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LAY ABSTRACT

Idiopathic pulmonary fibrosis (IPF) is a disease of unknown cause that results in
excessive scarring of the lungs and progressive impairment in lung function. We believe
that white blood cells called monocytes and macrophages play a key role in the
development and progression of this disease. Overall, it is thought that monocytes, which
circulate in the blood, enter the lung tissue and become macrophages. These macrophages
then lead to the formation of scar tissue, which is characteristic to IPF. In order to better
understand how these cells contribute to IPF, we studied their properties in blood and
lung biopsies from IPF patients. We found significant differences between
monocytes/macrophages in IPF than those in healthy controls, that may help explain
disease progression. We hope that these findings will provide insight into causes of the

IPF, and potential avenues for therapeutic intervention.
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ABSTRACT

Idiopathic pulmonary fibrosis (IPF) is a disease of unknown pathogenesis
characterized by scarring of the lung and declining respiratory function. Originating from
bone marrow, circulating monocytes can be recruited into the lung tissue and polarized
toward the alternatively activated (M2) profibrotic macrophage phenotype. Recent
literature has shown that cluster of differentiation 14 positive (CD14+) monocytes are
more abundant in IPF patient blood and are associated with disease outcome and acute
exacerbation. Additionally, a 52-gene risk profile from peripheral blood mononuclear
cells for outcome prediction in IPF was recently published. Here, we began by
characterizing macrophages in human IPF lung tissue. We then assembled a biobank and
examined transcriptomic characteristics of blood-derived circulating monocytes from I[PF
patients.

Various histological assessments were completed on a tissue microarray including
lung biopsies from 24 IPF patients and 17 controls, to characterize M2 macrophage
expression in human tissue. Whole blood samples were collected from 50 IPF patients
and 12 control subjects. CD14+ monocytes were isolated and mRNA was extracted for
bulk RNA sequencing. Data were analyzed for differential expression (DE), and Gene Set
Enrichment Analysis (GSEA) was performed to examine enrichment of the previously
published 52-gene risk profile in our dataset.

We found that M2 macrophage expression was increased in IPF lung tissue

compared to controls. CD14+ monocyte levels were significantly elevated in IPF patients
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in our cohort compared to control participants, and was negatively correlated with forced
vital capacity (FVC). DE analysis comparing IPF and control monocytes yielded a 35-
gene signature, with 16 up-regulated genes and 19 down-regulated genes. When
comparing the signature related to long transplant-free survival from the published dataset
to our data, GSEA demonstrated that this signature is enriched in donors from our dataset,
supporting concurrence between the meanings of the two datasets. Overall, these results
provide insight to identify targets to modulate monocyte/macrophage function in IPF and

potentially affect progressive disease.
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CHAPTER 1: INTRODUCTION

1.1 Fibrotic Lung Disease
1.1.1 Overview of Fibrotic Lung Disease

In the developed world, 45% of all mortalities are associated with chronic
fibroproliferative disease (Wynn, 2008). Fibrosis, defined by the overabundant
deposition of extracellular matrix components such as collagen and fibronectin in regions
of damaged and inflamed tissue, can affect several organs in the body (Wynn, 2008;
Wynn & Ramalingam, 2012). The pathologic deposition of these materials can lead to
extensive tissue remodeling, hence having the potential to cause organ failure and death
(Wynn, 2008). Interstitial lung disease (ILD) is an umbrella term for diseases
characterized by inflammation and fibrosis of the parenchyma. Patients with fibrotic ILD
experience progressive fibrosis of the lung, which involves declining lung function,
dyspnea, and overall reduced quality of life. (Wong et al., 2020). Overall, fibrotic
diseases are poorly understood with limited treatment options, warranting the exploration
of etiology and treatment avenues in these conditions.
1.1.2  Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is the most common and severe subtype of
idiopathic interstitial pneumonia (Wong et al., 2020). IPF is a disease of poorly
understood pathogenesis that is characterized by scarring of the lung and declining
respiratory function. Due to the progressive nature of the disease, many patients die of

respiratory failure, with a median prognosis of a median 2.8 to 4.2 years of survival after
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diagnosis Boon et al., 2009; Ley et al., 2011; Maher et al., 2007). Despite the aggressive
natural history, treatment options are limited and not curative (Moore et al., 2014).
Common symptoms include dyspnea, and dry cough, with characteristic signs including
inspiratory crackles, clubbing of the digits, weight loss, and pedal edema (Meltzer &
Noble, 2008; Gogali & Wells, 2012). Possible risk factors for IPF include smoking,
gastroesophageal reflux disease, genetic predisposition, and exposure to metal dust
environmental (Zaman & Lee, 2018). Currently, there are approximately 14,000 to 15,000
patients living with this disease in Canada, with older adults being the most affected
subpopulation (Hopkins et al., 2016).
1.1.3 Treatments for IPF

As of 2014, there are two current FDA-approved treatments for IPF: Nintedanib
and Pirfenidone. Both of these drugs are antifibrotic medications and are recommended
for the treatment of IPF in accordance with the American Thoracic Society/European
Respiratory Society Clinical Practice Guidelines. Nintedanib functions as a small
molecule inhibitor of tyrosine kinase receptors, such as fibroblast growth factor receptor,
platelet-derived growth factor receptor, and vascular-endothelial growth factor receptor.
Overall, in clinical trials, Nintedanib was seen to reduce the rate of decline of lung
function (Richeldi et al., 2016). Pirfenidone functions as an antifibrotic and anti-
inflammatory agent. This medication reduces proliferation of fibroblasts and the
accumulation of collagen, and has been seen to target the mitogen-activated protein

kinase pathway (Hall et al., 2018). In clinical trials, Pirfenidone was also seen to reduce
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the rate of lung function decline (King et al., 2014; Saito et al., 2019). Recent trials have
also demonstrated that combined therapy with these two anti-fibrotic medications is safe
and tolerable for patients, however evaluation of effectiveness still requires further
elucidation (Flaherty et al., 2018; Richeldi et al., 2019). Although both of these drugs
decline the rate of progression of IPF, they do have considerable side effects, which may
limit quality of life in patients taking the medications. Therefore, improve treatment
options are still required in this disease.
1.1.4 Pulmonary Function Measures

Pulmonary function tests are used as one of the techniques to assess the status and
progression of IPF, using spirometry, body plethysmography, and measurement of gas
transfer to quantify lung function. Spirometry is completed performing a forced
expiratory maneuver, whereby the volume expired and airflow are measured. Spirometry
is a favourable testing method due to its sensitivity, reproducibility, and limited
invasiveness (Moore, 2012). Common measures obtained include forced vital capacity
(FVC), which is the maximum volume of air that a patient can exhale when blowing out
as fast as they are able, and forced expiratory volume in 1 second (FEV1). Diffusing
capacity for carbon monoxide (DLCO) is a valuable measure evaluating how efficient gas
transfer is from the alveoli to the bloodstream (Johnson, 2000). In combination, these

tests can provide a great deal of insight into the lung health and function of IPF patients.
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1.2 Circulating Monocytes
1.2.1 Overview of Circulating Monocytes

Monocytes are white blood cells derived from progenitor cells in the bone
marrow. After leaving the bone marrow, these cells circulate in the peripheral blood and
play a large role in the body’s innate and adaptive immune systems. These monocytes
extravasate from the circulatory compartment and enter various tissues in the body where
they are acted upon by various stimuli, such as cytokines and growth factors, leading
them to differentiate into macrophages. (Zhang et al., 2018). In the setting of tissue
injury, monocytes are recruited from the bone marrow to the site of injury, where they
often exceed the quantity of tissue-resident macrophages (Wynn & Vannella, 2016).
Monocyte subpopulation is determined by levels of expression of Cluster of
Differentiation (CD) 14 and CD16. Classical monocytes comprise 85% of the monocyte
population, and have high expression of CD14 (100 times higher than the isotype control)
and no CD16 expression (CD14++CD16-). Intermediate monocytes make up 5% of total
monocytes, and have high CD14 expression and low (10 fold higher than the isotype
control) expression of CD16 (CD14++CD16+). Non-classical monocytes comprise 10%
of all monocytes and have low expression of CD14 and high expression of CD16
(CD14+CD16++) (Ziegler-Heitbrock et al., 2010; Marimithu et al., 2018).
1.2.2 Cells Expressing CD14

CD14 is a protein on the cell surface that operates as an endotoxin receptor and

binds lipopolysaccharide. It is strongly expressed on monocytes and tissue macrophages.



M.Sc. Thesis — M. Vierhout; McMaster University — Medical Sciences

B-cells and neutrophils may also express CD14 to a lesser extent (Naeim et al., 2018).
Dendritic cell subsets may also express CD14, however it has been speculated that these
cells may be monocyte-derived (Collin et al., 2013), and are present in tissue only.
1.2.3 Circulating Monocytes and Progression of Fibrotic Lung Disease

Monocytes can be recruited from the peripheral circulation into the lungs where
they become polarized into alternatively activated, or M2, profibrotic macrophages and
act as potential key drivers of progressive fibrotic disease (Zhang et al., 2018). These
macrophages can then enter both alveolar and interstitial spaces (Zhou & Moore, 2018).
Overall, there is limited information on the prediction of mortality in IPF patients (Ley et
al., 2011). However, recent work has raised monocytes to be a predictor of disease
outcome. Scott et al. (2019) exhibited that CD14+ monocytes are more abundant in the
blood of IPF patients and are associated with poor outcomes and disease progression,
which suggests a potential causal role between these cells and fibrogenesis. A recent
study has also shown that increased monocyte number is associated with acute
exacerbations in IPF patients (Kawamura et al., 2020). It was found that patients with an
increased monocyte count were more likely to develop an acute exacerbation, and
patients with a higher absolute monocyte count had a shorter time to developing their first
acute exacerbation (Kawamura et al., 2020).

Circulating monocytes have been demonstrated to play a role in the progression of
IPF (Moore et al., 2014). It has been shown, through multiple murine studies, that the

depletion of circulating monocytes significantly reduces the severity of fibrosis. Moore et
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al. (2001) showed that the deletion of the main receptor for monocyte-chemoattractant
protein-1 known as C-C Motif Chemokine Receptor 2, a receptor that is important in the
recruitment of monocytes, protected mice from developing lung fibrosis. Gibbons et al.
(2011) deleted the Ly6CM population of circulating monocytes, and found that fibrosis
and the quantity of alternatively activated macrophages in the lung was reduced. Several
studies have also exhibited that deletion of monocyte-derived alveolar macrophages, but
not tissue-resident alveolar macrophages, ameliorated fibrosis (Misharin et al., 2017;
Joshi et al., 2019). This supports that it is the monocytes from the circulatory department
that contribute to fibrogenesis. Additionally, in a study examining lung-derived
macrophages, it was discovered that circulating monocytes from IPF patients appeared to

be predisposed to promote fibroproliferative activity prior to entering the lung (Zhou et

al., 2014).
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Figure 1: Contribution of Circulating Monocytes to Lung Fibrosis

Monocytes leave the circulation and enter the lung tissue, where they differentiate into
alternatively activated macrophages, and contribute to fibrogenesis.
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1.3 Alternatively Activated Macrophages
1.3.1 Alternatively Activated Macrophages and Fibrotic Lung Disease

Macrophages, as regulator and effector cells, hold the potential to modulate
immune function and are involved in inflammatory defense functions (Sica & Mantovani,
2012). Similar to the TH1-TH2 polarization of T-cells, macrophages may become
activated to the M1 (classically activated) phenotype, or M2 (alternatively activated)
phenotype (Stifano & Christmann, 2016; Sica & Mantovani, 2012). The M1 phenotype is
stimulated by interferon gamma, lipopolysaccharide, and toll-like receptor ligands, and is
proinflammatory with microbicidal and tumoricidal properties (Stifano & Christmann,
2016; Sica & Mantovani, 2012; Braga et al., 2015). M2 macrophages are anti-
inflammatory, and are known to stimulate tumour growth and aid in organ regeneration.
They can also be classified as profibrotic, and release profibrotic factors including
transforming growth factor beta (TGF-P) and Galactin-13 (Braga et al., 2015). Repeated
microinjuries to the alveolar epithelium induces the production of TGF-f3 in macrophages,
which leads to differentiation of fibroblasts into active myofibroblasts and thus deposition
of extracellular matrix components (Fernandez & Eickelberg, 2012). M2 macrophages are
polarized in the presence of interleukin (IL)-4 and IL-13, and previous work by our group
has also demonstrated that IL-6 mediates hyperpolarization (Ayaub et al., 2019).
Chemokine ligand 18 (CCL18), which is produced by alveolar macrophages, is a marker
that has been positively correlated with the decline of lung function, and elevated levels

in the serum of IPF patients were correlated with mortality (Schupp et al., 2014). In
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addition, the expression of mannose receptor CD206 is a feature that characterizes M2
macrophages (Braga et al., 2015). CD206 is found on the surface of alternatively
activated macrophages (Kazuo et al., 2019). CD163 is another M2 macrophage marker,
while CD68 is a pan-macrophage marker (Minami et al., 2018). CD163 is a scavenger
receptor responsible for the uptake of hemoglobin-haptoglobin complexes, and is a
membrane-bound protein found on tissue macrophages (Kristiansen et al., 2001; Fabriek
et al., 2005). CD68 is a glycoprotein highly expressed on macrophages, and is found in
the endosomal and lysosomal compartments of cells, as well as the cell surface
(Chistiakov et al., 2017). Throughout this thesis, CD206 and CD163 will be referred to as
“M2” macrophage markers, and CD68 as a “pan” macrophage marker. Due to their
involvement in matrix remodelling and fibrogenesis, as well as their association with the
properties of progression of IPF, M2 macrophages constitute a valid target for

investigation in fibrotic lung disease.
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Figure 2: Contribution of M2 Macrophages to Fibrogenesis
In the case of epithelial injury, M2 macrophages are recruited to the site. TGF-f3 is

secreted, which causes differentiation of fibroblasts into myofibroblasts, and subsequent
extracellular matrix deposition.
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As depicted here, CD68 is a pan macrophage marker (expressed on all macrophages),
while CD163 and CD206 are specific to the M2 phenotype. CD68 is found in endosomes
and lysosomes as well as the cell surface, while CD163 and CD206 are found on the cell
surface.
1.3.2. Endoplasmic Reticulum Stress/The Unfolded Protein Response and M2
Macrophages

Endoplasmic reticulum (ER) stress is involved in fibrotic disease, and plays a role

in disease progression. As a key organelle, the ER is the moderator of protein homeostasis

and protein folding quality control. The role of the ER includes protein folding, assembly,

11
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and trafficking, and degrading proteins that are misfolded or defective (Burman et al.,
2018). Protein synthesis occurs on the ribosomes, after which proteins are translocated to
the lumen where they are folded and modified. Most proteins are transported to other
locations in vesicles, but those that are misfolded remain at the site of the ER (Marcinak
& Ron, 2010). Conditions that disrupt protein processing, including increased protein
load, heightened metabolic demands, and decreased chaperone efficiency, cause
misfolded proteins to accumulate and effectuate ER stress. Following the onset of ER
stress, the unfolded protein response (UPR) is activated, with the goal of restoring protein
homeostasis. The UPR pathway has three arms, which are each controlled by an ER
transmembrane protein. These include PKR-like endoplasmic reticulum kinase (PERK),
activating transcription factor 6 (ATF6), and inositol requiring enzyme 1 alpha (IREla).
A chaperone called binding immunoglobulin protein (BiP) remains bound to these three
proteins when there is no ER stress. However, when there is protein accumulation and
cell stress occurs, BiP becomes sequestered from these proteins and UPR is initiated
(Burman et al., 2018). Additionally, the ER can expand to have an increased surface area
and volume, thus enhancing its ability to fold proteins (Wei et al., 2013). In fibrotic lung
disease, chronic ER stress and the UPR play a disease-causing role, such as through
modulation of processes of fibrosis, inflammation, and epithelial injury (Burman et al.,
2018; Wei et al., 2013). ER stress can contribute to the process of differentiation of
fibroblasts to myofibroblasts, which are responsible for the synthesis collagen and

extracellular matrix materials (Burman et al., 2018). Thus, it is believed that if we further
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evaluate ER stress and the UPR in the setting of fibrotic lung disease, we can gain insight
to potentially slow or halt the progression of fibrosis.

The IRE1 pathway is the most highly conserved of all arms of the UPR, being
present in both yeast and higher eukaryotes. IRE1a is classified as a serine/threonine
protein kinase and endoribonuclease (Hetz et al., 2011). When BiP is sequestered from
IREla, an RNase domain becomes activated through oligomerization and
autophosphorylation, that cleaves X-box binding protein 1 (XBP1) into its active form,
spliced X-box binding protein 1 (sXBP1) (Burman et al., 2018). This occurs by the
splicing 26 nucleotides from XBP1, which leads to a frameshift and presence of a C-
terminal activation domain (Wu et al., 2015). sXBP1 is then translocated to the nucleus
and activates genes of the UPR, such as ER degradation enhancing a-mannosidase like
protein, which allows for more degradation of misfolded proteins through the ER-
associated degradation pathway (Wu et al., 2015; Burman et al., 2018). IRE1 and ATF6
activation cause an increase in the quantity of chaperones in order to increase the protein
folding capacity of the cell (Wei et al., 2018). It has also been speculated that the
IRE1/XBP1 pathway plays a role in monocyte to macrophage differentiation (Dickhout et
al., 2010). When activated in macrophages the pathway also plays a role in the expression
of inflammatory cytokines, including IL-6 and tumour necrosis factor alpha (Martinon et
al., 2010). Other results supporting the involvement of the IRE1 arm in fibrotic disease
include its requirement for myofibroblast activation, the link of myofibroblast ER

expansion to XBP1 splicing, the attenuation of liver fibrosis with IRE1a inhibition, and
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the reduction of skin fibrosis with IRE1a inhibition (Heindryckx et al., 2016). In another
study, Western-blot analysis of IPF lung tissues as compared to chronic obstructive
pulmonary disease and human donor lung tissues exhibited that sXBP1 protein was only
present in the IPF lungs. In the same study, when comparing sXBP1 transcripts levels
between IPF and healthy donors, it was found that the transcripts were only present in the
IPF lungs as well (Korfei et al., 2008). Previous work done by our group has drawn the
parallel between M2 macrophages and the IRE1/XBP1 pathway. It was shown that XBP1
mRNA is increased in alternatively activated macrophages in vitro, and that treatment
with an IRE1 inhibitor led to a decrease in CCL18, supporting its role in polarization of
macrophages to the M2 phenotype and thus involvement in pro-fibrotic processes (Ayaub
et al., 2019). Therefore, it is justifiable to explore this arm of the UPR as a target in

fibrotic lung disease, and attempt to translate previous findings to the patient setting.
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Figure 4: Unfolded Protein Response

The IRE1 pathway is one of three arms of the UPR, along with ATF6 and PERK. When
the IRE1 pathway is activated, XBP1 is spliced by 26 base pairs to form sXBP1. sXBP1
is then translocated to the nucleus to activate various UPR genes.
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1.4 Transcriptomic Signatures in Fibrotic Lung Disease

In exploration of transcriptomic characteristics of fibrotic lung disease, a study by
Boon et al. (2009) has compared the gene profiles obtained from surgical lung biopsies of
IPF patients. Since the rate of progression is variable, they aimed to elucidate a gene
expression profile that would distinguish between stable and rapidly progressing disease,
based on changes in FVC and DLCO over a one year period. Overall, this study defined a
molecular expression signature of 134 transcripts that distinguishes stable and progressive
IPF (Boon et al., 2009). Another group has explored transcriptomics in the blood
compartment of IPF patients. Herazo-Maya et al. (2017) discovered a 52-gene signature
from peripheral blood mononuclear cells (PBMC) from IPF patients. This signature was
associated with outcome prediction in IPF.

Although human genetic signatures for IPF, both in the lung and blood
compartments, have been investigated, this has not yet been explored in monocytes.
Monocytes may constitute a valid target for therapeutic intervention in IPF, as they are
critical for the fibrotic process, as demonstrated through murine studies, and are the
precursors for macrophages in the lung. Therefore, we aimed to explore the
characteristics of profibrotic monocytes/macrophages in IPF, and how they may

contribute to progression of the disease.
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1.5 Hypothesis
Overall Hypothesis

I hypothesize that profibrotic monocytes and macrophages contribute to the
fibrotic process in IPF. Circulating profibrotic monocytes are believed to enter the lung
and then become polarized to profibrotic macrophages, which contribute to the process of
excessive scarring. These cells are characteristically different in IPF compared to healthy
controls, thus constituting them as a valid target in this disease.
Specific Hypothesis

I hypothesize that circulating profibrotic monocytes from IPF patients possess a
gene signature that differentiates them from healthy controls. I further hypothesize that
the transcriptomic characteristics of these monocytes are associated with the progressive
nature of IPF, as these cells enter the lung tissue and differentiate into profibrotic
macrophages, which are present and increased in the lungs of IPF patients.
1.6 Objectives
1.6.1 Objective 1: Assessment of expression of macrophages in human IPF lung tissue

Since it is believed that monocytes differentiate into profibrotic macrophages in
the lung which are responsible for fibrogenesis, we began by examining macrophage
presence and expression in [PF. Although monocytes are the precursors for these
macrophages, macrophages are the cells that are thought to play an active role in the
fibrotic processes in the lung. Therefore, it is reasonable to study monocytes if profibrotic

macrophages are characteristic of IPF lung pathology.
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Prior to exploring the blood compartment in the following aims, we sought to
study formalin-fixed paraffin-embedded (FFPE) lung tissue samples from IPF patients.
Samples from 24 IPF patients (from both fibrotic and non-fibrotic areas) were assessed
using histological staining for various macrophage markers, including CD206, CD163,
and CD68. In-situ hybridization techniques were also utilized to examine potential
colocalization of CCL18 and CD68 in IPF lung tissue, to evaluate whether the
macrophages in these samples are of the M2 phenotype and are able to produce CCL18.
Samples from the FFPE tissue were also cored to look at RNA levels of CCL18 with
NanoString® Technology. Lastly, the markers for the activation of the IRE1/XBP1 UPR
pathway were examined in these tissues via in-situ hybridization, as our lab has
previously linked this pathway to M2 macrophages, and determined that its activation is
critical for polarization to the M2 phenotype. Overall, these characterizations confirm the
presence and involvement of alternatively activated macrophages in IPF, identify them as
a potential target, and provide justification and a groundwork to study monocytes.

1.6.2 Objective 2: Collection of patient blood samples and generation of biobank

In order to study monocytes in IPF, the collection of whole blood samples from
patients is required. This was done in collaboration with physicians Dr. Nathan Hambly,
Dr. Gerard Cox, and Dr. Martin Kolb in the clinics of the Firestone Institute for
Respiratory Health. Samples were collected from IPF patients and healthy controls, from
which monocytes were isolated from. Where possible, serial samples were also collected

from IPF patients at six month intervals, in order to study disease progression. For
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potential future evaluation, PBMC, T-cells, and plasma were collected and added to the
biobank.

In order to collect numerous samples suitable for transcriptomic evaluation and
RNA sequencing, it is necessary to conduct evaluations to determine the quality of
samples. Average blood volume obtained from participants, RNA quantity per 100,000
monocytes, and RNA integrity number (RIN) were calculated. This provides insight into
overall suitability of the samples for transcriptomic evaluation, as well as quality control
of the samples collected in the biobank. This lays the framework for further analysis of
these cells.
1.6.3 Objective 3: Investigate transcriptomic characteristics of monocytes from IPF
patients with fibrotic disease and correlate these characteristics with disease
progression

As previously explained, there are limited predictors of mortality in IPF (Ley et
al., 2011). A recent study conducted by Scott et al. (2019) showed that the quantity of
monocytes can act as a predictor of poor outcomes in IPF, however little is known about
the characteristics of these monocytes. First, we aimed to confirm the expression of CD14
in monocytes in IPF with analysis of publicly available Gene Expression Omnibus (GEO)
single cell RNA sequencing datasets. Different cell populations were analyzed for their
expression of CD14, and it was determined which cell population most highly expresses
this gene. Then, we aimed to confirm our findings with published literature, where

monocyte quantity was compared between IPF and control patients to determine if they
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are more abundant in disease. Assessing if monocyte quantity is correlated with
pulmonary function methods also provides insight into the involvement of these cells in
progression of disease. We then compared the transcriptomic characteristics of these
monocytes between IPF and control, by performing bulk RNA sequencing and
differential expression analysis. This elucidated any differences that exist in gene
expression in the disease. With regards to progression, principal component analysis
(PCA) was performed to observe any transcriptomic changes that may occur between
samples collected six months apart from the same patient. A previous multicentre study
has been conducted on PBMC in IPF, which identified a 52-gene signature associated
with poor outcomes (Herazo-Maya et al., 2017). Although this signature is also blood
based and PBMC include monocytes, it is not specific to this cell type. Therefore, we
aimed to investigate the similarity between this dataset and ours using gene set
enrichment analysis (GSEA). Overall, understanding the transcriptomic differences and
characteristics in IPF will provide insight into explicating monocytes as viable target in
IPF. Understanding the nature, activation status, and characteristics of these cells could
allow us to target them prior to their entry into the lung, and potentially reprogram them

from entering the profibrotic state.
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CHAPTER 2: METHODS

2.1 Tissue Microarray Creation

The IPF TMA was created by previous Ask Lab Masters student, Karun Tandon,
with the guidance of molecular pathologists (Dr. Asghar Naqvi and Dr. J.C. Cutz).
Regions of interest were selected from hematoxylin and eosin (H&E) slides of the FFPE
parent blocks from the surgical lung biopsy cohort, which were then punched and inserted
into a host paraftin block using the TMA Master II (3D Histech Ltd) for creation of
TMAs. This TMA contains 316 0.6mm diameter tissue cores from 24 IPF patients and 17
controls resected from non-involved regions of lung cancer biopsies. IPF cores were
taken from both fibrotic and non-fibrotic regions. The collection and utilization of human
tissues was approved by the Hamilton Integrated Research Ethics Board (HiREB# 11-
3559 and 13-523-C).
2.2 Core Punching for RNA Extraction

Four 1.0mm diameter cores (with a tissue depth of approximately 4.0mm) were
punched from fibrotic areas of IPF lung blocks, using the TMA Master II (3D Histech
Ltd). Cores were stored in RNase-free tubes for future RNA extraction.
2.3 Immunohistochemistry (IHC)

Immunohistochemical staining of the TMAs was conducted at the John Mayberry
Histology Facility at the McMaster Immunology Research Centre, using the Bond RX
immunostainer (Leica). Slides were placed on the Bond RX and dewaxed and hydrated.

The slides were then treated with Bond Epitope Retrieval 1 buffer for 20 minutes for
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CD68 and CD206, and Bond Epitope Retrieval 2 for CD163. The IHC protocol was then
performed using the Bond Polymer Refine Detection Kit (DS9800). The primary dilutions
of the antibodies were as follows: CD68 (Dako M0876) 1:50, CD206 (Abcam ab64693)
1:8000, CD163 (Abcam ab182422) 1:1000.

2.4 In-situ Hybridization (RNAscope® and Basescope™ Technology)

RNAscope® (ACD Bio) in-situ hybridization for CCL18 (486618) and CD68
(560598-C2) duplex staining, and Basescope™ single-plex staining for XBP1 (715178)
and sXBP1 (715188) were completed using commercially available assays. This was also
completed at the John Mayberry Histology Facility at the McMaster Immunology
Research Centre, using a program devised by ACD Bio for the Leica Bond RX
immunostainer.

2.5 Slide Digitalization

Slides were digitalized using the Olympus VS 120 automated slide scanner.
Images of the entire slides were acquired. For IHC stained slides, 20x magnification was
utilized, while 40x magnification was utilized for in-situ hybridization stained slides.

2.6 HALO® Histological Quantification

HALO® histological image analysis software (Indica Labs) was used to quantify
the scanned images of slides. Custom algorithms were created for each stain based on
colour, intensity, and optical density. For quantification of IHC staining, the Multiplex
IHC module was used to detect percent cell positivity. For slides stained in-situ

hybridization, the ISH module was used to determine percent positive cells (that had at
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least one probe puncta present) and average probe number per cell. All algorithms were
used in conjunction with the TMA module in the software, that allows for proper

segmenting of the TMA slides.
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Figure 5: Overall workflow for molecular phenotyping and imaging analysis of
FFPE tissues

As shown here, quantitative data from histological analyses of human tissues are obtained

through multiple steps, including specimen acquisition, selection of regions of interest,
TMA creation, histological assessments, and scanning and quantification.

23



M.Sc. Thesis — M. Vierhout; McMaster University — Medical Sciences

2.7 Nanostring® Gene Expression Quantification

RNA samples were analyzed using the nCounter® Analysis System at the
McMaster Farncombe Metagenomics Facility. Data were preprocessed using the total
counts normalization method. The resulting gene expression data was processed using the
nSolver® Analysis Software v. 2.6, and analyzed using R. Data are expressed as Log2
values.
2.8 Whole Blood Collection

Collection and utilization of human blood was approved by the Hamilton
Integrated Research Ethics Board (HiREB# 2017). Informed consent was obtained from
all participants. Consecutive whole blood samples (six months apart) were collected from
IPF patients at the Firestone Institute for Respiratory Health, in K2EDTA blood tubes
(BD 366643). Several components of the blood were stored for biobanking, including
plasma, PBMC (in freezing media, in RNA later, or formalin-fixed), CD4+ T-cells (in
RNA later), and CD14+ monocytes (in RNA later or RNA lysis buffer). A total of 66 IPF
samples from 50 patients (36 patients with a single visit, 12 patients with two visits, and 2
patients with three visits) were collected for monocyte isolation. Samples were also
collected from 12 healthy controls.
2.9 CD14+ Monocyte Isolation

CD14+CD16- monocytes were directly from whole blood isolated using
immunomagnetic negative selection (Stemcell Technologies 19669). “The Big Easy”

magnet (Stemcell Technologies 18002) was used with 3mL of blood. Isolation techniques
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were completed according to the manufacturer’s instructions. Monocytes were
centrifuged at 1300 rpm for 10 minutes, and then resuspended in RNA lysis buffer
(Macherey-Nagel 740906). Cells were stored at -80°C until RNA extraction.
2.10 RNA Extraction

For FFPE cores, RNA was extracted using the Nucleospin total RNA FFPE
extraction kit (Macherey-Nagel 740982.50), according to the manufacturer’s protocol.
For frozen monocytes, mRNA was extracted from using the NucleoSpin® RNA Plus
extraction kit (Macherey-Nagel 740984.250), according to the manufacturer’s protocol.
Sample concentration was obtained with a NanoDrop spectrophotometer. RNA quality
was assessed at McMaster Farncombe Metagenomics Facility. For FFPE samples, RNA
quality was checked with the Bioanalyzer 2100 (Agilent Technologies) and for
monocytes with the High Sensitivity RNA ScreenTape® Device.
2.11 Bulk RNA Sequencing

RNA sequencing was completed at the McMaster Farncombe Metagenomics
Facility, using the Illumina HiSeq 1500. The samples were sequenced with single end
reads of 75 base pairs, at an average depth of 9.1 million clusters (ranging from 6 million
to 14 million). Library preparation was done using the NEBNext Ultra Directional RNA
LP kit with poly-A mRNA enrichment beads, which produces strand-specific data.
2.12 RNA Sequencing Data Preprocessing and Normalization

The mapping of the processed reads was performed by using HISAT2 (Kim et al.,

2015) with hg38 (UCSC) reference genome and the reads were counted using HTSeq
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(Anders et al., 2015). Genes showing low levels of expression across samples were
removed, resulting in genes. The remaining values were normalized with TMM
normalization method (Robinson & Oshlack, 2010) and then transformed with voom
transformation (Law et al., 2014).
2.13 Analysis of Single Cell RNA Sequencing GEO Datasets

Data were obtained from publicly available datasets containing samples from
donors and IPF patients (GEO: GSE122960 [termed 1st dataset] and GSE135893 [termed
2nd dataset]). Since both datasets contained additional samples from patients with other
fibrotic diseases, only samples from healthy donors and IPF patients were selected for
processing and analysis. Both processing and analysis were performed using Seurat
package (Butler et al., 2018) in R. Differential expression analyses between cell
populations and between IPF patients and donors within each of the cell populations were
performed using Seurat package. Violin plots were obtained using Seurat package.
2.14 Differential Expression Assessment of CD14+ Monocyte RNA Sequencing Data

Differential expression analysis was performed using /imma package (Ritchie et
al., 2015), comparing samples obtained from IPF patients during their first visit to
samples obtained from healthy donors with adjustment for monocyte counts. P-values
were corrected with BH correction for multiple testing (Benjamini & Hochberg, 1995),
and corrected values <0.05 were considered to be significant. Difference in monocyte
counts between the samples obtained from donors and the samples obtained from [PF

patients was assessed using /imma as well.
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2.15 Principal Component Analysis of CD14+ Monocyte RNA Sequencing Data

IPF samples from 1st and 2nd visits were examined using PCA, with samples
collected from the 1st visit used as a reference to the matching samples from the 2nd visit.
Clusters of different trends were obtained by using mclust package in R (Scrucca et al.,
2002; Fraley & Raftery, 2002). For visualization, PCA analysis and plots were obtained
using rg/ package in R.
2.16 Enrichment Analysis of 52-gene Signature

Enrichment of the published 52-gene signature was examined using GSEA

(Subramanian et al., 2005).
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Figure 6: Overall workflow for the collection and transcriptomic analysis of CD14+
monocytes

Depicted above is the pipeline for blood sample collection and processing, to obtain
transcriptomic data on CD14+ monocytes.
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2.17 Statistical Analysis

All results are conveyed as mean + SEM, unless otherwise noted. Statistical
analyses were performed using GraphPad Prism (Version §). When comparing groups, a
two-tailed t-test was used to determine significance. Paired t-tests were using when
comparing parameters from the same patient (ie. from non-fibrotic and fibrotic areas). A

p-value of less than 0.05 was considered significant. Cohen’s d was used to express effect

[Mean of experimental group]—-[Mean of control group]

size, using the formula: Effect size = —
Pooled Standard Deviation

Statistical analyses for Nanostring®, bulk RNA sequencing, and single-cell RNA

sequencing data were performed in R.
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CHAPTER 3: RESULTS

3.1 Objective 1: Assessment of expression of macrophages in human IPF lung tissue
3.1.1 There is no difference in expression of pan macrophage marker, CD68, in lung
tissue from IPF patients compared to controls

In order to determine the overall expression of macrophages in human IPF lung
samples, the IPF human lung tissue TMA was immunohistochemically stained for CD68.
CD68 is a pan-macrophage marker that is highly expressed on macrophages, and found in
the endosomal and lysosomal compartments, in addition to the cell surface (Chistiakov et
al., 2017). Clinical characteristics for the IPF patient cohort included on the TMA can be
found in Table 1. A scanned image of the entire slide was analyzed for CD68 positivity
using the Multiplex IHC module in the HALO® Image Analysis Platform software. This
was done to confirm previous findings in the lab, utilizing novel and updated algorithms
and modules in this software. There were no significant differences seen in pan
macrophage marker CD68 expression among fibrotic, non-fibrotic and control cores
(Figure 7 A,B).

Table 1: Clinical Characteristics of IPF Patients on TMA

Characteristic Value

Gender Male 17
Female 7

Age (years) 59.0 £ 10.1

Disease Duration (years) 26+28

FVC (% predicted) 62.9 £ 23.2

FEV1 (% predicted) 68.1 +16.5

DLCO (% predicted) 42.8 +10.9
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Figure 7: CD68 Immunohistochemical staining on human IPF lung TMA
A. There is no difference in CD68 percent cell positivity in IPF (fibrotic and non-
fibrotic regions) compared to control tissues.

B. Representative fibrotic, non-fibrotic, and control tissue core images. HALO®
analysis markup is shown, with nuclei in blue and positive CD68 staining in red.
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3.1.2 Expression of M2 macrophage marker, CD206, is increased in lung tissue from IPF
patients

In order to determine the expression of M2 macrophages in human IPF lung
tissue, the IPF human lung tissue TMA was immunohistochemically stained for CD206.
CD206 is a feature that characterizes M2 macrophages, and is found on their surface
(Braga et al., 2015; Kazuo et al., 2019). A digitalized image of the slide was analyzed for
percent positivity of CD206 cells using the Multiplex IHC module in the HALO® Image
Analysis Platform software. This was done to confirm previous findings in the lab,
utilizing novel and updated algorithms and modules in this software. As expected, CD206
expression was significantly higher in fibrotic regions of IPF lung tissue compared to
control lung tissue (p<0.0005, Cohen’s d=1.229). This was also found for non-fibrotic
regions of IPF lung tissue compared to controls (p<0.0005, Cohen’s d=1.424). No
significant differences were seen between in CD206 expression between fibrotic and non-

fibrotic regions (Figure 8 A,B).
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Figure 8: CD206 Immunohistochemical staining on human IPF lung TMA
A. CD206 percent cell positivity is significantly greater in IPF (fibrotic and non-
fibrotic regions) compared to control tissues (p<0.0005, Cohen’s d=1.229, 1.424).

B. Representative fibrotic, non-fibrotic, and control tissue core images. HALO®
analysis markup is shown, with nuclei in blue and positive CD206 staining in red.
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3.1.3 Expression of M2 macrophage marker, CD163, is increased in lung tissue from IPF
patients

To further assess M2 macrophage expression, we also evaluated the expression of
CD163 on the IPF human lung tissue TMA. CD163 is another M2 macrophage marker,
which is a membrane-bound protein (Kristiansen et al., 2001; Fabriek et al., 2005). The
TMA was immunohistochemically stained for CD163. A scanned image of the entire
slide was analyzed for CD163 positivity using the Multiplex IHC module in the HALO®
Image Analysis Platform software. As expected, CD163 expression was significantly
higher in fibrotic regions of IPF lung tissue compared to control lung tissue (p<0.05,
Cohen’s d=1.141). This was also found for non-fibrotic regions of IPF lung tissue
compared to controls (p<0.05, Cohen’s d=1.046). No significant differences were seen

between in CD163 expression between fibrotic and non-fibrotic regions (Figure 9 A,B).
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Figure 9: CD163 Immunohistochemical staining on human IPF lung TMA

f——100pm

A. CD163 percent cell positivity is significantly greater in IPF (fibrotic and non-
fibrotic regions) compared to control tissues (p<0.05, Cohen’s d=1.141, 1.046).

B. Representative fibrotic, non-fibrotic, and control tissue core images. HALO®
analysis markup is shown, with nuclei in blue and positive CD163 staining in red.
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3.1.4 CCL18 and CD68 RNA are colocalized in IPF lung tissue, confirming the ability of
macrophages to produce M2 marker CCL18 in IPF

Dual RNAscope® fluorescent in-situ hybridization assay was used to stain CCL18
(Cy 5-channel 1) and CD68 (FITC-channel 2) on the human IPF TMA. The slide was
digitalized under fluorescent light and the HALO® fluorescent in-situ hybridization
module was used to detect colocalization of Cy5 and FITC stained puncta. CCL18 and
CD68 puncta were colocalized to the same cells (Figure 10). This confirms the ability of
macrophages, as detected by pan macrophage marker CD68, to produce CCL18 and thus
be of the M2 phenotype in IPF, as exhibited at the RNA level. Supplementary Figure

A1 shows positive and negative probe staining.
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Figure 10: CCL18 and CD68 RNA are colocalized in human IPF lung tissue

RNAscope® fluorescent in-situ hybridization demonstrates that in an [IPF TMA core,
CCLI18 (stained by CyS5, pink) is colocalized with CD68 (FITC, green). This
colocalization, in addition to cell and nuclei (DAPI) detection, was detected by HALO®
histology analysis software.
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3.1.5 CCL18 mRNA levels are increased in IPF FFPE lung tissues compared to control
tissues

Approximately 4 FFPE cores (1.0mm in diameter with a tissue depth of
approximately 4.0mm) were punched from each patient (n=12) FFPE block and control
(n=12) FFPE block for assessment. nRNA was extracted from samples and analyzed
through Nanostring® technology for expression of CCL18. Data were preprocessed using
the total counts normalization method, and two samples, one IPF and one control, were
excluded as outliers. Data are expressed as Log2 values. Consistent with our previous
findings, we confirmed that CCL18 gene expression was significantly upregulated in IPF
FFPE lung tissues compared to control (p<0.05) (Figure 11), which supports the presence
of M2 macrophages in IPF at the mRNA level. Overall, this is a suitable method to query
RNA expression in FFPE tissues, and can be combined with colocalization data from in-

situ hybridization (as seen in 3.1.4)
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Figure 11: CCL18 gene expression is significantly increased in IPF FFPE lung
tissues

Through Nanostring® technology, it was confirmed that CCL18 gene expression was
significantly increased in IPF lung tissue (n=11) compared to control (n=11).
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3.1.6 Spliced XBP1 is expressed in higher levels in fibrotic cores from IPF patients
In-situ hybridization using Basescope™ technology on the human IPF TMA and
quantification with HALO® showed that sXBP1 is increased (both % positive cells and
average probe number per cell) in fibrotic cores from IPF patients compared to non-
fibrotic cores (p<0.005), suggesting increased UPR activation of the IRE1/XBP1 arm in
areas of fibrosis. No significant difference was seen between IPF (both fibrotic and non-
fibrotic) and control cores, suggesting that UPR activation may be present in cancerous
lung, regardless of the region. No significant differences were seen for XBP1, as this
form does not signify the activation of the IRE1/XBP1 pathway (Figure 12 A,B). Proof
of principle of Basescope™ staining can be seen in Supplementary Figure A2 (positive
and negative probe staining) and Supplementary Figure A3 (increase in sXBP1 staining

in vitro with tunicamycin treatment).
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Figure 12: Basescope™ in-situ hybridization for staining of full-length and spliced
XBP1 gene variants on human IPF tissue TMA

A. Quantification of percent positive cells and average probe number per cell of
sXBP1 and XBP1 in fibrotic versus non-fibrotic cores, and control cores. sXBP1
expression is significantly higher in fibrotic cores (p<0.005) compared to non-
fibrotic cores. No significant difference was found for full-length XBP1.

B. Representative images of fibrotic, non-fibrotic cores, and control stained for
sXBP1 and XBP1, using the “real time tuning” analysis function in HALO® to
demonstrate algorithm markup.

40



M.Sc. Thesis — M. Vierhout; McMaster University — Medical Sciences

3.2 Objective 2: Collection of patient blood samples and generation of biobank
3.2.1 Collection of whole blood samples from patients and controls

Samples were collected from IPF patients and healthy controls at the Firestone
Institute of Respiratory Health, in collaboration with respirologists (Dr. Hambly, Dr. Cox,
and Dr. Kolb). Samples were collected from January 2018 to May 2019. Up to 6 samples
were collected and processed per week. As shown in Table 2, samples were collected
from 50 patients and 12 healthy controls. Serial blood samples were also collected at 6
month follow up timepoints from the same patients, where 12 patients had 2 samples
collected and 2 patients had 3 samples collected. In addition to monocytes, other samples
isolated and collected from the whole blood included PBMC and T-cells, and plasma.

Table 2: Sample Collection Information

36 12 2

Total patients: 50
Total controls (not included in table): 12
Total samples: 78
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3.2.2 Demographic and Clinical Information

Overall, 50 patients and 12 controls were recruited from the Firestone Institute for
Respiratory Health Clinic (as seen in Table 2). Table 3 and Table 4 include the
demographic and clinical information of the patients and healthy controls from whom the
blood samples were collected. For both patients and controls, the majority of participants
were males. For IPF patients, the average age was 74.2, while for healthy controls it was
44 8. The majority of patients were ex-smokers, while the majority of healthy controls
were never-smokers. In the IPF population, the majority of patients were taking
Nintedanib as an antifibrotic medication. Overall, FVC and FEV1 values were lower
patients compared to healthy controls, while monocyte quantities (obtained with cell

counter after sample isolation) were higher.
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Table 3: Demographic and Clinical Characteristics from IPF Patients

Characteristic Value
Gender Male 44
Female 5
Age (years) 74.2+1.0
Smoking Status | Never 9
Ex 37
Current 2
Antifibrotic Nintedanib 24
Medication Pirfenidone 17
None 4
FVC (%) 720+25
FEV1 (%) 80.7+2.6
DLCO (%) 457 +2.6
Monocytes per mL 330,608 + 27,354

*some information missing from 5 participants
**values from most recent patient visit for those with multiple visits

Table 4: Demographic and Clinical Information from Healthy Controls

Characteristic Value
Gender Male 8
Female 2
Age (years) 448 +4.5
Smoking Status | Never 7
Ex 2
Current 0
FVC (%) 106.0 £ 5.0
FEV1 (%) 106.2 £ 6.0
Monocytes per mL 205,456 + 29,811

*some information missing from 7 participants
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3.2.3 Assessing and understanding quality of samples in biobank

In order to assess the quality and suitability of our biobank samples for RNA
sequencing, the average blood volume obtained from participants, RNA extracted from
100,000 monocytes and RIN were calculated. On average, RNA sequencing completed on
cells requires a RIN of 7, and an input volume of ideally 100 ng of RNA. As shown in
Figure 13A, we obtained an average of 45 mL of blood from healthy controls, and 25 mL
of blood from IPF patients. 3mL of whole blood was used for monocyte isolation. As
shown above in Table 2 and Table 3, we obtained an average of 330,608 monocytes per
mL of blood from IPF patients, and 205,456 monocytes per mL of blood from healthy
controls (when calculated using the most recent values we have per participant).
Therefore, obtaining approximately 72 ng per 100,000 monocytes (Figure 13B) was
sufficient to meet the input volume of 100 ng of RNA. Additionally, when determining
the quality of RNA, we achieved an average RIN of 9.3 (Figure 13C), which exceeds the

minimum required RIN of 7.
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Figure 13: Assessment of sample quantities obtained from participants

A. The average whole blood volume obtained when collecting from control and IPF
subjects.

B. Overall average quantity of RNA extracted per 100,000 monocytes.

C. RIN from samples analyzed on the Agilent Technologies Bioanalyzer 2100.
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3.3 Objective 3: Investigate transcriptomic characteristics of monocytes from IPF
patients with fibrotic disease and correlate these characteristics with disease
progression

3.3.1 Confirming the expression of CDI14 in monocytes in IPF

In order to confirm that CD14 is indeed expressed on monocytes in IPF, analysis
of human pulmonary fibrosis single cell RNA sequencing data from two GEO deposited
datasets (GSE122960 and GSE135893) was performed. GSE122960 includes 14 different
cell types in the lung, and GSE135893 includes 27. In both of these datasets, it was found

that CD14 was most highly expressed on monocytes (Figure 14 A,B and Figure 15

A,B), confirming CD14 to be a marker for monocytes. As expected, CD14 expression

was also present in dendritic cells and macrophages.
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Figure 14: Examining CD14 expression in GSE122960 pulmonary fibrosis single cell

RNA sequencing dataset

A. Violin plot for CD14 gene expression level in various cell types.

B. CD14 is most highly expressed in the monocyte and dendritic cell populations.
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Figure 15: Examining CD14 expression in GSE135893 pulmonary fibrosis single cell
RNA sequencing dataset

A. Violin plot for CD14 gene expression level in various cell types.

B. CD14 is most highly expressed in the monocyte, dendritic cell, and macrophage
populations.
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3.3.2  Monocyte quantity is increased in IPF patients, as compared to control subjects
The cell count obtained after isolation showed that CD14+ monocyte count is

significantly increased in IPF patients compared to controls (Figure 13). This is

consistent with previous results, which reported that increased monocyte count is

associated with poor outcomes in fibrotic disease (Scott et al., 2019).
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Figure 16: Monocyte number is increased in IPF subjects compared to healthy
controls

Box plot (median shown) of log-transformed data displaying increased CD14+
monocyte count in [PF patients compared to controls (p<0.05).
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3.3.3  Monocyte number is negatively correlated with percent FVC in this cohort
Monocyte cell count and lung function values, including FVC, FEV1, and DLCO,
were analyzed via correlation. Matched lung function test values and monocyte counts
measured during the same study visit were compared. Monocyte count was determined
with an automated cell counter after isolation of from whole blood, while lung function
measures were determined with spirometry. It was found that there was a significant
negative correlation (p<0.05) between monocyte value and FVC in our cohort (Figure
17A). There was no significant correlation observed for monocyte quantity and FEV1,

and monocyte quantity and DLCO (Figure 17 B,C).
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Figure 17: Correlation of monocyte count and lung function measures

A. A significant negative correlation (p<0.05) was found between monocyte count

and FVC
B. No significant correlation was found between monocyte count and FEV1.

C. No significant correlation was found between monocyte count and DLCO.
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3.3.4 There is a 35-gene signature associated with disease determined by differential
expression between IPF and control subjects
Differential expression analysis yielded a 35-gene signature, where 16 genes were

significantly upregulated in IPF patients (Table 5), and 19 genes were significantly

downregulated (Table 6). All genes displayed are significantly differentially

expressed (p<0.05). Initially, over 600 genes were seen to be significantly

differentially expressed. However, after factoring in the difference in monocyte

quantity between IPF and controls, as seen in 3.3.2, a 35-gene signature was

determined.

Table 5: 16 upregulated genes in IPF compared to control

FC Gene Name
NIPAL2 4.852189 | NIPA Like Domain Containing 2
C170rf80 2.573723 | Chromosome 17 Open Reading Frame 80
PPPIR32 2.362287 | Protein Phosphatase 1 Regulatory Subunit 32
ZNF57 2.247155 | Zinc Finger Protein 57
DDX20 2.124149 | DEAD-Box Helicase 20
SBF2 1.970128 | SET Binding Factor 2
C7orf60 1.927868 | Base methyltransferase of 25S rRNA 2 homolog
AGFGI1 1.851571 | ArfGAP With FG Repeats 1
TBC1D14 1.79721 | TBC1 Domain Family Member 14
GOLGA5S 1.762521 | Golgin A5
TMEMG62 1.659073 | Transmembrane Protein 62
TBCI1D2 1.657096 | TBC1 Domain Family Member 2
VWASA 1.582539 | Von Willebrand Factor A Domain Containing 5A
FLVCR2 1.574252 | FLVCR Heme Transporter 2
PXK 1.542189 | PX Domain Containing Serine/Threonine Kinase Like
IL4AR 1.450062 | Interleukin 4 Receptor
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Table 6: 19 downregulated genes in IPF compared to control

FC Gene Name
MSC -14.3656 | Musculin
GATA3 -6.23865 | GATA Binding Protein 3
BEX2 -5.10632 | Brain Expressed X-Linked 2
FXYD7 -4.24973 | FXYD Domain Containing lon Transport Regulator 7
NFKBIA -2.97053 | NFKB Inhibitor Alpha
MARCKS -2.54177 | Myristoylated Alanine Rich Protein Kinase C Substrate
C190rf48 -2.26709 | Chromosome 19 Open Reading Frame 48
C170rf89 -2.21413 | NADH:Ubiquinone Oxidoreductase Complex Assembly Factor 8
FAMI195A | -2.07853 | Family With Sequence Similarity 195, Member A
LTBP3 -1.79622 | Latent Transforming Growth Factor Beta Binding Protein 3
POLD2 -1.68778 | DNA Polymerase Delta 2, Accessory Subunit
MRPL54 -1.6632 | Mitochondrial Ribosomal Protein L54
TRMT61A | -1.62339 | TRNA Methyltransferase 61A
IMPDH2 -1.61829 | Inosine Monophosphate Dehydrogenase 2
PPIB -1.56429 | Peptidylprolyl Isomerase B
RANBPI1 -1.56153 | RAN Binding Protein 1
FXN -1.55647 | Frataxin
HSP90BI1 -1.48277 | Heat Shock Protein 90 Beta Family Member 1
HSP90ABI | -1.46919 | Heat Shock Protein 90 Alpha Family Class B Member 1
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3.3.5 Principal component analysis of bulk RNA sequencing data on monocytes mRNA
conveyed three distinct clusters of samples corresponding to sequential six month
follow up visits

Overall, there are 14 patients in our dataset from which we have at least two serial
samples collected from. In PCA, when all initial visits were placed at the origin of the
plot, three distinct clusters formed, which may be indicative of different directions of

progression in disease (Figure 18). It was confirmed that these clusters were not as a

result of difference in monocyte quantity, RNA quantity, or person performing the

1solation.

First Visit
VS
Second Visit (6 months later)

* Group 1
* Group 2

PCAT'

PCA83'

Figure 18: Principal component analysis plot of 14 samples from serial visits,
compared to initial visit

All samples from initial visits are placed at the origin of the plot (grey). From there,

samples from six months later are spread across the plot, which formed three distinct
clusters (blue, red, green).
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3.3.6 Part of the published outcome-predicting 52-gene signature is enriched in our
dataset
The published outcome-predicting 52-gene signature from PBMC in IPF consisted
of 7 genes associated with short TFS, and 45 genes associated with long TFS
(Herazo-Maya et al., 2017). When comparing the signature related to long TFS from
the published dataset to our data, GSEA demonstrated that this signature is enriched
in donors from our dataset (p<0.005) (Figure 19), supporting concurrence between

the meanings of the two datasets.
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Figure 19: GSEA demonstrating enrichment of the published progression-
related 52-gene signature in the dataset obtained from monocytes at the
Firestone Institute for Respiratory Health

Through comparing the two datasets through GSEA, it was found that the published
52-gene signature was enriched in controls in our dataset.
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CHAPTER 4: DISCUSSION

There is increasing evidence to suggest the role of macrophages in fibrosis, and
these cells are considered to have critical involvement in fibrogenesis (Hou et al., 2018).
One of such ways is by participating in crosstalk with fibroblasts, and leading them to
differentiate into myofibroblasts through the release of TGF-p (Lodyga et al., 2019).
These myofibroblasts then contribute to the deposition of extracellular matrix components
(Fernandez & Eickelberg, 2012). Due to the involvement in these processes, macrophages
constitute a probable target in IPF. Monocytes, as precursor cells for macrophages, are
also a reasonable target of interest. These cells can be recruited from the circulation into
the lung tissue, where they differentiate into macrophages and likely drive fibrogenesis
(Zhang et al., 2018). However, very little is known about these monocytes in IPF,
especially in the human system. Previous work has identified circulating fibrocytes as a
potential clinical marker for disease progression, as they were seen to be a predictor of
early mortality (Moeller et al., 2009). In systemic sclerosis interstitial lung disease, it has
also been shown that circulating monocytes have a profibrotic phenotype (Mathai et al.,
2010). This supports the investigation of circulating cells as contributors to the
progression of IPF. Recently, a study has exhibited that the sheer quantity of monocytes
in the blood of patients is predictive of poor outcomes in IPF (Scott et al., 2019). Another
recent study found that increased monocyte numbers are a risk factor for acute

exacerbation in fibrosing ILD (Kawamura et al., 2020). Despite these associations, the
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characteristics of these cells have not been elucidated. Therefore, the examination and
characterization of monocytes is critical to understand their role in the progression of IPF.
The first objective of this project was to assess the expression of macrophages in
IPF human lung samples. Using TMA technology and a novel pipeline for target
identification that our lab has recently optimized including characterization of tissues at
the pathology level, histological staining, slide digitalization, and quantitative analysis,
we examined the expression of macrophage markers CD68, CD206, and CD163 in human
lung tissue. CD68, a pan macrophage marker, was not seen to be increased in IPF lung
compared to control. M2 macrophage markers CD206 and CD163 were seen to have
increased expression in IPF, both in fibrotic and non-fibrotic regions. The absence of
increase of CD68 was unexpected, especially taken together with our results expressing
an increase in monocytes in IPF. However, as CD68 is a pan macrophage marker, it
cannot be distinguished as to which macrophages are of the M1 phenotype and which are
of the M2 phenotype. As we currently do not have staining for the M1 phenotype, we
cannot conclude the level of M1 expression in the lung samples. This may suggest that
while the overall level of macrophage expression does not increase, more macrophages
are polarized to the M2 phenotype. Macrophage polarization has been demonstrated to be
a plastic and flexible process (Italiani & Boraschi, 2014). Therefore, CD68 expression
would not necessarily be increased in IPF since it is non-specific for the profibrotic
phenotype. This could explain why CD68 expression is consistent in IPF and control

lung. Additionally, expression of profibrotic markers CD206 and CD163 were elevated in
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IPF. CD206 and CD163 has previously been seen to be increased in alveolar
macrophages in [PF (Pechkovsky et al., 2010; Vasarmidi et al., 2019). However, it is
interesting that these markers are elevated in both fibrotic and non-fibrotic regions. This
may be suggestive that M2 macrophages are not present in only regions of active fibrosis,
but in regions that may soon become fibrotic as well.

To examine the expression of UPR pathway IRE1 activation in human lung tissue,
we utilized Basescope™ in-situ hybridization. This technology has allowed us to identify
sXBP1 in FFPE tissues for the first time. As sXBP1 only varies from XBP1 by 26 base
pairs, there is not another existing technology, other than polymerase chain reaction
(PCR), which allows the detection of this gene. PCR is also only limited to fresh cells, as
there is considerable RNA degradation in FFPE tissues. However, Basescope™ probes
are sensitive enough to target short regions of base pairs, and thus gave us the ability
detect sXBP1, signifying the activation of the IRE1/XBP1 pathway, in lung tissues from
human IPF patients. Previous work done in our lab has linked activation of this pathway
and the presence of sXBP1 to polarization of macrophages to the M2 phenotype (Ayaub
et al., 2019). Although we have detected it in human IPF tissue and found it to have
higher expression in fibrotic versus non-fibrotic regions, we are limited in our ability to
definitively draw the link to macrophages as this assay was single-plex. Future
prospective experiments to confirm this include multiplex assays, where we can also
detect and quantify the colocalization of sXBP1 and macrophage markers, to verify our

lab’s in vitro findings in human lung tissue.
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In concurrence with the literature (Scott et al., 2019), our findings confirmed that
monocyte number is increased in the blood of IPF patients compared to control. The
study by Scott et al. (2019) demonstrated that patients with higher monocyte counts had
an increased risk for shorter TFS, and suggests that monocyte count could possibly be
incorporated into the clinical assessment of IPF patients. In our cohort, we also compared
monocyte count to matched lung function values, which were obtained on the same day
as the blood collection for each patient. Interestingly, it was found that monocyte count
and FVC had a negative correlation. Not only is FVC an indicator of disease progression
in IPF, but lowered FVC is also a predictor of mortality (Snyder et al., 2019). Therefore,
this negative correlation further supports monocyte count to be related to poor outcomes
and mortality in fibrotic lung disease, and warrants the investigation and characterization
of these cells in IPF.

Through bulk RNA sequencing and transcriptomic analysis, we were able to
determine a 35 gene signature for monocytes that contains 16 genes that are significantly
upregulated and 19 genes that are significantly downregulated in IPF. To our knowledge,
this is the first time that the transcriptomic characteristics of monocytes have been
explored in IPF in humans on a moderate scale. This signature was determined through
the analysis of 50 patient samples and 12 control samples. In order to confirm this
signature and strengthen confidence in the findings, it is necessary to include more
samples in the assessment. However, this study has established the framework and

optimized protocols for further sample collection. To determine the minimum sample size
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required to be confident in the signature, we performed a power calculation. In order to
detect genes differentially expressed with a fold change of at least 2 in expression level
between IPF patients and controls with a two-sided 0.05 significance level test with 90%
power, we will need 27 samples in each group (IPF and controls). The cut off for the
variation was taken as the 75™ percentile of standard deviation obtained from our
previous experiment. Therefore, we would require at least 15 additional control samples
to confirm this signature. It would also be crucial to collect control samples from age-
matched participants, as the current mean age for control participants (44.8) is drastically
lower than for IPF participants (74.2). As there are known age-dependent changes in
monocytes (Seidler et al., 2010) it would be imperative to obtain consistency in this factor
to minimize influence on results.

Through GSEA, we found that the published 52 gene signature in PBMC (Herazo-
Maya et al., 2017) to be enriched in our dataset. Specifically, we found that the 45 genes
in this signature that are associated with long TFS were enriched in the controls in our
cohort. This is as expected, since long TFS is associated with better outcomes. Overall,
these findings support that there is agreeance between the meanings of the two datasets.
However, only four genes that were differentially expressed in this dataset were also
differentially expressed in ours. This may be because it was determined in PBMC rather
than monocytes. In order to validate results and strengthen findings, it is important to
obtain validation cohorts that also look at the transcriptomic characteristics of CD14+

monocytes. To solidify these signatures, we have established validation cohorts with the
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Guangzhou Institute of Respiratory Health in Guangzhou, China, as well as the Women
and Brigham’s Hospital in Boston. We hope to sequence approximately 100 CD14+
monocyte samples from each of these sites, which will play a role in substantiating the
signature that we have determined.

Although it is overall ineffective to consider the individual genes in the signature,
one of the upregulated genes that stands out is IL4R. This gene encodes the receptor for
IL-4, which is a cytokine that plays a significant role in the polarization of macrophages
to the M2, or profibrotic, phenotype. In human IPF, IL-4 levels have been seen to be
increased in bronchoalveolar lavage fluid (Park et al., 2009). It has also been discovered
that IL-4 is a powerful inducer towards the M2 macrophage phenotype in monocytes
from IPF patients (Pechkovsky et al., 2010). Our lab also uses this cytokine in in vitro
experiments to skew macrophages to the M2 phenotype. Increased expression of IL4R
could suggest an increased sensitivity of monocytes to IL-4, and thus a greater propensity
to become M2 macrophages. If more of the recruited monocytes are differentiating into
M2 macrophages in the lung, this may provide partial insight as to why there may be
increased levels of these cells in IPF. This may also suggest potential treatment strategies
with an anti-IL4R antibody.

Understanding and controlling acute exacerbations in IPF presents a long-standing
challenge. (Juarez et al., 2015). As these events may result in death for patients, it is
crucial to gain a better understanding of the risk factors and pathogenesis for

exacerbations (Juarez et al., 2015). As absolute quantity of monocytes has been shown to
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be a risk factor for acute exacerbation (Kawamura et al., 2020), further studies to examine
the characteristics of these cells in this setting may be beneficial. Similar methodologies
of characterization and transcriptomic analysis as used here can also be used to uncover
differences in monocytes at the time of acute exacerbation, compared to when the patient
is progressing normally. If transcriptomic changes are indeed occurring in the cells, this
could provide insight into potential treatment options for the management of acute
exacerbations, and what can potentially be done to lessen the severity of these events.
However, logistical challenges exist with this as it may be difficult to obtain a blood
sample from patients at their regular treatment institution, due to urgency for treatment

during acute exacerbation.

Future Directions

Currently, our lab is working on the collection and characterization of additional
FFPE lung biopsies for the creation of further TMAs with additional IPF cases. With the
creation of these tools, along with the current human TMA currently being used, it would
be beneficial to study the overall lung composition of different macrophages in human
IPF tissue. As macrophages are the most abundant immune cells in the lung (Byrne et al.,
2015), it would be interesting to examine how many of these macrophages are of the
profibrotic phenotype in human IPF lung. With our established platform, this would be
fairly feasible to execute. Serial sections of the TMA would be cut and stained with

CD68, CD206, CD163, and binding immunoglobulin protein and H&E. The overall
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quantity of macrophages for each subject on the TMA could be determined through
quantification of CD68. To confirm accuracy, the H&E slide could also be analyzed
alongside a pathologist to determine the quantity of macrophages in some samples, and
then compared with the CD68 quantification. Quantification of CD206 and CD163 would
then be performed, and the number of profibrotic macrophages compared to the total
number of macrophages could be calculated.

Since our overall hypothesis is that monocytes leave the circulation, enter the lung
tissue, and differentiate into profibrotic macrophages, it would be critical to also study the
35 gene signature in the lung compartment. To do this, in-situ hybridization using
RNAscope® technology could be performed. From this, we could quantify the expression
of these genes in IPF compared to control tissues, and also examine colocalization of
different genes using multiplex technology. Using a macrophage marker, such as CD68 or
Mannose receptor C-type 1, which is the gene that encodes CD206, we could also study
colocalization of genes of interest in the macrophage department, as we have previously
done with CCL18 and CD68. This would suggest that the monocytes expressing this gene
signature are entering the lung in IPF, and may provide insight into their mechanism in
this disease. Additionally, this may also shed light on potential ways to target these
macrophages in the lung tissue, based on their gene expression profile.

We discovered the formation of three distinct clusters when comparing patient
samples from the first visit and samples collected six months later through PCA, which

we believe may be related to disease progression. We have confirmed that these
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differences are not due to procedural or experimental variations, such as the person
performing the isolation, the quantity of monocytes isolated, or the quantity of RNA
obtained. Since we have collected various demographic and clinical characteristics from
patients, such as smoking status, antifibrotic medication, and lung function scores, future
analysis would include comparing the differences among these three clusters, and if any
of the changes can be attributed to these characteristics. IPF is also a heterogenous
disease, and so it would also be crucial to compare differences seen here with the clinical
course of patients. This would provide meaning for the changes occurring at the
transcriptomic level in IPF, and which genes may be related to disease progression. In
order to concretely observe changes, more samples would need to be studied, since we
presently have only studied 14.

It is also crucial to remember the importance of longitudinal sampling when
studying human disease. In collaboration with respirologists at the Firestone Institute for
Respiratory Health, we have developed a system for collecting serial samples from the
same patients at six month intervals. This is critical to understanding the changes that are
occurring, and the overall progression of the disease. In our biobank, we have now
collected up to five serial samples from the same patients. This would allow us to study
the progression of the patient over a 2.5 year timespan, which may provide significant
insight into the transcriptomic changes that are occurring as the disease progresses. Cross-
sectional sampling would be less effective in this setting, as it only provides a brief

snapshot of this complex disease. We are continuing with longitudinal collection from the
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same patients, and hope that as numbers and power are increased, we can gain a better
understanding of the changes occurring throughout disease progression.

Although CD14 is a characteristic marker of monocytes in the blood, other cells
may also express CD14, such as B-cells and neutrophils (Naeim et al., 2018). This is a
current limitation to our study, since we cannot definitively conclude that all cells in the
isolated population are monocytes. In order to overcome this limitation, it would be
beneficial to store an aliquot of the isolated cells from each patient for flow cytometry, in
order to verify purity. Other monocyte markers would need to be incorporated into the
assessment to confirm that the cell population is truly monocytes. CD64 is a more
sensitive monocyte marker than CD14. This marker is also absent in B-cells. The
CD64/CD14 combination is also commonly used in flow cytometry when studying
leukemia to identify cells with myelomonocytic differentiation (Naeim et al., 2018).
Therefore, incorporating this into future flow cytometry studies would be beneficial in

verifying the purity of the isolated cell population.
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CHAPTER 5: CONCLUSION

Overall, the current study has demonstrated a novel approach for target
identification in IPF in the human setting. As our overall hypothesis is that circulating
monocytes leave the blood and enter the lung tissue where they differentiate into
alternatively activated macrophages and contribute to the scarring process, we aimed to
characterize both macrophages and monocytes in human IPF. Through an optimized
pipeline for molecular phenotyping and imaging, it was found that profibrotic
macrophages are increased in IPF human lung tissue, in both fibrotic and non-fibrotic
regions. This was also confirmed at the gene expression level through Nanostring®
technology, where M2 marker CCL18 RNA levels were increased in IPF compared to
control. These results helped us to confirm M2 macrophages to constitute a valid target in
IPF, and provided rationale for us to further study monocytes and build a biobank.

In order to explore the transcriptomic characteristics of monocytes in IPF, we
collected 78 whole blood samples in total. These were from 50 patients (some with follow
up visits, as seen in Table 4) and 12 controls. After optimizing protocols and performing
quality assurance, through bulk RNA sequencing we determined a 35 gene signature
associated with monocytes in IPF. In our cohort we also found a negative correlation
between monocyte count in the blood and FVC, which supports that these cells may be
associated with disease progression. Overall, these findings confirm our hypothesis that
these cells express different characteristics in IPF, and provides insight on the function of

these cells in this diseases. These differences also support monocytes as a potential
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therapeutic target in IPF, and may allow for future identification of methods to target

these cells to slow or stop disease progression.
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CHAPTER 6: SUPPLEMENTARY FIGURES

RNAscope® Positive RNAscope® Negative
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Supplementary Figure A1: RNAscope® Positive and Negative Probe Stains on
Human Lung Tissue

Human IPF FFPE lung tissue stained with RNAscope® technology. The positive probe is
a house keeping gene found in human cells and the negative probe is a bacterial gene.
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Supplementary Figure A2: Basescope™ Positive and Negative Probe Stains on
Human Lung Tissue

Human IPF FFPE lung tissue stained with Basescope™ technology. The positive probe is
a house keeping gene found in human cells and the negative probe is a bacterial gene.
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Supplementary Figure A3: Proof of Principle sXBP1 Staining in THP1 cells

THPI1 cells were cultured in vitro. After a 6 hour incubation (control and tunicamycin
treated), cells were lifted and fixed in formalin for 24 hours. Cells were then embedded in
histogel, embedded in paraffin wax, and stained histologically for sXBP1 using
Basescope™ technology.
A. sXBPI levels are increased in THP1 cells treated with tunicamycin, a known
inducer of ER stress.
B. 40X images showing increase in red puncta, which signify sXBP1 mRNA
transcripts.
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