginLab, Northampton, Massachusetts). P-

values less than 0=0.05 were considered statistically significant.

4.4 Results
4.4.1 Creating a lung atlas to characterize collagen and surrounding structures

We used SHG and THG microscopies to create an atlas, mapping the collagen and surrounding
structures, respectively, across entire normal and IPF human lung samples. Figures 1 and 2 show
the annotated SMA and multimodal optical images of normal and IPF tissues, respectively. By
visual inspection, the diseased sample (Fig. 4.2) has an increase in both collagen (green) and

surrounding structure (magenta), i.e., cellular and muscularized vessels, accumulation in
comparison to normal lung tissue (Fig. 4.1). The microscopy images in Figures 4.1B and 4.2B
have great fidelity and are very similar to the histology images provided by pathologists shown in

Figures 4.1A and 4.2A.
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Figure 4.1. Normal lung tissue atlas. A. Annotated SMA and B. Overlayed SHG (green) and
THG (magenta) image of the same sample. Scalebar =5 mm.

A

%Y




95

Figure 4.2. IPF lung tissue atlas. A. Annotated SMA and B. Overlayed SHG (green) and THG
(magenta) image of the same sample. Scalebar = 4 mm.

4.4.2 Bulk quantitative analysis of collagen and surrounding structures

We quantified these observations by assessing the collagen fiber/fiber bundle metrics via CT-
FIRE, and the textural features via GLCM in both normal and diseased tissues. Although most of
the bulk data is not statistically significant (Figures 4.3 and 4.4), many of the metrics trend as we
would expect and compliment what we saw qualitatively. Specifically, the collagen fibers on

average are slightly longer and wider in the normal lung (Fig. 4.3).
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Figure 4.3. Average CT-FIRE data for normal (blue) and IPF (red) from all lung samples.
Standard error bars are shown. * denotes p-values < 0.5.
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Figure 4.4. Average GLCM data for whole lung tissue. THG images of normal (blue) and IPF
(red) lung samples were assessed. Standard error bars are shown. * denotes p-values < 0.5.

Additionally, they are present at larger angles in comparison to those found in the diseased tissues.
However, there were no quantifiable differences in the straightness between these two classes.
When calculating the GLCM textural features of the THG images, we found that in IPF, the
grayscale values from surrounding cells and other structures are more random and inhomogeneous,
and have a linear grey level dependence (Fig. 4.4). In other words, the normal samples have more
order as a result of having increased numbers of repeated pixel pairs. This could be due to the large
airspaces that exist throughout the tissue, which also increase contrast (i.e., large variation in

intensity) significantly.

4.4.3 Delineation of region-specific biomarkers

While there were discernable visual differences upon examination of bulk normal and IPF tissues,
most of the quantitative data between the two groups was not significantly different. It is well
known that collagen is found in the normal lung epithelium and is important for proper lung

function. Therefore, we conducted a local analysis, examining vessels and airways, which are
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found in both healthy and diseased states. Upon local inspection, the collagen and surrounding
structures in normal and IPF tissues revealed significant morphological differences in both airways
and vessels. Figure 4.5 shows representative pathology images and corresponding optical sections

of normal and diseased airways (NA and l1A), and vessels (NV and V).

Annotated
SMA

SHG + THG

Figure 4.5. Region specific images. Annotated SMA, SHG (green), THG, and SHG
(green)+THG (magenta) images from airways and vessels in IPF (IV and 1A) and normal (NV
and NA) samples. Scalebar = 200 pum.

In the diseased state, collagen fibers (green) surrounding the vessel appear to be aligned parallel
to the vessel boundary and are densely packed. Additionally, the cells and structures (magenta)
surrounding the vessel vary in size, shape, and direction. In the case of the normal lung sample,
the collagen fibers around the vessel appear to be thicker, straighter, looser, and wavier. Aside
from the vessel itself, there are little to no muscularized vessels or cells as shown by the lack of
THG signal in the neighboring regions. It is important to note that large air spaces are also
visualized on the sides of the normal vessel, which are not present in IPF. Around the airway
however, the collagen in both the normal and diseased sample is sparse, short, and in some cases,

wavy. This confirms that collagen I and/or collagen I11 is in fact present in normal, healthy lung
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tissue, especially around airways and vessels. Like what we saw around the vessel, there are less

cells and surrounding structures present surrounding airways in the normal sample.

We also examined disease specific regions, namely areas of dense fibrosis (DF) or collagen
accumulation (old scar), and fibroblastic foci (new scar formation). Fibroblastic foci (FF) are
defined as fibrotic sections of dense acellular collagen,®** which become patchy, and honeycomb
until they completely replace alveolar walls with dense fibrosis, ultimately compromising cystic
dilation of air spaces.® In Figure 4.6 we show that in areas of DF, there is an increase in collagen
deposition along with cellular structures while in the FF region, the collagen is not as prevalent.
This is expected since the matrix around the fibroblastic foci is newly deposited and in some cases,

the collagen in this region is immature.®*

Dense Fibrosis Fibroblastic Foci

Figure 4.6. IPF specific regions. Overlayed SHG (magenta) and THG (green) images for IPF
regions, dense fibrosis, and fibroblastic foci. Scale bar = 200 um.

4.4.4 Local quantitative analysis of collagen and surrounding structures

While the bulk tissue assessment of the CT-FIRE and GLCM data was very similar between
normal and IPF, we were able to uncover significant differences upon local examination (Figures
4.7 and 4.9). As shown in Figure 4.7, the length and width (also shown in Fig. 4.8) of the collagen

fibers in regions of DF and FF were approximately the same as those found around diseased vessels
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and airways. Additionally, the straightness was almost identical for each region and was similar to

the values we obtained from the average normal and IPF data (Fig. 4.3).
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Figure 4.7. Average CT-FIRE data for the specific regions. Representative CT-FIRE images of
collagen of normal and diseased airways. Local width data comparing normal (black) and IPF
(red) vessels, normal (green) and IPF (blue) airways, dense fibrosis (orange), and fibroblastic
foci (purple) were assessed. Standard error bars are shown. * Denotes p-values < 0.5. Field of
view =300 x 300 pm.

For simplicity, in Figure 8 we show the width data by itself, which compares normal and diseased
data from the same region, all normal data, and all diseased data. Here we can clearly see that the
collagen fibers around diseased vessels and airways were thinner than their normal counterparts.
Additionally, they are shorter as well (see Fig. 4.7). Our findings are consistent with a previous
experiment where we imaged 3D IPF models of varying crosslink densities.*® We showed that
enhanced crosslinking ultimately reduces fiber diameter (width) and length. This is because the

crosslinking enzyme, lysyl oxidase, pulls the fibers together, essentially shortening and

compressing them into a relatively small space.
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Figure 4.8. Average local width data comparing normal (black) and IPF (red) vessels, normal
(green) and IPF (blue) airways, normal vessels (black) and airways (green), and diseased vessels
(red), airways (blue), dense fibrosis (orange), and fibroblastic foci (magenta) were assessed.
Standard error bars are shown. * Denotes p-values < 0.5. Field of view =300 x 300 pm.

As shown in Fig. 4.9, local analysis of cells and surrounding structures also revealed unique
differences. For example, structures surrounding vessels have a greater number of repeated pixel
pairs and grayscale values are more homogeneous in normal tissues. Interestingly, FF and DF
regions had similar homogeneity (IDM) as normal and diseased vessels, respectively. Furthermore,
the grey level randomness of old scars (DF) was very similar to that of normal vessels, and normal

and diseased airways, while the entropy of the new scar (FF) was comparable to diseased vessels.
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Figure 4.9. Average local GLCM data. Local correlation, entropy, ASM, IDM, and contrast
data comparing normal (black) and IPF (red) vessels, normal (green) and IPF (blue) airways,
dense fibrosis (orange), and fibroblastic foci (magenta). Standard error bars are shown. *
Denotes p-values < 0.5. Field of view = 300 x 300 pum.

445 Tissue classification by logistic regression and support vector machine

Since the local assessment of collagen and surrounding structures revealed variations between
normal and diseased samples, we employed logistic regression and SVM to assess the nine metrics
from CT-FIRE and GLCM data. The binary, logistic regression classification allowed for
discrimination of normal and IPF and performed like the multi-class linear discriminate analysis
we have used in the past. 263235 On average, the classification accuracy for IPF and normal was
~82%. In addition, we separately classified normal and IPF airway, and vessel data, achieving
accuracies of 80 and 86%, respectively. With vessels providing the best classification accuracy,

this suggests that the local architecture varies more than across the entire sample itself.

We also employed a support vector machine to further classify the data, which resulted in

even better performance. In general, we expected SVM and logistic regression to perform
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similarly. The primary difference between the two methods is that SVM optimizes separate
hyperplanes (deterministic), resulting in less overfitting than the generalized probabilistic, logistic
regression technique. Like in the case of logistic regression, binary classification of normal and
diseased data resulted in an accuracy of 82%. However, local classification of airways and vessels
resulted in accuracies of 92 and 89%, respectively. We also conducted a multi-class classification,
which performed poorly. We believe this is due to the heterogeneity of the lung architecture.
Collectively, our machine learning results suggest that there are more distinct differences in the
collagen and surrounding structures of local regions that are not present in the bulk tissue.
Furthermore, the SVM technique identified the most important features for each data set, which

can be seen in Table 4.1 Figure 4.10. The contrast, entropy, and width are the most reoccurring
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Figure 4.10. SVM results and sample hyperplanes for important features. A. Coefficient values
from the analysis of all samples. Red and blue indicate negative and positive values,
respectively. Larger weights are considered most important for class separation. B. Hyperplane
classification in airway only comparing width and contrast. C. Hyperplane separation in vessel
only comparing width and contrast. Red indicates IPF, and blue indicates normal lung samples.
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features among the groups, which suggests they are the most important for classification no matter
where you are in the tissue. Overall, both logistic regression and SVM were able to classify normal

and diseased tissues based on their collagen fiber and surrounding structural metrics.

Table 4.1: SVM Classification Accuracies
Average Accuracy + SE | Top Three Features
Width
ASM
Airway (binary) 92.0£2.53 Entropy
Contrast
Width
Vessel (binary) 89.2+2.99 Correlation
Contrast
Entropy
All samples (binary) 82.8+0.20 Correlation
Contrast
Entropy
Multi-class (6 classes) 69.0£1.92 Width

4.5 Discussion

While it is known that collagen is a key player in IPF, there have been limited studies that
investigate the underlying collagen alterations associated with disease progression. Studies have
been confined to H&E staining and TEM imaging, which visualize collagen and show increased
cellularity but do not provide quantitative metrics. Hence, quantitative assessment of the ECM in
normal and diseased lung tissues offers an opportunity to better understand the scar tissue in IPF,
potentially providing prognostic indicators for disease progression. The work presented here
expands on our previous efforts that have extensively characterized collagen alterations in ex vivo
human lung tissues and 3D IPF spheroid models.’*'® Through methodical evaluation of the
collagen fiber morphology and surrounding cellular and muscularized structures of whole lung
samples, we were able to differentiate between IPF and normal tissues with good accuracy (~82-

92%). Neither did logistic regression nor SVM achieve satisfactory clinical accuracy, however,
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SVM performed well (>85%) when analyzing airway, and vessel data alone. Linear kernels were
used in this study to investigate the feature weights of classification. In future work, better
accuracies can be achieved through non-linear techniques, parameter optimization, and further data
collection. As shown in Table 4.1, the collagen fiber width and the contrast and entropy of
surrounding structures were important features for classifying many of the groups. These are worth
studying further as they could potentially serve as biomarkers for diagnosing and/or monitoring

IPF.

It is important to mention that there were regions present in multiple samples where CT-
FIRE was unable to compute collagen fiber statistics. This is largely because of the heterogeneity
across samples, where airspaces and other areas with little to no collagen accumulation make it
difficult and sometimes impossible to detect fibers. This was also manifested in our data analyses,
which had a lower classification accuracy when those regions, without fiber metrics, were
included. However, replacing those cells with the column mean improved the classification
accuracy by about 2%, on average. The intent of this novel study was to map and analyze the

collagen and surrounding structures across entire lung samples.
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Figure 4.11. Grayscale 3PEF and THG images, and overlayed 3PEF (blue) + THG (magenta)
images from an IPF sample excited with 1170 (first row) and 1110 (bottom row) nm.

Previously, we simultaneously acquired SHG and TPEF images to assess the
collagen/elastin balance in IPF.1® In an effort to build upon this work, we collected SHG, THG,
and three-photon fluorescence images (3PEF). The reason for simultaneously capturing three
image contrasts was to create an atlas of not only collagen and cells, but also elastin. Using an
excitation wavelength of 1170 nm we collected multichannel images and found that the forward

THG and backward 3PEF signals overlapped significantly (Fig. 4.10).

To address this, we shifted the wavelength to 1110 nm in attempts to isolate the emission spectra
of the two contrasts. Although the two did not completely overlap, as shown in the bottom row of
Figure 10, the fluorescent signal was extremely weak (at or below the noise floor), offering no

visualization of elastin or other components. While we did not employ two-photon excited
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fluorescence imaging at wavelengths we used previously, we note that mapping, stitching, and
overlaying TPEF images with those acquired here, via SHG and THG, would provide even greater

insight into the lung architecture in a normal and diseased state.

In our previous work'®1" we imaged thick (=200 pm), unstained lung tissues whereas those
used here were performed on thin, stained sections. The reason for this was because the lung
collapses or deflates once it is sliced, which causes THG signal to be scrambled inside of thick
sections, often resulting in little to no THG contrast. Additionally, it can be challenging, for even
a pulmonary specialist, to identify regions of interest without staining. We understand that the
THG contrast may not have been as strong if the tissues in this work were unstained. However, for
the first time, we were able to hypothesis test and create a collagen and cellular/muscularized
vessel atlas across entire samples of both normal and diseased lung tissues, with fidelity
comparable to those obtained from medical experts. Additionally, this approach enabled us to
evaluate our images based on pathology annotated images. Furthermore, the results of this study
agree with those we found previously where we examined the scattering properties in thick
tissues.” Specifically, our results revealed that collagen fibrils were smaller and less organized in

IPF.

4.6 Conclusion

As a result of the lack of understanding surrounding collagen remodeling during disease
progression, and ineffective therapeutic options and diagnostic techniques, IPF prognosis is
dismal. We address these problems by employing optical microscopy and image classification
tools. Using SHG and THG microscopies, we have created a lung atlas and performed a
comprehensive analysis of the collagen fiber morphology and surrounding cellular and

muscularized structures in large (15 x 30 mm) ex vivo IPF and normal samples. We were able to
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classify normal and IPF samples with good accuracy, based solely on nine fiber and structural
metrics. While there were little discernable differences upon bulk examination, local investigation
revealed shorter and thinner collagen fibrils with random and disordered surrounding structures in
comparison to the normal lung architecture. This work represents a closer step in the direction of
better understanding the ECM in normal and IPF lung tissues, enabling the identification of

potential diagnostic and prognostic indicators of this fatal disease.
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Chapter 5: Conclusions and Outlook

Elements of this chapter have been published as:

James, D. S.; Campagnola, P. J. Recent Advancements in Optical Harmonic Generation Micoscopy:
Applications and Perspectives. BME Frontiers 2021.

5.1 Focus statement/summary

Over the last two decades, second harmonic generation (SHG) microscopy has emerged as an
extremely powerful tool for biological tissue imaging. This technique’s specificity and sensitivity
to collagen is invaluable as collagen alterations are prevalent in epithelial cancers, fibroses, and
connective tissue disorders. For instance, in idiopathic pulmonary fibrosis (IPF) there is a
significant increase in scar tissue, which is primarily comprised of collagen. As a result of this
desmoplastic response, the uptake of oxygen by the blood is compromised, making it difficult to
breath properly. Majority of IPF patients live between three- and four-years post-diagnosis and do
not show symptoms until late-stage disease. Hence, a diagnostic imaging tool capable of high-
resolution, three-dimensional imaging that can not only screen for this deadly disease but also

monitor disease progression could potentially improve patient outcomes.

Table 5.1: Summary of Findings via SHG Techniques

Technique Conclusion

SHG-CD More randomized helical structure in IPF

e Crosslinking modifications decrease chirality

Linear Polarization e Crosslinking modifications significantly alter the peptide pitch

angle and the order of dipole moments

SHG Directional Analysis e Collagen synthesis is increased in IPF

e Resulting average fibril architecture more disordered in IPF

Fshe/BsHo e Collagen fibrils are smaller and less organized in IPF
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5.2 Collagen as a Biomarker Visualized via SHG Microscopy

Collagen is the most abundant protein in the body and is important for many biological and
physiological functions. Deviation from its natural state can be an indicator of disease onset and/or
progression. These abnormalities in collagen can appear in the form of increased desmoplasia
(collagen synthesis), changes in structural alignment, isoform expression and/or crosslinking and
organization, which can be linked to disease severity. Historically, extracellular matrix (ECM)
changes have been more focused on cellular attributes using hematoxylin and eosin (H&E) staining
and expression of specific disease markers. While this stain is capable of visualizing collagen, it
is not sensitive to its fibrillar morphology. However, SHG microscopy is well suited for this task.
SHG microscopy is a label free imaging modality that is sensitive and specific to the
hierarchical structure of collagen, enabling the visualization of collagen on a submicron/micron
size scale. This technique has been shown to be effective in differentiating between normal and
disease states in many tissues. Below are a few seminal examples. Keely and coworkers quantified
collagen alignment in breast cancer and correlated alignment with different stages of disease.!
Using murine tumor models, they discovered and defined three unique patterns that they dubbed
tumor-associated collagen signatures (TACS).1 2 These collagen signatures are defined by TACS-
1, dense collagen deposition around small tumors; TACS-2, lengthened collagen fibers parallel to
the tumor boundary; and TACS-3, collagen fibers perpendicular to the tumor boundary, allowing
for invasion and likely metastasis. Translating this to a human tissue microarray, they found that
TACS-3 was correlated with disease recurrence and poor patient survival.®
Similarly, in pancreatic ductal adenocarcinoma (PDAC), Eliceiri and coworkers found a
correlation between increased collagen alignment and poor patient prognosis.* PDAC patients with
low collagen alignment had about a nine month longer median survival rate than those with high

collagen alignment. Additionally, this collagen reorganization was linked to PDAC cells that had
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undergone epithelial to mesenchymal transition and activated cancer-associated fibroblasts were
present in the tumor microenvironment.

In addition to visually capturing morphological changes of collagen sufficient enough for
differentiating normal and disease states, the underlying physics of SHG enables probing of the
collagen architecture across multiple levels of organization including macromolecular,
supramolecular and fibril through fiber. This allows researchers to understand the relationship
between collagen’s structure and function. For example, Barzda and researchers used polarization
in polarization out (PIPO) to quantify collagen remodeling in breast and lung cancers.> 8 Imaging
three pathologic types of invasive breast carcinoma, they found that overexpression of estrogen,
progesterone, and human epithelial growth factor receptors altered the collagen triple helix and/or
fibril organization. More recently, they examined different stages of non-small-cell lung
carcinoma, showing that the submicron collagen architecture is more disorganized and fragmented
during disease progression. Furthermore, the remodeled collagen fibers were more aligned, and
straighter. Particularly in fibrosis, Huang used polarization resolved SHG (P-SHG) to examine
changes in the collagen isoform balance and fibril orientation during disease progression in bile-
ductal-ligation (BDL) rat liver models.” They found a significant increase in the collagen
I1l/collagen | ratio during disease progress, suggesting that collagen Il is a key component in
severe liver fibrosis. Additionally, the collagen fibril orientation was more random during liver
fibrosis than in the normal state.

These examples demonstrate the potential for collagen changes to be used as diagnostic
and prognostic indicators for disease onset and progression. Like many of the diseases mentioned
previously, and as shown throughout this thesis, there are significant collagenous changes that

occur in IPF. In addition to increased collagen synthesis, there is an increase in alpha-smooth



114

muscle actin expression and crosslinking, along with decreased chirality and a more random
distribution of fiber polarity in IPF. All of these changes, no matter the disease state, can be
visualized using SHG microscopy and techniques thereof.

Our lab has shown that collagen alterations in IPF also impact cell migration dynamics.®
Seeding human primary normal and IPF fibroblasts on biomimetic SHG image-based collagen
scaffolds, we found that highly aligned IPF collagen structures were correlated with enhanced cell
elongation and F-actin alignment, and increased cell migration speed and straightness relative to
normal structures. Combining SHG imaging with fabrication of biomimetic scaffolds not only
shows the important role collagen organization plays in disease progression of lung fibrosis but it
also enables hypothesis testing of cell-matrix interactions.

Collectively, these studies reveal the unique power of SHG and SHG-based techniques to
study the structure and function of collagen, and cell-matrix interactions when coupled with multi-
photon microscopy.

5.3 Perspective and Outlook

SHG microscopy is powerful as a standalone tool, but when coupled with other nonlinear imaging
modalities, it allows for examination and characterization of cells and other ECM components
(e.g., elastin, fibronectin, laminin) in a wide range of tissues. Simultaneously capturing two photon
excited fluorescence (TPEF) and SHG images, we previously characterized the elastin/collagen
balance in human lung tissues.® We found that IPF tissues were less elastic relative to collagenous,
consistent with known mechanical implications of the disease. In chapter 4, we introduce a lung
atlas that examines collagen via SHG and cellular structures via third harmonic generation (THG)

in normal and IPF human lung tissues. By studying the fiber and cellular characteristics using

logistic regression, we were able to accurately classify between 80-90% of the tissues. Combining



115

these two approaches to capture SHG, THG and TPEF images of large areas of human lung tissues
would enable the creation of a map of collagen, elastin, and cells. This would provide further
insight into the structure-function relationship in a normal and fibrotic state.

Currently, SHG images are used as a blueprint for our microfabricated scaffolds, which
recapitulate collagen organization. Incorporating collagen and elastin, into a single scaffold and
seeding lung fibroblasts and/or alveolar epithelial cells would enable better hypothesis testing
models that investigate the cellular response to both collagen and elastin. In addition, models could
be fabricated with different stiffnesses to mimic the biomechanical (i.e., crosslinking) aspect of
disease severity and its impact on cellular response.

Another aspect that needs further exploration is the impact of collagen crosslinking on its
structure. While there are no SHG signatures that are attributed to collagen crosslinking, it has an
impact on SHG response. As shown in chapter 3, modifications (enhancement and/or inhibition)
in crosslinking in 3D in vitro models, impacted the SHG conversion efficiency, peptide pitch angle,
alignment of collagen molecules and overall chirality. It is important to note that these spheroids
were grown using IPF lung fibroblasts. Redoing these experiments on spheroids grown in the same
conditions with normal lung fibroblasts would provide a better understanding of the important role
crosslinking plays in collagen’s structure.

Like other fibrotic respiratory diseases of unknown cause, IPF is classified as an idiopathic
interstitial pneumonia (11P). In some cases, IPF can be difficult to classify and diagnose, especially
if clear histologic and radiographic patterns are not present. In other cases, however, patients are
misdiagnosed, prolonging proper treatment, and advancing disease progression. Prior to clinical
incorporation, there is a need for a better understanding of how IPF compares to other fatal lung

diseases. Using SHG and SHG-based tools to investigate ECM changes in IIPs that are commonly
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mistaken for IPF, and vice versa, helps solve this problem by contributing to the limited knowledge
on collagen’s structure function relationship during disease progression. Additionally, this would
enable a direct comparison of IPF and other chronic fibrotic lung diseases, which could reveal
unique biomarkers that are specific to each disease.

Studies mentioned throughout this entire dissertation were largely performed on ex vivo
tissue samples however, recent advancements in microendoscope technology shows great promise
for performing imaging in vivo. Louradour and coworkers showed this with their flexible,
miniature multimodal two-photon microendoscope whose performance was comparable to that of
a benchtop setup.'® They were able to capture high resolution, high contrast in vivo SHG and TPEF
images of healthy and fibrotic mouse kidney. This minimally invasive imaging technique has great
potential to be used for real-time in vivo optical biopsies for clinical diagnosis. While this is a great
first step, there are many concerns that must be addressed prior to clinical integration. This includes
the miniaturization of lasers with sufficient and safe power and the permittance of polarization
optics. Boppart and colleagues addressed this by developing a slide-free, compact and reliable
virtual histochemistry tool that is powered by a fiber laser-induced super continuum source.!! They
were able to collect up to four histochemical contrasts including SHG, THG, TPEF, and three-
photon excited fluorescence, in real time.

While there have been significant technological advances in microendoscopes, limitations
remain, with the most pressing being the achievable depth of penetration. Essentially, this requires
these devices to rely solely on backward detected SHG, which is always lower in intensity than
the predominant forward channel. However, existing configurations may prove successful in vivo
by backward SHG with the incorporation of reversible optical clearing agents, as demonstrated

previously.'? Additionally, the backward SHG channel can provide information on small, random
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structures that are not present in the forward channel. Comparing the collagen architecture of
normal and decorin knockout murine prostate, we found smaller, disorganized fibrils in the latter.*3
Inherently, microendoscopes have smaller fields of view and numerical apertures than benchtop
systems but their resolution and collection efficiencies have significantly improved,** holding
great promise for the future.

5.4 Final remarks

SHG microscopy has significantly contributed to the wealth of knowledge relating to the tissue
microenvironment, permitting the assessment and characterization of ECM components in a wide
range of normal and diseased states. SHG is powerful on its own and when combined with other
nonlinear microscopy techniques, it can provide unique yet complimentary metrics to aid
physicians in early diagnosis and monitoring of disease progression. While recent technological
advancements of small footprint lasers and the incorporation of polarization optics will help
facilitate the transition of SHG microscopy from bench to bedside, it will also require regulatory
approval and collaboration between commercial instrumentation companies and clinical
diagnostic experts (i.e., surgeons, pathologists, radiologists, pulmonologists). In comparison to
traditional clinical methods which lack the sensitivity and specificity to capture collagen
alterations, SHG microscopy is well suited for this task. Its clinical incorporation may greatly
improve the diagnostic and prognostic capability, and treatment of not only idiopathic pulmonary
fibrosis, but also cancers, other fibroses, and connective tissue disorders, thus improving patient

quality of life and reducing the number of deaths related to these fatal diseases.
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