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Abstract

Lung transplantation is the only option for end-stage lung diseases, but organ
shortage remains problematic. Generating lungs ex vivo could overcome shortages
with current approaches being explored for lung tissue engineering utilizing a
biologically derived, synthetic or hybrid scaffold which is seeded with cells and
cultured ex vivo. Ideally, cells could be sourced from the transplant recipient and
thus are conceptualized to reduce the long-term requirements for
immunosuppressive drugs and the risk for rejection. Progenitor cell populations can
be controlled more easily than induced pluripotent stem cells (IPSC), with lower
risk of tumour formation. However, as presented in this thesis, progenitor cells can
be deranged in diseased lungs such as for example idiopathic pulmonary fibrosis
(IPF) and are therefore unlikely candidates to generate healthy tissue. In addition to
healthy cells, scaffolds with attributes known to be pro-regenerative are required to
generate healthy tissues. In the thesis it is shown that both scaffold and cell age plays
a role in the regenerative capacity of a tissue. From this it is clear that to generate a
healthy tissue or organ, it is critical to find the appropriate scaffold and cell type.
Additionally, bioengineering manufacturing methods that generate reproducible,
custom-made, high resolution constructs using cytocompatible materials are ideal
for tissue engineering approaches. One such method which is compatible with the
criteria above and that has emerged in recent years is 3D printing. 3D printing or
bioprinting (when cells are printed) can generate custom structures relevant for
human lungs. In this thesis, potential bioinks for bioprinting lung tissue are
investigated. A tissue-specific hybrid bioink consisting of alginate, reinforced with
extracellular matrix from decellularized lung tissue (rECM) was used to 3D bioprint
human airways comprised of regionally specified primary cells which remained
patent over time. The biocompatibility and vascularisation of rECM hydrogels was
investigated in both T-cell immunodeficient mice mimicking the clinical scenario
and immunocompetent mice. Bioprinted rECM hydrogels support the formation of
an intact vascular network throughout the full thickness of the graft, comprised of
both large and small size blood vessels and integrate well in the surrounding tissue.
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Lay Summary

For many patients with end-stage lung diseases, lung transplantation is the only
option to save their lives. However, there are not enough lungs to meet the clinical
demand. Because of this, many scientists are looking into making new or part of
lungs in the lab, also known as lung bioengineering.

In this thesis, key aspects of lung bioengineering and bioengineering as a whole
are presented with a focus on 3D bioprinting, that is to print materials together with
cells. A material containing cells that can be bioprinted is known as a bioink.
Investigating the bioinks, cell types and bioprinting methods that allow for healthy
tissue is important. In this thesis, the development of a bioink which can be
bioprinted together with lung cells to make small airways is described.

The lung is made out of cells and proteins that support the cells and tells them
how to behave (known as ECM). To develop a bioink that is biologically close to
lungs, lung ECM is combined with a gel derived from algae that can easily be made
into different shapes: alginate. The combination of alginate and ECM results in a
bioink which in the thesis is called reinforced extracellular matrix (rECM) bioink.
rECM bioinks can be 3D bioprinted together with patient cells into small airways
that remain patent over time.

After the bioprinting, the patient cells stay alive and behave consistently to cells
in native small airways. When transplanted into mice the structure integrates in the
surrounding tissue with blood vessel and capillary formation.

In conclusion, this thesis presents work that is a critical stepping stone for future
studies looking into generating tissue via 3D bioprinting and which could result
ideally one day into a source of lung tissue for transplantation purposes.
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Popularvetenskaplig Sammanfattning

For manga patienter med lungsjukdomar i slutstadiet dr lungtransplantation det enda
livraddande alternativet, men det finns en brist pa tillgdngliga donatorlungor i
forhéllande till det kliniska behovet. Pa grund av detta studerar forskare mojligheten
att framstilla artificiell lungvévnad i laboratorier, vilket kallas lungbioteknik.

Denna avhandling fokuserat pa nyckelaspekter av lungbioteknik och bioteknik,
dér fokus &r pa 3D-bioprinting, vilket innebér att man skriva ut 3D strukturer i ett
material (s& kallat bioink eller biobléck) tillsammans med celler. Det dr det viktigt
att sdkerstilla att den 3D-printade vdvnaden dr livskraftig. | denna avhandling
beskrivs utvecklingen av biobldck som kan bioprintas tillsammans med lungceller
for att skapa sma luftvégar vilka ar livskraftiga.

Lungan bestér av celler och proteiner som stdder cellerna och beréttar for dem
hur de ska bete sig (vilket kallas som extracelluldrt matrix/ECM). For att utveckla
ett biobldck som é&r biologiskt och liknar det naturliga ECM, kombinerades ECM
frdn lunga med ett material som enkelt kan goras till olika former: alginat. Alginat
ar ett naturligt gelatinliknande matieral som utvinns ur alger. Kombinationen av
alginat och ECM resulterar i ett biobldck som i avhandlingen kallas forstérkt
extracelluldr matrix (rECM). rECM-biobldck kan 3D-bioprintas tillsammans med
celler (som isolerats fran patienter) till sméa luftvégar.

Efter bioprintingen forblir patientcellerna levande i den artificiella luftvéigen och
beter sig som celler i naturliga luftvdgar. Nar de transplanteras in i moss integreras
de artificiella luftvdgarna med den omgivande vivnaden, och blodkérl vixer in i
dem.

Sammanfattningsvis presenterar denna avhandling forskning som é&r av
avgorande betydelse for vidare studier av framstéllning av artificiell vdvnad som i
framtiden kan utgora en killa till lungvéavnad for transplantation.
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Riassunto 1n Italiano

Per molti pazienti con malattie polmonari allo stadio terminale, il trapianto di
polmone ¢ 'unica opzione per salvare le loro vite. Tuttavia, non ci sono abbastanza
polmoni per soddisfare la domanda clinica. Per questo motivo, molti scienziati
stanno cercando di creare nuovi polmoni usando la bioingegneria polmonare.

In questa tesi, gli aspetti chiave della bioingegneria polmonare e della
bioingegneria in generale sono presentati con un focus sulla 3D bioprinting, ovvero
la stampa di materiali insieme alle cellule. I materiali che possono essere stampati
insieme alle cellule vengono chiamati bioink. E importante studiare i bioink, i tipi
di cellule e i metodi di bioprinting che consentono di ottenere tessuti sani. In questa
tesi viene descritto lo sviluppo di un bioink che puod essere stampato insieme a
cellule polmonari per creare piccole vie aeree.

11 polmone ¢ composto da cellule e proteine che supportano le cellule e dirige il
loro comportamento (anche conosciuto come matrice extracellulare/ECM). Per
sviluppare un bioink che sia biologicamente vicino ai polmoni, 'ECM polmonare
viene combinato con un materiale che puo essere facilmente trasformato in diverse
forme: 1'alginato. La combinazione di alginato ed ECM risulta in un bioink che nella
tesi ¢ chiamato reinforced extracellular matrix (rECM) bioink. I rECM bioink
possono essere stampati in 3D insieme alle cellule del paziente per produrre piccole
vie aeree che rimangono stabili nel tempo.

Dopo il bioprinting, le cellule del paziente rimangono in vita e si comportano in
modo coerente alle piccole vie aeree native. Quando trapiantato nei topi, il materiale
si integra nel tessuto circostante con formazione di vasi sanguigni e capillari.

In conclusione, questa tesi presenta un lavoro critico per studi futuri che
esaminano la generazione di tessuto tramite 3D bioprinting e che potrebbe
idealmente un giorno essere una fonte di tessuto polmonare a fini di trapianto.
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Zusammenfassung in Deutsch

Fiir viele Patienten mit Lungenerkrankungen im Endstadium ist die
Lungentransplantation die einzige Moglichkeit, ihr Leben zu retten. Es gibt jedoch
nicht geniigend Lungen, um den klinischen Bedarf zu decken. Aus diesem Grund
versuchen viele Wissenschaftler, im Labor neue Lungen herzustellen, das auch als
Lungen-Bioengineering bezeichnet wird.

In dieser Arbeit warden die wichtigsten Aspekte des Lungen-Bioengineerings
und des allgemeinen Bioengineerings vorgestellt, wobei der Schwerpunkt auf dem
3D-Bioprinting liegt, dem Drucken von Materialien zusammen mit Zellen.
Materialien die mit Zellen gedruckt werden konnen, werden auch Bioinks genannt.
Die Untersuchung der Bioinke, Zelltypen und Bioprinting-Methoden, die
lebensfahiges Organe ermoglichen, ist wichtig. In dieser Arbeit wird die
Entwicklung eines Bioink beschrieben, das zusammen mit Lungenzellen 3D
gedruckt werden kann, um kleine Atemwege zu bilden.

Die Lunge besteht aus Zellen und Proteinen (bekannt als Extrazelluldrer Matrix
/ECM), die die Zellen unterstiitzen und ihnen sagen, wie sie sich verhalten sollen.
Um einen lungennahen Bioink zu entwickeln, wird Lungen-ECM mit einem
Material kombiniert, das leicht in verschiedene Formen gebracht werden kann:
Alginat. Die Kombination von Alginat und ECM fiihrt zu einem Bioink, der in
diesem Project als Bioink mit verstirkter Extrazelluldrer Matrix (rECM) bezeichnet
wird. TECM-Bioinks kénnen zusammen mit Patientenzellen 3D gedruckt werden
um kleine Atemwegen zu formen, die im Laufe der Zeit offen bleiben.

Nach dem Bioprinting bleiben die Patientenzellen am Leben und verhalten sich
gegeniiber gesunde kleinen Atemwegen konsistent. Bei der Transplantation in
Maiuse integriert sich das Material mit Blutgefi3- und Kapillarbildung in das
umgebende Gewebe.

Zusammenfassend bring uns dieses Projekt dem Bioengineer-Lungengewebe
ndher, dass idealerweise eines Tages zu einer Quelle fiir Lungengewebe fiir
Transplantationszwecke fiihren konnte.
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Introduction

Lung diseases and transplantation

Chronic respiratory diseases such as idiopathic pulmonary fibrosis (IPF), chronic
obstructive pulmonary disease (COPD), cystic fibrosis, pulmonary hypertension,
lung cancer and asthma are the third leading cause of death worldwide with an
overall EU cost of more than €380 billion annually.! Overall, 4 million people die
prematurely of chronic lung diseases per year.” Lung cancer, one of the most
common neoplasms, may be cured if identified in the early stages, but has generally
low survival rates with 1.6 million people dying each year.” Mild to moderate
asthma affects 334 million and is prevalent in 14% of all children globally and can
be controlled with steroids or bronchodilators.* However other respiratory diseases
do not have curative options. An estimated 65 million people suffer from COPD
worldwide, and 3 million patients die per year.” The only option for end stage
respiratory diseases is lung transplantation with about 2000 lung transplants
occurring in Europe per year.® A large discrepancy exists between the number of
organs needed and the number available, thus strict regulations are used to prioritize
who will obtain a transplant. Moreover, the efficacy of the transplant remains a
significant clinical issue as transplant rejection rates are high and complications can
arise due to the required immunosuppressive drugs resulting in only half of the
transplanted people surviving 5 years. This is the lowest survival rate for any solid
organ.

It is clear that alternative options are needed to increase available lung tissue for
transplantation to address the shortage of donor organs. An exciting new area of
research has emerged in recent years that focuses on generating lung tissue ex vivo
also known as lung bioengineering.®

Architecture of the lung

The lung is the major organ of the respiratory system, and in humans is composed
of 5 lobes. The right lung is composed of three lobes and is slightly larger than the
left lung, which instead has two lobes. With each inhalation, air is pulled first
through the trachea, passing through the bronchi, into the alveoli. Tiny capillaries
are present in the walls of the alveoli, allowing for the transfer of oxygen from the
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air inside the alveoli to the red blood cells (erythrocytes) of the blood and further
onto the rest of the body. Erythrocytes release the oxygen and pick up carbon
dioxide which is carried back through circulation to the alveoli. By exhaling, carbon
dioxide is expelled from the bronchi out of the body through the trachea. For optimal
function of the lungs at least 40 different resident cell types are required.”'?

Lung epithelial cells

Lung epithelial cells are known to play a fundamental role as a central regulator for
lung diseases and have been shown to be altered by cigarette smoke'*'* and
deranged in major lung disorders such as COPD'>!7, asthma'®, cystic fibrosis'”"’
and IPF?*?!, Epithelial cells cover the airways which in the adult human bronchial
tree is the major line of defence against inhaled particles and microbes?*2*. The
airway epithelium is pseudostratified in the large airways and columnar and
cuboidal in the small airways and is comprised of multiple epithelial cell types
which include ciliated cells, goblet cells, intermediate cells, neuroendocrine and
basal cells. In healthy adult human lungs the presence of certain epithelial cells
differ depending on the location in the airways, with a higher incidence of club cells
in the small airways and cartilage cells and submucosal glands in the large airways
(Figure 1)®.

Basal cells, positioned directly on top of the basement membrane, are cuboidal
progenitor cells which may differentiate into ciliated or goblet cells in case of injury.
The airways are lined with a layer of mucus, produced by goblet cells and
submucosal glands, which is transported upwards to the pharynx by coordinated
ciliary beating of ciliated cells*. This mechanism, also known as the mucociliary
clearance, is critical for eliminating pathogens and foreign particles from the
airways and if deranged can contribute to the pathogenesis of serious diseases such
as pulmonary fibrosis®’. In addition to mucociliary clearance, the lungs have an
additional barrier in the tight and adherens junctions formed between neighbouring
cells in the airway epithelium.

Other cells present in the large and small airways are intermediate cells which are
believed to be in a transition between basal cells and the terminally differentiated
cell types, and the recently discovered pulmonary ionocyte which is hypothesized
to play an important role in the pathology of cystic fibrosis®.
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Figure 1 Major cell types of the lung epithelium

The presence of certain epithelial cells differs depending on the location in the lung. Ciliated, intermediate, goblet and
basal cells are present in the large airways (20 to 25 branches) with a higher number of ciliated cells and club cells
present in the small airways (26 to 223 branches), After 223 branches, the airway epithelium merges with the alveolar
epithelium comprised of alveolar type | (ATI) and type Il (ATII) cells and alveolar macrophages. The most recent concept
of human alveoli postulates only one ATI cell covering the surface area with one or two ATII cells and one alveolar
macrophage present. The figure does not show ionocytes, intermediate and cartilage cells and mucus glands present
in the large airways. Created with BioRender.com

Various cell markers which can be used to identify and differentiate between the
airway epithelial cells, have been confirmed by recent single cell RNA sequencing
studies (Table 1). Transcription factor forkhead box J1, also known as FOXJ1, is a
transcription factor involved in controlling the differentiation towards the ciliated
cell lineage and is used together with acetyl alpha tubulin as a ciliated cell marker™"
32, MucinSac (MUCSAC) and to some extent Mucin5b (MUC5B) (also secreted by
submucosal glands) are instead expressed in goblet cells®’; keratin 5 (KRTS), keratin
14 (KRT14) and p63 are used as basal cell markers** and CC10 as a club cell
marker’>3®,

The airway epithelium transitions to the alveolar epithelium which consists of
alveolar type I cells which cover ~ 95% of the alveolar surface and alveolar type 11
cells, progenitor cells of the alveolus and important for pulmonary surfactant
production”. ATI cells are vital for gas exchange and alveolar-capillary barrier
function®’. In addition, alveolar macrophages are also present which help clear
noxious particles which have escaped the defences from the respiratory tract and
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help to resolve inflammation in the air spaces*. Markers for alveolar epithelial cells
include HOPX and aquaporin 5 (AQP5) for ATI cells*’ and surfactant protein C
(SP-C) for ATII cells®.

Table 1 Major cell markers of the lung epithelium

Markers Cells
KRT5, KRT14, p63 Basal cells
FOXJ1, Acetyl a-tubulin Ciliated cells
MUC5AC, MUC5B Goblet cells
CC10 Club cells
HOPX, AQP5 ATl cells
SP-C ATIl cells

Airway smooth muscle cells

Airway smooth muscle cells are present in the respiratory tract and control the
airflow resistance in the airway.*'** They are found on top of the cartilage and form
dense bundles in airway walls between the mucosa and submucosa. As the airway
diameter decreases going from large to small airways, the airway smooth muscle
cells cover a larger portion of the cross section of the airways and change their
orientation from transverse to helical-antihelical**. Airway smooth muscle cells are
surrounded by complex protein networks including reticular fibers and collagens
which allows them to reduce the airway luminal diameter when contracting after
exposure to allergens or toxins. This can then result in airway hyper responsiveness
and acute airflow obstruction and other symptoms characteristic of asthma.*

Tissue Engineering

Tissue engineering is an interdisciplinary field that was first described by Langer
and Vacanti as a field that “applies the principles of engineering and life sciences
toward the development of biological substitutes that restore, maintain, or improve
tissue function or a whole organ’*®. In the postulated “triad of tissue engineering”
starting points for creation of new tissue are described as combining cells with a
scaffold matrix and with the assistance of tissue inducing substances*®. However,
the field now also encompasses acellular scaffolds or biomaterials which aim to
recruit cells upon implantation and are designed to direct in vivo remodelling of the
implanted biomaterial which ultimately leads to regeneration. To date, there have
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been several studies and clinical trials which have shown the feasibility of using
tissue engineering products and approaches in the clinic.*”** Approaches for skin
tissue engineering, utilising acellular skin grafts, are now used clinically, whereas
other tissues, including lung, are still in earlier research stages. Lung tissue
engineering approaches have adopted similar paradigms to other tissue engineering
approaches in which cells are combined with natural, synthetic or hybrid matrices,
and grown ex vivo before hypothetical transplantation (Figure 2).

Autologous versus allogeneic cells Bioreactors for cell expansion
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Bioreactors for

tissue/organ culture TransplaiE

Biological scaffold Manufactured scaffold Hybrid scaffold
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Figure 2 Lung Bioengineering approaches

Lung scaffolds can be seeded with fully differentiated or progenitor autologous or allogeneic cells, which can be
expanded to appropriate cell numbers in bioreactors for cell expansion. Lung scaffolds used for lung bioengineering
approaches include acellular (decellularized) scaffolds, synthetic scaffolds and more recently hybrid scaffolds made out
of a combination of biological materials and synthetic materials. Recellularized lung scaffolds can then be matured in
bioreactors for organ culture before lung transplantation. Figure reproduced from De Santis et al, 2018 with permission.®
Autologous cells, derived from the eventual transplant recipient, may be regarded
as an ideal cell source for recellularising lung scaffolds. These cells could be either
fully differentiated adult cells or progenitor cells which could be directed to
differentiate into the different cell types found in healthy lungs. Using autologous
cells or immunologically matching cell types (i.e. by HLA-compatible) is ideal as
this would minimise post-transplantation immune complications and the long term
need for immunosuppressive drugs. In addition to immunological matching, the
disease status of the autologous cells is also of importance as we and others have
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found that progenitor cells can be deranged in diseased lungs such as for example
idiopathic pulmonary fibrosis (IPF)*’ (paper IV) and therefore the likelihood is low
that these could be used to generate healthy tissue. Another option would be to use
induced pluripotent stem cells (IPSC) from the eventual transplant recipient. To
date, there are several established protocols for deriving different lung epithelium
cell types from both the large airways as well as distal gas exchange regions.*-*°
However, as is the case with embryonic stem cells (ESCs) concerns with tumour
formation remain.’”® In addition to sourcing healthy cells, scaffolds with attributes
known to be pro-regenerative are required to generate healthy tissues. Interestingly,
we found that the age of the scaffold and the age of cells can play a role in the
regenerative capacity of a tissue (paper II1).” From this it is clear that to generate a
healthy tissue or organ, it is critical to find the appropriate scaffold and cell type.

Extracellular Matrix

In native tissue, cells reside on and within what is called the extracellular matrix
(ECM). The ECM is comprised of different secreted products which are maintained
during homeostasis by resident cells. These secreted products represent a diverse
mix of structural and functional proteins, glycoproteins and glycosaminoglycans
(GAGs) whose combination is unique to each anatomic location. The ECM acts
together as a scaffold to provide structure and to direct repair and regeneration after
injury®®®" by controlling cell behaviour such as migration, proliferation and
differentiation®>®*, For this to happen, the ECM must exist in a state of dynamic
reciprocity with the resident cells.®’ Meaning, the composition and organization of
the ECM changes depending on the metabolic adaptations of the cells which in their
turn change depending on the mechanical properties, pH, oxygen concentration, and
other variables in the microenvironment.®' Therefore, the ECM with its dynamic
interactions with the cells has evolved to be the ideal scaffold for resident cell
populations including those in the lung.

The organization of the lung ECM is similar to other organ systems, with an
organization into two main structural types.®* The first being the basement
membranes, composed of thin glycoprotein sheets which cover the basal side of the
epithelia and endothelia, and surround muscle, fat and peripheral nerve cells.®” The
second being interstitial matrices which is maintained by the activity of resident
fibroblasts, forming a loose and fibril-like meshwork interconnecting the different
structural cell types.** Collagens are the major ECM protein component of the
lung®, and are severely altered in many lung diseases (Figure 3).° Fibrillar
collagens (types I, I, III, V and XI), contribute to the structure of the lung by having
great tensile strength but low elasticity.®”*® Elastins forming elastic fibers have low
tensile strength but high elasticity, and thus provide the lung with the necessary
compliance and elastic recoil required for breathing.*
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Figure 3 The ECM in healthy and diseased lungs

Pathological changes within the interstitial extracellular matrix (ECM) in healthy and diseased lung. Created with
BioRender.com

In lung diseases, the ECM is increasingly recognized as aberrant. Fibroblasts can
transdifferentiate into highly contractile myofibroblasts in lung diseases such as IPF,
and deposit high levels of collagens and other matrix proteins into the interstitium,
resulting in pulmonary fibrosis. The rigidity of the matrix due to the covalent
crosslinking collagens and elastins is also dramatically increased and also leads to a
decrease in gas exchange capability due to thickening between the airspaces and
capillaries as well as a general loss of surface area.®” In COPD, instead, elastic fibers
and subsequently the alveolar septae are degraded by enzymes released by
inflammatory cells. Higher levels of hyaluronan and tenascin C are also released by
inflammatory cells and decorin is deposited less.”” The resulting air space
enlargement seen in COPD, also known as emphysema, occurs due to the
destruction of the elastin and collagen which form the alveolar septae.®® The
vascular ECM is remodelled in pulmonary arterial hypertension (PAH), with an
increase in elastin and collagen fibres, fibronectin, and tenascin C in the arterial
wall.®* On other hand, in asthma, ECM changes occurs beneath the bronchial
epithelium and thickened basal membrane; with hyperplasia of smooth muscles and
increased deposition of ECM such as collagens, fibronectin, hyaluronan and
decorin.”"™* In cancer, tumours are surrounded by highly crosslinked collagens, high
levels of fibronectin, tenascin C and hyaluronan resulting in a stiff stroma. From the
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above it is clear, that the composition and organization of the ECM will be critical
when finding an appropriate lung scaffold.

Decellularization

One method to access the ECM is through decellularization to generate acellular
tissue specific scaffolds. Decellularization is defined as the “removal of cells from
a tissue or an organ leaving the complex mixture of structural and functional
proteins that constitute the ECM”.”® Protocols to generate decellularized lungs and
airways have been described by several groups and rely on similar principles of
decellularising other organs by using different combinations of physical, ionic,
chemical and enzymatic solutions.”* Detergent-based solutions are the most
prevalently utilised for decellularising lungs. Commonly used detergents include
Triton X-100, sodium deoxycholate (SDC) and sodium dodecyl sulfate (SDS).
These detergents are used either with or without hypertonic sodium chloride and
DNase and/or RNase solutions and at different concentrations and volumes
depending on the protocol and the species.®®”>** Perfusion of the solutions occurs
either only through the vasculature or both through the airways and vasculature.
Variations between different protocols for decellularising lungs has resulted in
differences in histology and retention of ECM.*%%#¢ Nevertheless, most
laboratories, including ours, utilise the criteria set forth by Crapo et al. to determine
effective decellularization of acellular lung scaffolds. The criteria includes (1)
absence of visible cellular or nuclear material on histological examination, (2) less
than 50 ng dsDNA per 1 mg of dry weight of the ECM scaffold, and (3) remnant
DNA shorter than 200 bp.®* Whilst, the criteria is a good starting point for acellular
lungs it does not take into account cytocompatibility (e.g. whether residual
decellularising agents or unremoved cellular components affect the viability of
cells), composition (e.g. ECM retention), and mechanical properties of the acellular
scaffold, all important aspects to consider for recellularization.®*”%

ECM-based scaffold
Figure 4 Lung decellularization

Harvested murine and human lungs are decellularized using a combination of detergents and enzymes (described
above) which remove the native cells and DNA but retain the extracellular matrix. Created with BioRender.com
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Acellular scaffolds

Acellular lung scaffolds retain, to a large extent, the complex structure and the
macro- and micro-architecture of native lung tissue. This is of great advantage, as
to date, no manufacturing techniques are capable of generating the complex native
ECM structure to the same degree observed in acellular lungs. Even though most
ECM components are retained in acellular scaffolds®***°, their quantity and the
retention of their native orientation is not fully known.® This is of importance as the
retention and organisation of ECM components, will likely influence the
functionality of the bioengineered tissue.

Another source for clinical acellular lungs, could be lungs from anatomically
similar species, such as porcine or non-human primates. Using scaffolds from these
alternative donors could lead to a more uniform scaffold, with less limitations than
scaffolds derived from human sources.”®”*1* However, there are ethical
concerns with using non-human primate lungs as a source of acellular scaffolds® and
pleural blebs have been shown to arise in porcine lung scaffolds during
decellularization. Pleural blebs could affect the ventilation mechanics of the lung,
and ultimately if ruptured would lead to a pneumothorax (e.g. a collapsed lung).”®%!
Moreover, porcine lungs have less collateral ventilation compared to humans which
could compromise the function of the lung if transplanted.® In addition to this,
residual, cell-associated xenogeneic proteins are present in porcine acellular lung
scaffolds which may cause negative immunogenic responses in humans.*%

Furthermore, potential retention of zoonotic viruses remain a major concern for
the clinical use of xenogeneic tissues.” Currently, it is not known whether it is
possible to remove zoonoses, such as porcine endogenous retroviruses (PERVs), in
xenogeneic acellular scaffolds and thus the danger of cross species transmission of
PERVs is not known.® From the above it is likely that, adult human lungs which
narrowly miss the criteria for transplantation will likely be the best candidates as a
scaffold source for clinical grade lung tissue bioengineering.

3D Bioprinting

The lung architecture depends on the location within the lung: moving from
proximal (trachea) to distal (bronchi and alveoli), the resolution required to mimic
the native structures increases (centimetres (cm)—micrometres (Lm)—nanometres
(nm)) (Figure 4).® As a simplistic notion, the lung parenchyma is formed by
interconnected porous structures surrounded by capillaries required for gas
exchange.” To engineer such porous structures, different manufacturing methods
have been used such as freeze drying, solvent-casting, foaming, and particulate-
leaching techniques.®** In addition to this, perfusable vascular channels have been
fabricated using such methods in tissue engineered constructs.”®
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Manufacturing methods which allow for custom-made, reproducible, 3D designs
using cytocompatible materials are ideal for tissue engineering. One such approach,
is 3D printing (bioprinting when cells are printed), and has emerged as a source for
bioengineering tissues or supporting structures.”’ ' 3D printing was first developed
in the 1980's with the concept of stereolithography, where 3D computer-aided
designs could be converted into physical constructs by projecting light patterns into
a bath of photopolymers.'® Other 3D fabrication strategies emerged quickly after,
including fused deposition modelling (FDM) in the late 1980’s, which fabricated
3D constructs by precisely depositing layers of molten thermoplastic in a successive
fashion using a mobile heated nozzle.'">'% To date, FDM is the most popular 3D
printing technique. Due to its low cost and accessibility (and its patent expiration),
FDM has become very popular.'® Open source designs like RepRap printers
(“Replicating Rapid-Prototyper”), have dramatically decreased printer costs from
the tens of thousands of euros to fewer than 200 euros, bringing 3D printing into the
hands of millions of hobbyists and academics.'®

The accessibility of 3D printing has brought the technology to new fields,
including regenerative medicine. 3D printing has been applied to replicate patient
anatomy for simulation procedures, custom prosthetics and in the case of the lung
for treating tracheobronchomalacia (TBM)'"” and tracheal collapse by 3D printing
patient-specific tracheal splints'®®. Most recently, 3D printing has been adopted not
only for supporting structures but also for bioengineering with the goal of
developing cell-laden scaffolds to enable patent human tissue to be regrown from a
patient's own stem cells. This 3D printing method using cells is called “3D
bioprinting” and the cell-laden material a “bioink”.'”''° Examples of 3D printed
tissue engineered organs and tissues include rat tracheas'', cartilage''?, skin'"®,
aortic valve conduits'', and vascular tissue''®. 3D bioprinting distal lung tissue will
be challenging, due to the gas exchange barrier being around the order of
nanometres and the nozzles utilised for bioprinting being in the micrometre range
to allow for cell passage. It is clear, that new 3D printing or manufacturing
approaches need to be developed to overcome this limitation.® Nevertheless, current
3D printing technologies can print structures at the resolution of trachea and
bronchus, and our lab has described materials and manufacturing methods
compatible with cells for bioprinting sizes down to small airways (paper I).
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Figure 5 Recapitulating the complexity of the lung architecture from proximal (trachea) to distal (bronchi and
alveoli)

Haematoxylin/eosin (H&E; left column) staining histology, transmission electron microscopy (TEM; centre column) and
scanning electron microscopy (SEM; right column) images from proximal and distal native lung tissue. The bronchi TEM
micrograph of a thin section of the mucous membrane of a small human bronchus shows a ciliated cell (CC) with cilia
(C) and microvilli, a goblet cell (GC) with an apical mucous plug (MU), basal cell (BC), fibers and fibroblasts (FB) in
connective tissue and macrophages (MP). The bronchi SEM micrograph of the epithelial surface shows ciliary tufts (C)
and a mucous plug (MU) of a goblet cell in the process of extrusion. The distal lung TEM and SEM micrographs of the
structure of the alveolar septum in human lungs show a septal fibroblast (FB), capillary endothelium (EN), alveolar
epithelium (EP) and fiber strands (F). HE histology scale bars: 100 ym; bronchi TEM scale bar: 5 um; bronchi SEM
scale bar: 10 um; distal lung TEM scale bar: 2 uym; distal lung SEM scale bar: 10 ym. Electron microscopy images
reproduced and modified from 6117 with permission. Figure and text reproduced from De Santis et al, 2018 with
permission.®
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Support baths

Traditional 3D printing utilises solvents or heating to allow for the polymer
solutions to flow as liquids through the 3D printing nozzles. This is a major
challenge for 3D bioprinting biological tissue as the high temperatures used (in
excess of 60°C depending on the polymer) are incompatible with the cells and most
biological materials. Thus, it is not advisable to use high temperatures to melt and
cure bioinks. Light-induced curing, commonly used in tissue engineering
approaches, could be used instead for curing bioinks as it is rapidly improving in
print resolution, and is cytocompatible.!'® Yet, with light-induced curing during
bioprinting, cells are exposed longer to photo-initiators, which can be cytotoxic.”®
Additionally, light-based curing is mostly performed in air for high print fidelity
and for high transmission of light, which can lead to dehydration and cell death.''®
Due to the limitations described above, different bioinks with alternative curing
processes have been investigated.’”?%:11:120

Many of these alternative curing processes involve the printing of the bioink in a
support bath which provides a semisolid medium to print into, circumventing many
of the issues of printing onto a flat surface in air. Support baths have been reported
to be made out of low concentration microgels'®’, gelatin slurries®, modified
hyaluronic acid supramolecular hydrogels'"®, granular gels”” and nanoclay
hydrogels'?'. These support baths exhibit solid-like characteristics in the absence of
an applied stress or at very low stresses.””''*!?2!% Once a stress is applied that
overcomes the yield stress, the support bath will exhibit liquid-like properties.'*
This behaviour is characteristic of Bingham plastics.

Additionally, many support baths are self-healing, meaning they are displaced by
the nozzle during printing, but soon after their microstructure spontaneously
recovers.'” Therefore, self-healing allows the transition from a liquid-like state
back to a solid-like state, encapsulating the deposited ink.'** To increase resolution,
fluidization of the support bath should be rapid so that crevasses or air pockets are
avoided.'” As a result, support baths permit printing soft materials or low-viscosity
fluids, thus, noticeably increasing printable materials with extrusion-based printing
techniques, such as for example hydrogels.

FRESH printing

One bioprinting technology that uses support baths is the freeform reversible
embedding of suspended hydrogels (FRESH) technique, which involves printing the
bioinks into a gelatin slurry. The gelatin slurry can be modified to contain divalent
cations such as Ca*" ions to ionically crosslink bioinks. The FRESH printing method
allows for the ionic crosslinking to occur gradually whilst the gelatin slurry holds
the construct in place. This permits for more complicated shapes with higher
resolution compared to other 3D bioprinting methods.”®
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Hydrogel based bioinks are typically in a liquid-like state, making it impossible to support subsequent layers. Yet, when
combined with support baths, complex structures can be printed. The hydrogel bioink is extruded and cross-linked in
the gelatin slurry support bath. The support bath allows for the 3D construct to be built layer by layer. Gelation occurs
in the gelatin slurry through one of multiple cross-linking mechanisms. When completed the construct is released by
heating to 37°C and melting the gelatin. Figure reproduced from Hinton et al, 2015 with permission.®®

Bioinks

Due to the cell-friendly nature of hydrogels, they have become the basis of almost
all bioink formulations.'® Hydrogels are highly hydrophilic polymers which are
loosely crosslinked. Moreover, hydrogels are mostly constituted by water with
water content ranging from 70% to over 99%, making them highly porous and
permeable, thus permitting rapid diffusion of oxygen and nutrients throughout the
scaffold.'®!2¢127 Additionally, many hydrogels are porous and thus allow cell
migration, important for initial cell remodeling and regeneration but also for longer
term tissue or organ function. Most hydrogels currently used in biomedical research
are randomly crosslinked hydrogels, with no internal mechanism for mechanical
energy dissipation. These “conventional” hydrogels are cytocompatible but lack
mechanical properties required for optimal 3D printing. Research focused on
adapting “conventional hydrogels” for 3D bioprinting is therefore emerging.
Proteins and extracellular matrix components, including collagen and hyaluronic
acid (HA) can also be used as building blocks for hydrogels, providing an
environment which contains biological cues that can help direct cell growth,
differentiation and migration. Important for cell viability, many hydrogels can be
crosslinked into solid viscoelastic structures using methods such as ionic
crosslinking or temperature based self-assembly which do not damage and minimize
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the physiological stress on bioprinted cells. All the characteristics above allow
hydrogels to closely mimic the native ECM of cells, and thus they have been widely
used for 3D bioprinting.'*"'?

Alginate

One potential hydrogel based bioink which has been extensively explored in
previous 3D bioprinting studies is sodium alginate."*® Alginate is a cytocompatible
polysaccharide extracted from brown seaweed and is already used in clinics for
dermal wound healing purposes.'*! Sodium-alginate solutions are known to be shear
thinning and can be fast and easily crosslinked with the addition of divalent cations
to form hydrogels."**'** Even though, alginate has already been used for bioprinting
approaches, it is generally regarded as biologically inert to mammalian cells'**'**
and does not mimic the native environment of the lung. ECM components have been
previously added to alginate solutions'*® and have been shown to confer enhanced
biological properties to seeded cells. Recent work has also indicated that despite its
‘inert’ biological properties, alginate can facilitate the growth of intestinal organoids
derived from pluripotent stem cells, which contain both epithelial and mesenchymal
cells."* However, epithelial only organoids failed to expand in alginate (even when
formed first in Matrigel) and this was attributed to altered polarization of epithelial
cells as compared to those grown in Matrigel. This demonstrates that while alginate
can support organoid formation, including in three dimensions, that it lacks specific
cues needed for inducing other biological cues such as polarization.

dECM solutions

ECM components can be extracted from various decellularized organs using either
acidic or enzymatic conditions (e.g. pepsin). When extracted properly to retain
collagen peptides of proper size and under appropriate temperature, pH and salt
conditions, these solutions can self-assemble to make tissue derived ECM
hydrogels. These solutions are termed decellularized ECM solutions (dECM). So
far, tissue derived ECM hydrogels have been generated from various tissues,
including the intestine'”’, lung'*®, dermal tissue'*’, brain'* and urinary bladder
matrix® but reproducibility remains an issue.'"' Furthermore, manufacturing of
complex shapes with high resolution is very difficult with ECM hydrogels as the
gelation time takes around 10-30 minutes and they remain too weak for structures
taller than a few millimeters.'*® ECM hydrogels can be strengthened by increasing
their polymer content but it is important to note that the permeability and porosity
that the cells need decrease with higher polymer content. dECM solutions have also
been chemically modified through the addition of methacryl groups to facilitate
covalent crosslinking, but this can bring additional cytotoxic effects if used as a
bioink and these materials require further optimization.'**
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Hybrids

In many manufacturing fields, optimal materials are derived through the use of
hybrid or composite materials whereby the positive attributes of two or more
materials can be combined to generate a final material with optimal overall
properties which overcome the limitations of the individual components it is
comprised of. Using hybrid or composite materials to manufacture scaffolds or
bioinks might therefore be an ideal solution as the biologically conducive nature of
the ECM-derived scaffold material, such as sites for cell adhesion and
organisational and differentiation cues, could be combined with synthetic materials
and advanced manufacturing approaches to produce more reproducible products
with tunable or controllable mechanical properties.

Bioprinting has made substantial advances in the past two decades, yet bioinks
which mimic the physiological microenvironment of the lung have not been fully
explored. A current limitation to most commercial bioinks is that they are lacking
in true ECM-like components.'*® This can prevent cells from recognizing and
interacting with their microenvironment as well as restrict the development of in
vivo-like tissues and morphologies. Bioinks can be optimized by combining
previously characterized biomaterials with physiologically relevant materials that
cells will recognize as actual ECM rather than inert or synthetic alternatives'*'%.
In this thesis, I describe the development of a new bioink for pulmonary tissue
engineering which combines the reproducibility of engineered materials with the
biologically inductive properties of the native lung extracellular matrix (ECM) and
its associated proteins.

Validation methods

Some hydrogels are degradable, which can be an advantage as they can support
cells initially and then once the cell populations grow and remodel their
surroundings, they degrade, leaving behind a more natural environment.' It is
important that the printed material does not degrade before new ECM is synthesized,
deposited and organized by the seeded cells, as the structure of the tissue needs to
be supported and any mechanical loading handled (e.g. further cell seeding,
bioreactor parameter, surgical handling and tissue function).'””® Thus, the
degradation kinetics and the impact of the degradation products are important
parameters to consider when selecting, designing and validating potential new
bioinks. Confocal microscopy is a good validation method to investigate material
degradation over time and to assure print fidelity.

Additionally, commonly used bioinks do not contain tissue specific cues. Each
tissue requires distinct biological, mechanical and architectural properties for proper
function, therefore, development of functional tissue using 3D bioprinting will
require the development of tissue specific bioinks. Other validation methods used
in the thesis can be found below.
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Cell sedimentation

As we move closer to printing clinically relevant full-scale tissues and organs, the
times required for bioprinting will be very long. Thus, cells may need to remain
suspended in bioinks for very long time periods, with a risk of cell sedimentation to
the bottom of the cartridge.'"® Utilising a bioink that is viscous enough to maintain
a homogeneous distribution of encapsulated cells with little to no cell sedimentation
is desirable. Additionally, cell sedimentation can also reduce the resolution and
overall quality of the print due to printhead clogging. In this thesis we have used a
protocol previously developed''® to quantify cell sedimentation.

Shear thinning

In addition to cell sedimentation, another key parameter affecting the overall
bioprinting is the flow profile of bioinks. When cells travel through an extrusion
needle, different types of flow profiles can be experienced depending on the bioinks.
Some flow profiles are more “cell friendly” whilst other are less cytocompatible and
ultimately lead to cell membrane damage and death. An advantageous flow profile
is achieved through shear thinning bioinks which contribute to the plug flow
phenomena. Shear-thinning is common in non-Newtonian fluids, with increases in
shear rates resulting in decreases of viscosity.””! In the plug flow phenomena
bioinks behave as fluids only in a thin layer near the extruder walls, whilst the rest
of the bioink (the bulk) extrudes as a solid resulting in a more cell-protective flow
profile.'"® Rheology is a commonly used method to investigate the flow profile of
potential bioinks.

Cell viability

The viability of cells during extrusion is also of key importance when investigating
bioprinting methods. Cell viability is often analyzed a few hours or even days after
bioprinting. These measurements provide important information for long-term
cytocompatibility and proliferation, but not on the cytocompatibility during the
actual printing process, such as acute cell damage.''® Cell death during bioprinting
and the curing/crosslinking process is important as the presence of dead or dying
cells can affect the overall health and function of surrounding cells.''*!'>? Therefore,
it is important to evaluate cell wviability during the bioprinting and
curing/crosslinking process. Live/Dead staining directly after the bioprinting allows
the investigation of the ratio of live to dead cells present in the bioprinted construct
and to evaluate how “cell friendly” the overall process is.
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Figure 7 Interactions between cells and the bioink during extrusion based bioprinting

a) Cell sedimentation can lead to non-homogeneous distribution of the cells which ultimately can lead to needle clogging.
b) The flow profile of cells experienced when traveling through an extrusion needle, can either be “cell-friendly” or can
lead to cell damage and death. c) Depending on the bioink different curing/crosslinking conditions will be needed, which
can affect the cell viability through various mechanisms, for example via dehydration or exposure to crosslinking
reagents. Figure reproduced from Dubbin et al, 2017 with permission.''®

Biocompatibility of graft

Tissue engineering and regenerative medicine strategies for organ transplantation
offer the potential of custom-designed organs composed of the patients’ own cells,
potentially avoiding the complications of allogeneic antigens. Ideally, if cells where
to be sourced from the transplant recipient, the long-term requirements for
immunosuppressive drugs could be circumvented. Thus, in addition to sourcing the
cells from the eventual transplant recipient, it is important to identify materials
which do not elicit immune responses in the absence of immunosuppression. ECM
scaffold materials have been used extensively in tissue engineering and regenerative
medicine-based approaches for tissue and organ restoration.'*® The success of these
materials in preclinical and clinical applications appears to be attributable, in large
part, to their ability to modulate the default mechanisms of wound healing towards
a more functional and constructive remodelling outcome. It is increasingly
understood that the modulation of the host immune response, in particular, is
essential to the formation of new, functional host tissues following scaffold
implantation.'**!
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Immune cell activation and polarization

In general, innate immune cells (neutrophils and macrophages) are the first cells to
encounter and respond to implanted biomaterials. Macrophages are differentiated
blood monocytes that enter the site of inflammation via the blood stream and which
recognize, engulf and degrade debris. Macrophages are key players in both the
innate and the adaptive immune response. The immediate cellular response
observed following the implantation of an ECM scaffold consists almost exclusively
of neutrophils, but there is also a significant mononuclear cell component which
replaces the neutrophil response after 72 hours. The presence of these cells,
especially mononuclear macrophages, have been shown to be essential to the
formation of the type of response that has been observed following the implantation
of ECM scaffolds.'>'>® The exact mechanisms by which acellular ECM scaffolds
are capable of modulating the default host macrophage response are as yet unknown.
However, it is becoming increasingly clear that strategies which promote a
transition from an initially type I macrophage (M1-type) response to a more “pro-
regenerative” type Il macrophage (M2-type) response are better able to promote
constructive tissue remodelling and recovery of function than those which promote
only an M1 response or lead to a foreign body reaction,'*%!38:160

In addition to eliciting a robust, but constructive, host innate immune response,
acellular ECM scaffolds have consistently been shown to evoke a Th2-type T-cell
response'®'%2 which is generally associated with transplant acceptance.'®
Strategies which elicit more “friendly” Th2 and M2 outcomes will be met with
greater success and those which promote a predominantly Thl- and MI1-type
response can result in chronic inflammation '6*'%,

Foreign body response

As mentioned above, chronic inflammation due to biomaterial implantation is most
commonly characterized by the presence of activated macrophages which can
accumulate up to months after implantation. Accumulation of macrophages for a
prolonged time usually leads to granulation tissue formation, foreign body giant
cells response, new ECM deposition (fibrosis) and stimulated angiogenesis.
Ultimately the biomaterial is encapsulated within a dense layer of collagenous
connective tissue to isolate it from the surrounding healthy tissue.

Additionally, calcification is also known to occur in foreign body response and
affects many systems in the body. Calcification can occur due to free phosphate and
calcium ion increases in the blood which leads to mineral deposition.'®® Problems
arising with calcification can occur both naturally in the body, as well as a result of
biomaterial implantation including hydrogels.'” To avoid calcification, hydrogels
can be manipulated before implantation, by loading them with metal ions, including
iron, aluminum, and magnesium, to prevent mineral deposition.'*!¢’
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Figure 8 The foreign body response to biomaterial implantation

In the first hours of biomaterial implantation, inflammatory cells including neutrophils and monocyte-derived
macrophages infiltrate the wound area in response to the injury. Both M1 and M2 macrophages can be present with M1
secreting pro-inflammatory cytokines and recruiting additional immune cells, while M2 secrete pro-healing and
remodeling cytokines. M1 macrophages are more present in foreign body responses. After days or weeks, macrophages
can fuse together to form giant cells, and fibroblasts are recruited and collagen deposited, ultimately leading to fibrous
capsule formation. Created with BioRender.com

Lessons from skin

Skin regeneration or scar formation is a good starting point to investigate the wound
healing response to biomaterial implantations due to its accessibility and previous
research undertaken. In skin wound healing, different cell types are recruited which
contribute to the timely resolution and closure of wounds. Inflammatory cells
infiltrate the wound area and stimulate keratinocyte and fibroblast migration into
the wound area. Additionally, neo-angiogenesis assists fibroblast and macrophage
based remodeling of fibrin clots and overall strengthening of the tissue by collagen
deposition.'” This collagen layer is remodeled later and it’s mechanical properties
are adapted to those required by soft tissue by modulating metalloproteinases.'”'
The length of the wound healing process with the deposition of ECM affects the
overall skin regeneration. Delayed re-epithelialization increases risk of infection.
However quick repairs can lead to disorganized ECM deposition and a more
pronounced fibrotic response, ultimately leading to scar formation.'”"!”?

Vascularization of graft
An intact vasculature is critical for long term functioning of any graft, including

successful lung or airway transplantation, and for normal lung function. Blood
vessels, of different sizes (in human: microvessels (<1 mm), small vessels (1—
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6 mm), and large vessels (>6 mm in diameter)) deliver oxygen and nutrients to tissue
and waste away from tissues.'’* Additionally, blood vessels regulate blood flow and
permeability, and are important in immunological responses.'”*!'” Ideally,
bioengineered tissue should have an intact vasculature which should withstand
physiological pressures without leakage or aneurysm formation and should not be
thrombogenic.'” An alternative to creating a tissue engineered vasculature, is to
stimulate the formation of new vasculature at the transplant site by using pro-
angiogenic biomaterials.® Recent studies in kidney transplantation have found that
rejection is initiated in the donor vasculature'’®, indicating that tissue engineered
constructs containing vasculature derived from the host may improve transplant
outcomes. In line with this finding, recent work has shown that airway transplant
success can be improved by first transplanting airway grafts ectopically into the
forearm of the recipient to allow pre-vascularization from the eventual recipient.'”’
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Aims of the Thesis

The overall scope of this thesis was to bioengineer lung tissue for transplantation
with sub-aims listed below.

L.

Identify potential bioinks for 3D bioprinting lung tissue (paper I)

3D bioprint functional small airways (paper 1)

Investigate vascularization and biocompatibility of 3D printed constructs in
T-cell immunodeficient mice (paper I) and immunocompetent mice (paper

1)

Investigate the role of age in cells and scaffolds for regenerative purpose in
a skin wound healing model (paper I1I)

Investigate the role of HOPX in IPF alveolar cells to understand the

feasibility of using progenitor cells derived from IPF lungs for
bioengineering purposes (paper IV)
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Summary of Results and Discussion

In paper I, a tissue specific hybrid bioink is developed to 3D bioprint a human
airway comprised of primary human epithelial cells and smooth muscle cells, which
remains patent over time. The biocompatibility and vascularization of the 3D
printed construct is investigated both in immunodeficient (paper I) and
immunocompetent mice (paper II). In paper III the use of young matrix and the
ability of various subsets of anti- or pro-fibrotic fibroblasts to circumvent scarring
in wound healing is investigated. In paper IV the expression of HOPX in alveolar
epithelial cells is investigated in diseased IPF lungs.

Generation of a tissue specific hybrid bioink — rECM
(paper I)

Recent advances in bioengineering respiratory tissue, including methods to isolate
and scale-up epithelial progenitor cells to clinically relevant numbers'”, and
innovative surgical techniques to encourage vascularization and graft
survival 7718 have brought airway tissue engineering closer to clinical
translation. However, scaffolds which can support multiple cell types arranged in
their correct anatomical location has not yet been described. Previous attempts to
bioengineer airways have mostly focused on the use of decellularising airways to
obtain acellular scaffolds for subsequent recellularization. While protocols exist to
decellularise airways, including those from human, reattachment and differentiation
of primary epithelial cells is challenging. Recently, loss of collagen 1V, a major
basement membrane protein known to support epithelial cell attachment and
differentiation, was reported to be diminished in human airways using conventional
decellularization techniques for airways.'®' Decellularization of airways requires
aggressive detergents and longer incubation times known to degrade critical ECM
components'®"'® which may limit the use of acellular scaffolds. In addition to
acellular scaffolds, other techniques have been explored such as models of airways
from collagen I'®'* or surface engineering of materials to enhance cell attachment
and vascularization.'® However, the manufacturing methods tested thus far are not
readily amenable to generating branching structures. Furthermore, other ECM
components which can support development and maintenance of functional tissue
have not been incorporated. In paper I a tissue specific hybrid bioink is developed
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which contains a mixture of ECM and proteins derived from decellularized lungs,
including both collagen I and IV, components necessary for diverse biological and
3D bioprinting properties to support airway engineering.

Selection of a proper bioink is a critical first step in establishing 3D bioprinting
applications for specific tissues. ECM solutions derived from pepsin-digested
decellularized tissues, including lung, have been previously shown to form
hydrogels when incubated at 37°C due to spontaneous self-assembly of ECM
components such as collagens.'*®!*” ECM solutions from tissues other than lung
have been previously used as bioinks in 3D bioprinting applications.'**!58
Therefore, the ability of lung ECM solutions derived from pepsin-digested
decellularized mouse lungs were first tested to form hydrogels. Despite the retention
of collagens (Figure 9b), including collagen I and IV (Figure 9c,d) at sizes known
to be critical for hydrogel formation'®’, hydrogels did not spontaneously form at
conditions permissible for gelation of purified collagen I (Figure 9a).

In order to obtain consistent gelation suitable for 3D bioprinting, the potential of
combining the (murine on human) ECM solution with another polymer commonly
used in 3D bioprinting, alginate'®, was tested. Alginate can be quickly crosslinked
with the addition of divalent cations to form hydrogels.'**!*! Therefore, the addition
of alginate to lung ECM solutions could enable hydrogel formation. Upon Ca**
addition, hydrogels rapidly formed translucent hybrid bioinks, in this thesis named
as reinforced extracellular matrix bioinks (rECM). The rECM hydrogels were
determined to form well-mixed, phase separated hydrogels instead of
interpenetrating networks.'”> As phase separated materials can be mechanically
inferior to single phase materials, the mechanical properties at the bulk hydrogel
level were tested. The addition of ECM components in rECM hydrogels resulted in
increased mechanical stability under shear stress compared to alginate hydrogels at
the same weight percentage (Figure 9¢).

The presence of lung derived ECM in rECM bioinks addresses one of the major
current limitations to most commonly used bioinks: the lack of native, tissue-
specific ECM-like components.'” These components are critical for cells to
recognize and interact with their microenvironment to develop functional tissues.
ECM solutions have been derived from a variety of different tissues and organs,
therefore the current hybrid approach could be widely adapted. By using hybrid
materials as described here, the biological components of the native tissue
microenvironment are retained and can be combined with other materials with
properties advantageous for 3D printing and final tissue maturation.
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Figure 9 Mouse dECM solutions do not spontaneously gelate despite retention of collagens and rECM
hydrogels are more mechanically stable than alginate hydrogels.

a) Gelation kinetics of ECM solutions at different concentrations (6, 8 and 10 mg mL-1) compared to rat tail type |
collagen (3.7 mg mL-1). b) Hydroxyproline content in native lungs, acellular lungs, and ECM solutions (n=3/group). c)
Collagen | Western blot showing collagen | content in native (N), acellular mice lungs (A), 10 mg mL-1 ECM solutions
(1, 2 and 3) and rat tail type | collagen (Col I). d) Collagen IV Western blot showing collagen IV content in native (N),
acellular mice lungs (A), 10 mg mL-1 ECM solutions (1, 2 and 3) and basement membrane extract (BME). e) Mean
curves of the moduli G’ and G” as a function of the strain of alginate and rECM hydrogels (n=3/group). **p < 0.01. Figure
and text taken from De Santis et al, 2020 with permission.'®

rECM bioinks are compatible with bioprinting (paper I)

rECM bioinks are shear thinning and resist cell sedimentation

To confirm that rECM solutions did not result in bioink properties incompatible
with printing flow (e.g. shear thickening)'*, oscillatory rheometry was used to
investigate the flow profile (Figure 10a). The addition of ECM in rECM bioinks
resulted in shear thinning bioinks, which is beneficial for 3D bioprinting. In addition
to evaluating shear thinning behaviours, the resistance to cell sedimentation of
rECM bioinks was investigated. Bioprinting of many clinically relevant products
will take several hours'®’, therefore bioinks which prevent cell sedimentation are
advantageous for mitigating clogging of the print head and for generating large
constructs with homogenously distributed cells.'” A recently established cell
sedimentation assay'”* was used to show that the presence of alginate in bioinks
significantly reduced the cell sedimentation abilities (quantified into sedimentation
coefficients (0)) as compared to ECM solutions and cell culture media (Figure
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10b,c). Therefore, both the alginate and the ECM components in rECM bioinks are
required to simultaneously fulfil several optimum criteria for 3D bioprinting.
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Figure 10 rECM bioinks are shear thinning and resist cell sedimentation

a) Rheometry of alginate and rECM solutions b) Cell sedimentation confocal images and (c) calculated sedimentation
coefficient (8) of A549 cells in DMEM-F12 cell culture media, alginate, mouse-derived dECM and rECM solution for 6 h
(n=3/group). Scale bar, 500 um. **p < 0.01, ****p < 0.0001. Figure and text taken from De Santis et al, 2020 with
permission.'%

rECM bioinks and the bioprinting process is cytocompatible

rECM bioinks were shown to improve cell viability of cell lines and human primary
cells over prolonged periods of times. Cells survived the FRESH printing process
in both alginate and hybrid hydrogels, with noticeable increases in cell numbers
over seven days, indicating cytocompatibility of the process. Interestingly, human
lung epithelial cells (A549) had increased metabolic activity when 3D bioprinted in
hybrid bioinks as compared to alginate (Figure 11a). However, no changes in
metabolic activity were observed in this same cell type when hydrogels were formed
using manual extrusion through a pipette (i.e. in vitro), indicating that the hybrid
bioink protects cells during 3D bioprinting. To better understand the difference in
observed metabolic activity, computational fluid dynamics was used to investigate
whether the hybrid and alginate solutions have different fluid shear stress profiles
leading to cell damage during the 3D printing process. The average shear stress
profiles for the two bioinks is highly similar (Figure 11b). This indicates that the
difference observed in metabolic activity post-printing does not originate from the
bulk fluid properties but is likely due to the presence of biologically active factors
within the ECM solution.
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Figure 11 rECM bioinks and bioprinting process support cell viability

a) Metabolic activity (WST-1) on day 7 of seeded (in vitro) and bioprinted A549 cells in hydrogels. b) Average shear
stress profiles of bioinks. *p < 0.05. Figure and text taken from De Santis et al, 2020 with permission.®®

rECM bioinks promote progenitor differentiation into
mature epithelial cells (paper I)

In comparison to alginate, bronchial epithelial cells grown at air liquid interface
(ALI) on rECM hydrogels exhibited increased expression of a range of phenotypic
markers found in the adult human airway epithelium (e.g. goblet cells (MUCS5SAC
and MUCS5B), ciliated cells (FOXJ1) and club cells (CC10) both on protein and the
RNA level (Figure 12a,c). Bronchial epithelial cells grown on alginate and rECM
hydrogels developed into ciliated cells as observed via scanning electron
microscopy (Figure 12b). However, when further investigating the ciliated cells via
transmission electron microscopy, differences in the ciliary ultrastructures were
observed. Compound cilia were present in HBECS seeded on alginate but not on
rECM hydrogels (Figure 12d,e). Compound cilia are acquired ultrastructural ciliary
defects which are present in acquired ciliary dyskinesia.'”*'”” However, correlating
specific acquired ultrastructural defects, with loss of ciliary function is difficult '*®
as normal ciliary function has been observed in patients with compound cilia. To
investigate more in depth differences in ciliary function and movement, high
resolution and high speed videos with or without fluorescent beads, could be used.
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Figure 12 rECM bioinks promote differentiation of human bronchial epithelial cells into adult human airway
cells

a) Changes in gene expression of HBECs seeded on top of alginate and rECM hydrogels and lifted to ALl on day 7
showing the fold change compared to day 0 of differentiation genes on day 7, 14, 21, 28 and 35 (increase in red and
decrease in blue) (n= 3 patients/group (P1, P2 and P3)). b) Transmission electron microscopy images of normal cilia
on rECM and compound cilia on alginate (n= 3 patients/group (P1, P2 and P3)). c) Diagram showing features of cilia
ultrastructure (created with BioRender.com). Panel a-c and text taken from De Santis et al, 2020 with permission.'®?

rECM bioinks are biocompatible and pro-angiogenic in
immunodeficient mice (paper I)

As 3D bioprinting moves towards printing full-scale tissues and organs, the ability
of bioinks to promote vascularisation is key. Intact vasculature is critical for
successful lung and airway transplantation'’* and recent studies in kidney
transplantation have found that rejection is initiated in the donor vasculature'’,
indicating that tissue engineered constructs containing vasculature derived from the
host may improve transplant outcomes. In line with this finding, recent work has

shown that airway transplant success can be improved by first transplanting airway
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grafts ectopically into the forearm of the recipient to allow pre-vascularization from
the eventual recipient.'”” Therefore, 3D printed constructs that promote
vascularisation are ideal to support short and long term graft survival. rECM bioinks
were shown to be pro-angiogenic in a CAM assay and in an immunodeficient T-cell
deficient FoxNI KO mouse model to mimic clinical immunosuppression in
transplant patients (Figure 13).!

Moreover, TECM bioinks were able to regulate the immune response upon
implantation, reducing the pro-inflammatory response elicited by some forms of
alginate. ECM has been previously shown to promote tissue repair and constructive
remodelling and has been used to accelerate wound repair'**** and mitigate acute
lung injury.?®! However, this is the first time that ECM derived components of a 3D
bioprinted hybrid material have been shown to suppress the foreign body response
elicited by other materials of the hybrid. This opens up new possibilities for
combining ECM solutions with other polymers which lack biologically inductive
properties but can help standardise properties such as gelation time and reduce the
amounts of costly ECM-derived materials.
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Figure 13 Biocompatibility and angiogenic potential of rECM hydrogels.

a) Overview of CAM procedure. b) Changes in blood vessel formation, i.e. blood vessels on day 10 compared to day 6
and normalized to parafilm (100%) for each sample group. (n=7-10/group). c) Images of BME (positive control), parafilm
(negative control), rECM and alginate hydrogels on CAMs on day 10. Scale bar, 1 mm. d) 3D printed alginate and rECM
hydrogels in disk shape before subcutaneous implantation and when explanted on day 28. Scale bars, 2 mm. e) H&E
staining of subcutaneously implanted alginate and rECM hydrogels after 28 days. White asterisks * indicate large, non-
proteinaceous debris. Inset showing red blood cells in the inner lumen of a blood vessel. Scale bars, 50 um and 10 ypm
(inner panel). f) Macrophage infiltration (defined by CD45+, CD11b+ and F4/80+) in implanted alginate and rECM
hydrogels on day 7 (n=10 animals/group). g) Light sheet microscopy images (maximum intensity projections) of
explanted alginate and rECM hydrogels (day 28) after optical clearing, showing blood vessel infiltration visualized by
autofluorescence (Ex/Em: 480/520 nm). Scale bars, 250 ym. *p < 0.05, **p < 0.01. Figure and text taken from De Santis
et al, 2020 with permission.'®
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3D bioprinted small airways using human derived rECM
bioinks (paper I)

In order to establish a translationally relevant bioprinting work flow, human rECM
bioinks which have similar attributes to murine hybrid bioinks, were used to 3D
bioprint subsegmental bronchi. Subsegmental bronchi are around 4 mm in diameter
and composed of an outer smooth muscle layer and an inner epithelial layer.”** To
bioprint two different primary cell types, a custom-built dual extrusion system was
used. Subsegmental bronchi were generated by 3D bioprinting hollow tubes
consisting of three concentric print layers: an inner layer of HBECs at a nominal
diameter of 4 mm and two sequential layers of primary human lung smooth muscle
cells (HLSMCs) at nominal diameters of 5 and 6mm, mimicking the anatomical
location of the two cell types in human airways (Figure 14a). The dual extrusion
system produced hollow tubes at high fidelity to the dimensions of the 3D digital
model with distinct, but connected cell layers. The airspaces of 3D bioprinted human
airways remained open during 20 days of ALI ex vivo culture, suggesting that
constructs are stable for at least 28 days (Figure 14b). Furthermore, cells remained
within their respective layers of the engineered airways and HBECs differentiated
into ciliated cells (positive for Acetylated a-tubulin) (Figure 14c). Taken together,
human hybrid bioinks supported the formation of a 3D bioprinted human airway
comprised of regionally specified primary human lung cells which can differentiate
towards mature human airway epithelial cell types.

Figure 14 rECM bioinks for 3D bioprinting small airways

a) 3D rendering of bioprinted airways. b) 3D bioprinted airway with human lung smooth muscle cells (HLSMCs) in yellow
in the outer perimeter and human bronchial epithelial cells (HBECs) in blue in the lumen on day 0 and on day 28 (n=3
patients/group). Dotted white lines indicate the inner lumen. Scale bars, 500 um. c¢) 3D bioprinted airway with acetylated-
a-tubulin staining in red on day 28 (n=3 patients/group). Inner lumen appears closed due to a processing artefact. Scale
bar, 500 um (lower) and 25 um (upper). Figure and text taken from De Santis et al, 2020 with permission.'®?
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rECM bioinks are biocompatible and pro-angiogenic in
immunocompetent mice (paper I1)

Tissue engineering and regenerative medicine strategies for organ transplantation
offer the potential of custom-designed organs composed of the patients’ own cells,
potentially avoiding the complications of allogeneic antigens. Ideally, if cells where
to be sourced from the transplant recipient, the long-term requirements for
immunosuppressive drugs could be circumvented. Thus, in addition to sourcing the
cells from the eventual transplant recipient, it is important to identify materials
which do not elicit immune responses in the absence of immunosuppression. The
use of immunocompetent animal models is an ideal model to screen
immunogenicity of candidate biomaterials as the host response to the implanted
material will dictate long-term success or failure.’” In paper II the biocompatibility
of 3D FRESH printed rECM hydrogels from alginate and lung derived extracellular
matrix in immunocompetent mice was investigated after 7 and 28 days.

rECM hydrogels support the formation of an intact vascular network throughout
the full thickness of the graft, comprised of both large and small size blood vessels
(Figure 15). On the other hand, vasculature was less developed in the alginate
hydrogel. Both alginate and rECM hydrogels integrated well in the surrounding
tissue exhibiting a remodelling phenotype. Taken together, 3D printed rECM
constructs do not illicit negative immune responses when transplanted into
immunocompetent mice, integrate well in the surrounding tissue without evidence
of a foreign body response, are pro-angiogenic and support de novo vasculature.

Alginate

Figure 15 Vascularization of rECM hydrogels in immunocompetent mice.

Light sheet microscopy images (maximum intensity projections) of explanted alginate and rECM hydrogels (day 28)
after optical clearing, showing blood vessel infiltration visualized by autofluorescence (Ex/Em: 480/520 nm)
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Cell and scaffold age determine regenerative capacity of
skin (paper I1I)

Acellular tissue scaffolds retain bioactive properties and some tissue specificity,””*
with studies showing aged and diseased scaffolds driving the acquisition of
deranged cellular phenotypes in cells from normal patients.*%*%:%3204205 Dyring fetal
development, mammalian back-skin changes its response to injury, from scarless
regeneration to skin scarring. Thus, the role of cell and scaffold age on the
regenerative capacity of skin was investigated. Dermal development and
regeneration is driven by engrailed 1-history-naive (ENFs) and engrailed 1-history-
positive fibroblasts (EPFs). ENFs are present at high numbers in the embryonic
stage with numbers subsequently declining over time.” EPFs on the contrary, are
not present in early embryonic stages but start to populate the neck of the embryo at
E10.5 and expand to posterior regions over time. At birth the majority of fibroblast
(around 70%) are EPFs. EPFs are shown to be the major wound healing fibroblast
population in adults and drive the scarring process. When ENFs are transplanted
into the wound, the scarring severity is dramatically reduced (Figure 16).
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Figure 16 Role of EPFs and ENFs in back skin development and scar formation during wound healing

(Left) Lineage transition from ENF to EPF cells. At early embryonic stages, the majority of back skin fibroblasts are
ENFs. Over time, ENF numbers decrease with EPF number increasing and expanding to posterior regions. At birth the
majority of fibroblasts are EPFs. (Right) EPF-dominant healing results in scar formation. An improved scar outcome is
observed when transplanting ENFs or acellular ECM derived from P5 back skin. Figure and modified text taken from
Yokoyama & Rafii, 2018 with permission.'”
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In order to investigate whether the ENF-generated ECM itself could promote a more
regenerative outcome, acellular back-skin from P5 WT mice was transplanted into
the skin wounds (Figure 17a). Fibroblasts present at the border between the wound
and the matrix were found to be activated with elongated cytoplasm and a-SMA
positivity, as was the case for fibroblasts in control wounds (Figure 17b,c,e,f). This
was not the case for fibroblasts present in the transplanted acellular matrix in the
wound area (on day 10) which presented an inactive phenotype as shown by their
a-SMA negativity and inactive morphology (round cytoplasm) (Figure 17d,g).
Thus, restoration of a ‘healthy’ dermal lattice can be stimulated by either
transplanting ENFs which expand the existing pool of resident ENFs to sculpt a
provisional matrix, or alternatively, by transplanting an acellular dermal lattice
derived from a young mouse, which prevents EPFs from generating a pathological
scar.”’ These approaches could be translated clinically providing therapeutic
possibilities for different dermal pathologies.

The results presented here are supported by a recent study indicating that
scaffolds derived from early post-natal human lungs support better re-
epithelialisation as compared to those derived from adult lungs.?” Despite the fact
that human scaffolds from aged patients are somewhat readily available, they are
therefore not presently considered as ideal sources for lung tissue engineering
approaches.
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Figure 17 Role of young acellular matrix in scar formation during wound healing

(a) Acellular matrix transplantation experiment schematic. Back-skin explants from P5 WT mice were decellularized and
transplanted into fresh wounds of adult immunodeficient mice with tissue collection after 10 days (b-g), Masson’s
trichrome-stained (b-d) or a-SMA-stained and collagen I-stained (e-g) control wounds (b,e), the border between the
transplanted matrix and the wound (c,f) or within the transplanted matrix (d,g). Scale bars, 50 pm. Figure and modified
text taken from Jiang et al, 2018 with permission.*®
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Progenitor cells can be deranged in diseased lungs
(paper IV)

As mentioned previously, ideally, autologous cells from the patient would be used
for recellularising lung scaffolds in order to minimise post-transplantation immune
complications and the need for immunosuppressive medications. Induced
pluripotent stem cells (IPSC) or progenitor cell populations derived from the patient
could be used to direct differentiation into the different cell types found in the adult
lung. Progenitor cell populations can be controlled more easily than IPSCs, with
lower risk of tumour formation. However, progenitor cells can be deranged in
diseased lungs such as for example IPF. The mechanisms of injury and repair that
occur in alveolar epithelial cells influence the progression of lung diseases such as
IPF. Homeobox only protein x (HOPX) contributes to the formation of distal lung
during development and is known to regenerate alveoli after trauma such as
pneumonectomy. In healthy adult lungs, ATI cells express HOPX which can give
rise to both ATI and ATII cells. The function of HOPX-expressing cells in adult
fibrotic lung diseases, instead is not fully known. To better understand this the
presence of HOPX+ cells was investigated in healthy and IPF human lungs and in
a model of pulmonary fibrosis, the bleomycin murine model (Figure 18). HOPX
expression is decreased overall in IPF lungs (Figure 18b) and significantly correlates
to lung function decline and disease progression of IPF.?” However, interestingly,
HOPX was found to be upregulated in bleomycin treated mice (Figure 18a). Thus,
it is postulated that HOPX is upregulated during alveolar injury and the lung repair
process, whilst the lower expression of HOPX observed in end stage IPF lungs could
contribute to the regenerative failure of IPF lungs. Thus, progenitor cells derived
from diseased lungs are likely not an appropriate source to generate healthy tissue.
From this it is clear that to generate a healthy tissue or organ, it is critical to find the
appropriate scaffold and cell type.
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Figure 18 HOPX expression in healthy and IPF lungs

(a) HOPX mRNA in PBS and bleomycin instilled mice. (b) HOPX mRNA from whole lung homogenate of control and
IPF lungs. *p < 0.05, **p < 0.01. Figure taken from Ota et al, 2018 with permission.?®
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Conclusion and Future Perspectives

Next generation lung bioengineering approaches attempt to combine cells with
natural, synthetic or hybrid matrices and grow the bioengineering tissue ex vivo
before hypothetical transplantation. To generate healthy lung tissue, it is critical to
find the appropriate scaffold and cell type.

In paper I a tissue specific rTECM bioink was developed and used to bioprint for
the first time a human airway comprised out of primary smooth muscle and
bronchial epithelial cells which differentiate into cells present in the adult airway.
The bioprinted human airway remains patent over time and rECM constructs
implanted into T-cell immunodeficient mice are biocompatible and pro-angiogenic.
rECM bioinks could be used to 3D bioprint respiratory tissue not only for
transplantation purposes but also for applications such as in vitro drug screens and
disease modeling. Major questions remain such as whether the 3D bioprinted
airways will maintain airway patency in vivo, the extent of vascular integration upon
orthotropic transplantation, and whether cells will retain their differentiation profile
when transplanted. The bioink will also need to be modified depending on the size
of the airway in order to mimic the correct mechanical properties. One aspect not
investigated in this study is the use of a bioreactor to mature the cells into their
differentiated state. Bioreactors will likely be required to engineer larger airway
segments and this will be critical for future studies.

In paper II the biocompatibility and vascularization potential of bioprinted
rECM constructs is investigated in immunocompetent mice. TECM hydrogels
support the formation of an intact vascular network throughout the full thickness of
the graft, comprised of both large and small size blood vessels in the presence of a
fully competent immune system and integrate well in the surrounding tissue. Other
aspects to consider are the peripheral immune response to better understand the
adaptive/innate immune response to the implanted constructs and the presence of
myeloid angiogenic cells (MACs) which significantly promote vascular repair in
vivo.?” It would be interesting to see how this differs between T-cell
immunodeficient and immunocompetent mice.

In paper I1I the role of cell and scaffold age on the regenerative capacity of skin
is investigated in the wound healing response. Fibroblastic lineages evolve over
time with fibroblasts present in early embryonic stages (ENFs) and their resulting
matrices promoting scarless regeneration. Human scaffolds from aged patients are
therefore, not the ideal sources for lung tissue engineering approaches. Importantly,
one aspect left to investigate is the recruitment of inflammatory cells in scarless
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wound healing by ENFs or transplanted acellular matrices. In addition to fibroblasts
and endothelial cells, monocyte infiltration could likely play a role in the extent of
scarless healing. Recruitment of macrophages is crucial for successful regeneration,
yet their role in chronic wounds is not fully understood.?”® Macrophages mediate the
inflammatory response by secreting cytokines and chemokines which contribute to
the closure of the wound. Thus, it is important to better understand the interaction
between specific fibroblastic lineages, such as ENFs, and different types of
monocytes to hopefully achieve a more efficient wound healing.

In paper IV expression of HOPX in IPF lungs was investigated to assess the
feasibility of using progenitor cells derived from diseased lungs in bioengineering
approaches for eventual transplantation. HOPX was found to contribute to the
alveolar repair process in fibrotic lung diseases. However, end-stage IPF lung
alveolar epithelium does not regenerate, likely due to loss of HOPX. Thus, HOPX
could be used as a potential indicator of fibrosis progression. Aberrant expression
of regenerative progenitor cell markers postulates that progenitor cells derived from
diseased lungs are likely not the best candidates for lung tissue engineering
approaches.
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Materials and Methods

Mouse and Human tissue

Paper |

Human lung tissue was obtained from discarded surgical waste from donor lungs
following lung transplantation. The study was approved by the local Ethics
Committee for Research in Lund, Sweden (Dnr 2017/396). Seven human lungs
were used in the studies, four for ECM solutions with an average age of the patients
of 36 years, with three females and one male.

Paper I and 11

8-14 week-old male and female wildtype C57BL/6J were obtained by Janvier and
Charles River and housed in individually ventilated cages in rooms with constant
humidity and temperature with 12-hours light cycle and access to water and food ad
libitum. All animal studies were performed under the strict regulation of the
Swedish board of agriculture and approved by the Lund University Ethical
committee (Approval numbers: 5.8.18/12637/2017, M 152-14 and M 57-16).

Paper III and IV

All mouse strains (C57BL/6J (WT), EnlCre, ActinCre-ER, R26VT2/GK3,
R26mTmG and Rag2’/ 7) were obtained from Jackson laboratories, Charles River, or
generated at the Stanford University Research Animal Facility, and were housed at
the Helmholtz Center Animal Facility. The rooms were maintained at constant
temperature and humidity with a 12-hour light cycle. Animals were allowed food
and water ad libitum. All animal experiments were reviewed and approved by the
Government of Upper Bavaria and registered under the project 55.2-1-54-2532-61-
2016 and project 55.2-1-54-2532-88-12 and conducted under strict governmental
and international guidelines.
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Decellularization

Lungs

Native lungs were decellularized using a combination of detergent and enzyme
solutions previously developed.*”” Mouse lungs were harvested from wildtype
C57BL/6J mice with the heart and trachea en bloc. Decellularization solutions were
perfused both through the trachea (airways) and the heart right ventricle
(vasculature) (Table 2). For mouse lungs, rinses using a total of 30 mL solution were
undertaken (15 mL through the trachea and 15 mL through the heart). For the
decellularization solutions a total of 6 mL was used (3 mL through the trachea and
3 mL through the heart). For human lungs, volumes were adapted to the size of each
lung to ensure maximal filling with each decellularization reagent at least once and
an extra sterilization step was undertaken with perfusion of 0.1% peracetic acid
(Sigma) in 4% ethanol solution before storage. Acellular lungs were stored at 4°C
in PBS supplemented with antibiotics until further use.

Table 2. Decellularization method for human and murine lungs.

Day Reagent Amount Time Temperature Company
1 De-ionized 30 mL Rinse 25°C VWR
(DI) water + International
500 IU/mL AB
Penicillin and
500 ug/mL
Streptomycin
(5X pen/strep)
1 0.1% Triton-X 6 mL rinse Rinse and 24- 4°C Sigma
and 20 mL hour incubation
incubation
2 DI water + 5X 30 mL Rinse 25°C VWR
pen/strep International
AB
2 2% SDC 6 mL rinse Rinse and 24- 4°C Sigma
and 20 mL hour incubation
incubation
3 DI water + 5X 30 mL Rinse 25°C VWR
pen/strep International
AB
3 1M NaCl 6 mL rinse Rinse and 1- 25°C Sigma
and 20 mL hour incubation
incubation
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3 DI water + 5X 30 mL Rinse 25°C VWR
pen/strep International
AB

3 30 pg/mL 6 mL rinse Rinse and 1- 25°C Sigma
porcine and 20 mL hour incubation
pancreatic incubation
Dnase + 2 mM
CaCl; +1.3
mM MgSO,

3 5X pen/strep + 30 mL rinse Rinse and 4°C VWR
50 mg/L and 20 mL incubation International
gentamicin + incubation AB
2.5 ug/mL
Amphotericin
Bin 1X PBS
solution

Validation methods for decellularization

Acellular lungs were routinely validated using the guidelines set forth by Crapo et
al. which include absence of visible cellular or nuclear material on histological
examination, less than 50 ng dsDNA per 1 mg of dry weight of the ECM scaffold,
and remnant DNA shorter than 200 bp.%* In this work we used H&E and Masson’s
Trichrome stainings and a Quant-iT™ PicoGreen™ dsDNA Assay (Invitrogen™)
to validate decellularization (n=3-4 animals or patients). The retention of proteins
in acellular lungs was further quantified using a Hydroxyproline Assay Kit for
collagen (Sigma Aldrich) and western blot for collagen I and collagen IV, the most
abundant collagens found in lung tissue.
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Figure 19 Decellularized human lungs

a) Representative H&E stainings of native and acellular human lungs showing the absence of visible cellular or nuclear
material. Scale bars, 200 pm. b) DNA quantification in native and acellular human lungs using a PicoGreen assay. The
dotted line marks the benchmark criteria of <50ng DNA/mg dry tissue weight for effective tissue decellularization
(n=4/group). Figure and text taken from De Santis et al, 2020 with permission.®
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Skin

The dorsal skin was surgically removed from C57BL/6J mice (age P5) and subjected
to decellularization similar to above. Briefly, the hair from the skin tissue was
removed using a hair removal solution and the skin tissue was then incubated
sequentially first with distilled water containing 0.1% Triton X-100 and 5x
pen/strep at 4 °C for 24 hours, then with distilled water containing 2% SDC at 4 °C
for 24 hours, distilled water containing 1 M NaCl, 5x pen/strep at room temperature
for 1hour, and finally, distilled water containing 30 pg ml-1 porcine pancreatic
DNase, 1.3 mM MgSO4, 2 mM CaCl2 and 5x pen/strep at room temperature for
1 hour. The skin tissue in incubation solutions was left to incubate on a shaker. The
decellularized skin was stored in PBS supplemented with antibiotics at 4 °C until
transplantation.

Transplantation of decellularized skin

Two 5-mm diameter full-thickness excisional wounds were created on the dorsal
back of each recipient Rag2 ™~ immunodeficient mouse. A 5-mm diameter biopsy of
acellular WT mouse skin was transplanted to the recipient’s wound with silicone
elastomer super glue (Kwik-Sil Adhesive, World Precision Instruments). Wounds
without acellular skin transplants served as control. Wounds were covered with a
12-mm diameter silicone sheet (Grace Bio-Labs), fixed with 5 sutures, and
transparent dressing (3 M Tegaderm Film). After 10 days the wounded areas were
harvested and processed for histology. Text modified from Jiang et al.”
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Figure 20 Decellularization of murine skin.

a) Representative H&E and Masson’s Trichrome stainings of acellular murine skin showing the absence of visible
cellular or nuclear material and the retention of collagen. Scale bars, 100 ym. b) Image of recipient SCID mice after
wounding and transplantation.
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In vitro cell culture for cell lines and hydrogels:

Murine and human lung epithelial cells (MLE12 and AS549), murine brain
endothelial cells (bEnd.3) and human lung smooth muscle cells (HLSMCs) were
purchased from ATCC® (CRL-2110, CCL-185, CRL-2299 and PCS-130-010). Cell
lines were cultured in DMEM/F12 medium (Gibco) supplemented with 10% FBS,
100 mg L-1 streptomycin, and 100 U mL-1 penicillin. Primary HLSMCs were
cultured in vascular cell basal medium supplemented with vascular smooth muscle
growth kit (ATCC®). Cells were grown using standard cell culture conditions at 37
°C, 5% CO, until 70-80% confluency and then mixed with pre-gel solutions (1
million cells/mL) to form bioinks. Bioinks were pipetted onto 24 or 96 well plates
and crosslinked using 50 mM CaCl, solution. Excess CaCl, solution was removed
and DMEM/F12 medium added. Media was changed every other day. Text modified
from De Santis et al.'”

Cell proliferation staining

Live staining was performed using the Cell Proliferation Staining Reagent Deep
Red or Blue Fluorescence Cytopainter (abcam) following the manufacturer’s
instructions. Briefly, cells were incubated with the dye solution for 30 minutes,
washed with PBS three times and then mixed in bioinks prior to crosslinking. Z-
stack images were acquired using confocal microscopy (n=3/condition). Text taken
from De Santis et al.'”?

Wst-1 assay

Metabolic activity was performed using Wst-1 (ab155902, Abcam, Cambridge, UK)
following the manufacturer’s instructions. Briefly, 20 puL of reconstituted Wst-1
reagent was added in 180 pL of media to 96 well plates containing cell laden
hydrogels and incubated for 30 minutes at 37 °C, 5% CO2. The absorbance was
then measured at 490 nm using a PHERAstar FS spectrophotometer (BMG
LABTECH). Text taken from De Santis et al.'*®

Rheometry

Rheological measurements were carried out by using a stress-controlled rotational
rheometer (MCR302, Anton Paar) equipped with different geometries depending on
the measured samples. Pre-hydrogel solutions (~1 ml) were loaded between a cone
and plate geometry (CP50-1) of 50 mm diameter and 1° angle for measuring their
flow curves. Hydrogels were loaded between two parallel plates (PP15) of 15 mm
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diameter and under a constant normal force and gap size, both ranging from 0.04 to
0.5 N and from 0.5 to 0.8 mm, depending on the samples, respectively.’”” Amplitude
strain sweep tests were performed at a constant frequency of 10 rad/s and strain
ranging from 0.1% to 100%.2'*?'" All the measurements were performed at 25 °C
(n=3 batches/condition). Text taken from De Santis et al.'>

Cell sedimentation assay

Cell sedimentation within the different bioinks was assessed using a previously
published assay.''® A549 cells were labeled with Cell Proliferation Staining Reagent
Deep Red Fluorescence Cytopainter (ab176736, abcam) for 20 minutes following
the manufacturer’s instructions and mixed to 1 million cells/mL in the different
bioinks or DMEM/F12 media and murine ECM solution as controls. 70 uL. cuvettes
(BrandTech, 759220) were then filled with cell-laden bioinks, closed with parafilm
and incubated at 37 °C, 5% CO2 for 1 or 6 h. Samples were rotated 90° immediately
prior to imaging using confocal microscopy along the entire height of the cuvette
chamber (5 mm). Images were stitched together and divided into four vertical
sections of equal size. Cells in each section were counted using Imagel/Fiji v1.52p
(Wayne Rasband, NIH, USA) and the cell sedimentation coefficient calculated as
previously published (n=3 technical replicates/condition).''® Text taken from De
Santis et al.'”

Electron microscopy imaging

Scanning electron microscopy (SEM)

Alginate or TECM hydrogels (without cells) were lyophilized without further
crosslinking to preferentially preserve alginate networks (LABCONCO freeze
drier). Samples were sputter coated with gold (with 40 mA current for 120 s)
(Cressington, Watford, U.K) before being mounted and examined in a Jeol JSM-
7800F FEG-SEM. For experiments where cells were seeded on top of hydrogels,
samples were fixed in glutaraldehyde while in the coated inserts, followed by graded
series of ethanol dehydration and critical point drying. Samples were sputter-coated
with gold-palladium (with 40 mA current for 120 s) (Cressington, Watford, U.K)
before being mounted and examined in a Jeol JSM-7800F FEG-SEM
(n=3/condition). Text taken from De Santis et al.'*
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Transmission electron microscopy

Alginate and rECM samples were fixed using 2% paraformaldehyde and 2%
glutaraldehyde in 0.1 m Sorensen phosphate buffer for 24 hours and then washed in
Sorensen buffer. Next samples were post-fixed in 1% osmium tetroxide, acetone
dehydrated and finally, embedded in Polybed 812 epoxy resin. Ultrathin sections
were cut using a Leica EM UC7 and mounted on Maxtaform H5 copper grids. The
mounted sections were stained with 2% uranyl acetate and 1% lead citrate and
imaged in a FEI Tecnai BioTwin 120 kV microscope.

FRESH printing

FRESH printing was performed as described previously’® with modifications.
Briefly, a Replicator 2X Experimental 3D Printer (845-9567, MakerBot) was
modified by replacing the plastic filament extruder with a 3D-printed syringe-based
extruder. Bioprinting of individual bioinks (i.e. single extrusion) was done using the
earlier model of the syringe extruder (3DPX-002102, NIH 3D Print Exchange),
whereas bioprinting of two cell types was done with an updated model (Replistruder
v3.0, YouMagine.com). A 2.5 mL Hamilton GASTIGHT 1000 series Syringe
(26209, Sigma) was mounted to the 3D-printed extruder equipped with a modified
27G needle (BD Microlance™). Pre-gel solutions were extruded into a 4°C cold 6%
gelatin slurry containing 20 mM CaCl2 prepared as previously described5. All 3D
models were designed using Blender v2.79 (www.blender.org). STL files were
exported from blender and post-processed using KISSlicer (www.kisslicer.com/) to
generate the G-code at 50 um-thick layers. Replicator G (replicat.org) or
Simplify3D (www.simplify3d.com/) software were used to communicate the G-
code to printer.

For single extrusion experiments, cells were fluorescently labelled with Cell
Proliferation Staining Reagent Deep Red Fluorescence Cytopainter (Abcam)
following the manufacturer’s instructions. The bioinks were prepared by mixing the
stained cells with 2 wt% alginate, mouse-hybrid, or human-hybrid solutions at a
concentration of 10° cells/mL. Single extrusion was performed at approximately
0.14 pl/second and thermal imaging was done to monitor the 3D bioprinting process
using a FLIR thermal camera (FLIR A655sc 25°, FLIR). For dual extrusion
experiments, HBECs and HLSMCs were labelled respectively with Cell
Proliferation Staining Reagent Blue and Deep Red Fluorescence Cytopainter
(abcam) as above. Each bioink was separately prepared by mixing the stained cells
with 2 wt% alginate or human-hybrid solutions at a concentration of 10° cells/mL
for HLSMCs and 3x10° cells/mL for HBECs. 3D bioprinting of dual extrusion was
done at a speed of 0.17 upl/second. Bioprinted 3D constructs remained in gelatin
slurry, prepared as previously described5, to crosslink for 30 minutes. The gelatin
slurry was then dissolved at 37 °C. The 3D bioprinted airways (single or dual
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extrusion) were maintained in a 24 well, 0.4 um pore size, transwell plates (Corning
Costar). Constructs were lifted to ALI after 7 days and supplemented with ALI basal
media (PneumaCult) for 28 days with media changes every other day. Airway cross-
sections were imaged using confocal microscopy (n=3 patients/condition). Text
taken from De Santis et al.'”

Figure 21 3D rendering of bioprinted constructs

(Left) Digital rendering of bioprinted single extrusion tube and branching structure and double extrusion tube. (Right)
Trace of extrusion movement shown in blue for single extrusion and in red and blue for double extrusion. Figure and
text taken from De Santis et al, 2020 with permission.'®?
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Figure 22 Bioprinted constructs lifted to Air Liquid Interface (ALI)

Dual extrusion bioprinted constructs are placed in inserts with PneumaCult Expansion Plus media supplemented both
in the inner and outer chamber. After 7 days of culture the bioprinted constructs are lifted to ALI with PneumaCult ALI
media supplemented only in the outer chamber. The bioprinted airways were kept in culture for 28 days with media
changes every other day. Figure and text taken from De Santis et al, 2020 with permission.'®?

3D bioprinting simulations

Shear stress profiles during 3D printing were estimated by performing fluid
dynamics simulations using the finite element method with COMSOL
Multiphysics® 5.5 to model extrusion through the syringe. The system geometry
was constructed as a 3.5 cm long needle (ID = 0.34 mm) and 3.5 cm of the syringe
(ID = 7.35 mm) in polar coordinates (axisymmetric). To determine the velocity
profiles, the Navier-Stokes equations were solved with a P2-P1 Lagrange elements
(2nd order for velocity, 1st order for pressure). Simulations considered an inelastic
response of the bioinks and used experimentally determined effective viscosity
versus shear rate data as an input for rECM bioinks with a polynomial interpolation
due to the complex rheological behaviour while for alginate a power-law expression
was found to be suitable to describe the data. The mesh consisted of 200,000
quadrilateral elements after successive refinement.

pii- Vi = —Vp + V- u([(V) + (Vi))']

where p is the fluid density (kg/m3), u ~ is the velocity vector (m s-1), p is the
pressure (Pa), u(y ) is the shear rate dependent effective viscosity (Pa‘s) and v "is the
shear rate (1 s-1). The shear rate was estimated using the following equation:

7 = V2S:S where S = %[(Vﬁ’) + (Vi)

with a minimum value of 0.005 1 s-1 used for assessing viscosity, corresponding to
the minimum value measured during rheological characterization of the inks.
The magnitude of the local average shear-stress was then determined by:

T=u@)y
Text taken from De Santis et al.!”
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Live Dead staining

Staining of live and dead bioprinted HBECs occurred directly after bioprinting into
disk shapes (2: 6mm, h:2mm, print speed: 0.18 uL s-1), from bioinks containing 1
million cells mL-1. Calcein-AM (0.33 uM) (Sigma Aldrich) was used for live
staining and propidium iodide (1 pg mL-1) (Sigma Aldrich) was used for dead
staining. 3 images per sample (3 samples per condition) were obtained using
confocal microscopy. The number of live/dead cells in each image was quantified
using ImagelJ/Fiji v1.52p (Wayne Rasband, NIH, USA)). Text modified from De
Santis et al.'”

Chick chorioallantoic membrane (CAM) assay

Fertilized eggs from Lohmann Brown chicken were commercially purchased and
incubated in a BINDER incubator at 37.5 °C with constant humidity. A small
window in the shell was opened on embryonic day 3 (E3) under aseptic conditions.
The window was resealed with adhesive tape and eggs were returned to the
incubator. On day E6, 10 pL of hydrogels (alginate, hybrid hydrogel and BME
(Cultrex®)) or parafilm were placed on top of the CAM. Eggs were resealed and
returned to the incubator. On day E8, Ringer’s salt solution was added on top of the
CAM to prevent dehydration. Pictures were taken with a brightfield microscope
(LEICA S9i) on E6 and E10 and analysed with Imagel/Fiji v1.52p (Wayne Rasband,
NIH, USA)) by three independent investigators in a blinded fashion (n=7-11/
condition). Text taken from De Santis et al.'

Chick embryonic days
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375°C windowed added of assay
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Figure 23 Chick chorioallantoic membrane (CAM) assay (taken from De Santis et al, 2020 with permission).'®?
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Subcutaneous Implantations

Alginate and mouse rECM disks (2: 6mm, h:2mm, print speed: 0.18 pL s-1) were
3D printed as described above and subcutaneously implanted (6 disks/mouse) into
FoxN1 KO BALB/C background nude mice (animal ethics approval number:
M15485-18). Macrophage response on day 7 was assessed using flow cytometry
(LSRII/FORTESA) for the following markers: CD45+, CD11b+, F4/80+, CD11c+/-
, CD206+/- by pooling 3 constructs/condition from one mouse together and
dissociating with EDTA (50 mM) (n=10 mice/condition). Cell concentrations were
then measured using an automatic cell counter (Countess™ II FL Automated Cell
Counter, Invitrogen) followed by 1-hour incubation with primary antibodies. M1
macrophages were defined by CD45+, CDI11b+, F4/80+ and CDllc+. M2
macrophages were defined by CD45+, CD11b+, F4/80+, CD11c- and CD206+. M0
(non-polarized) macrophages were defined by CD45+, CD11b+, F4/80+ and
CDl1c-. Details of antibodies used can be found in Table 1. Implanted hydrogels
on day 28 were explanted and fixed with 10% formalin for 4 hours (n=3
mice/condition). Text taken from De Santis et al.'
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SSC-A FSC-A F4/80 CD206

Figure 25 Flow cytometry gating strategy illustrating macrophage phenotyping (taken from De Santis et al, 2020
with permission).'®
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Table 3. Flow cytometry antibodies for subcutaneous implantations (taken from De Santis et al, 2020 with
permission).'%?

Antibody Cells Dilution Reference
Biolegend
CD11b Type | Macrophages, 1:75 101262
Monocytes,

Dendritic cells,
Granulocytes

CD11c Dendritic cells, Natural 1:100 117318
Killer cells

CD206 Type Il Macrophages 1:125 141712

CD45 Natural Killer cells, 1:200 147706

White Blood cells

F4/80 Dendritic cells, Type | 1:100 123110
and Il Macrophages

Light-Sheet microscopy

Subcutaneously implanted hydrogels were processed using the iDISCO protocol as
previously described.?'? Briefly, samples were washed with PBS and fixed at room
temperature (RT) with 10% formalin for 1 hour. After extensive washing with PBS,
the samples were dehydrated in a methanol/PBS series (20%, 40%, 60%, 80%,
100%, 100% for 1hr each), incubated in 66% dichloromethane / 33% Methanol for
3 hours, 100% dichloromethane for 30 minutes and in DiBenzyl Ether until before
imaging. The samples were imaged submerged in dibenzyl ether using an Ultra
Microscope II (LaVision Biotec) equipped with a 4x dipping objective
(excitation/emission: 488/525 nm). 3D renditions and movies were created with
Arivis Vision 4 D 3.1 (Arivis AG). Text taken from De Santis et al.'”

Before clearing After clearing

Figure 26 Optical clearing of alginate hydrogels
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Human bronchial epithelial cells

HBEC:s isolation

Human bronchial epithelial cells (HBECs) were isolated from discarded surgical
waste from the bronchial anastomosis of donor lungs (Lund Dnr 2017/396). The
average age of the patients was 45, with two females and one male. Bronchi were
dissected from the surrounding tissue and trimmed into smaller (1-2 cm2) pieces
and immersed in PBS with the addition of 200 mg/L. streptomycin, 200 U/mL
penicillin, 5 pg/mL. Amphotericin B and 100 pg/mL Gentamicin. Airway pieces
were then incubated in 0.1% protease-DMEM/F12 media overnight at 4 °C and at
37 °C for 1 hour. Cells were isolated from the lumen by rinsing with DMEM/F12
media supplemented with 10% FBS and by rubbing gently on the walls with a
pipette tip. The cell pellet was treated with DNase for 30 minutes at 37 °C, filtered
through a 100 um cell strainer and seeded in collagen I coated T75 flasks (~ 2
million cells/flask) for expansion with PneumaCult Expansion plus basal media
supplemented with 0.1 pg/mL hydrocortisone, 100 mg/L streptomycin, 100 U/mL
penicillin, 2.50 pg/mL Amphotericin B and 50 pg/mL Gentamicin. Expansion
media was changed every other day. Text taken from De Santis et al.'”?

Dissociation
Digestion

b —4

Human lung tissue  Bronchus Expansion medium

Figure 27 Human Bronchial Epithelial Cell (HBECs) isolation and expansion

HBECs were isolated from discarded surgical waste of healthy human bronchi using both mechanic and enzymatic
digestion. The resulting cells were expanded with PneumaCult Expansion Plus media and then stored in liquid nitrogen
at low passages (P1/P2). Figure and text taken from De Santis et al, 2020 with permission.'%

HBECs ALI culture and seeding onto hydrogels

~ 80% confluent HBECs were lifted from the flasks and seeded onto alginate, hybrid
or PureCol (consisting of collagen I and III coated) 24 well, 0.4 um pore size,
transwell plates (Corning Costar) at a 100’000 cells/ insert. Cells were expanded
with the antibiotic and hydrocortisone supplemented PneumaCult Expansion plus
basal media until a confluent pseudostratified layer was formed and then lifted to
ALI culture using 0.2 pg/mL heparin, 0.5 pg/mL hydrocortisone and antibiotic (100
mg/L streptomycin, 100 U/mL penicillin, 2.50 pg/mL Amphotericin B and 50
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pg/mL Gentamicin) supplemented PneumaCult ALI basal media up to 35 days. ALI
media was changed every other day. Hydrogel coated inserts were fixed on day 28
with 10% formalin for 1 hour at RT (n=3 patients/condition). Text modified from
De Santis et al.'”®

( 2 E ( [cee E. ce) Histology,
ceccce! —llccccce| — 9PCR,
Q0000a 0000¢ SEM
Hydrogel HBECs
coating of seeding + AL

inserts culture

Figure 28 HBECs seeding on hydrogel coated inserts

Hydrogel coated inserts were seeded with HBECs at a 100’000 cell/insert concentration and expanded for 7 days with
PneumaCult Expansion plus basal media. Once, a confluent pseudostratified layer was formed, the cells in the inserts
were lifted to ALI.HBECs were kept in ALI culture for 35 days with media changes every other day and then processed
for histology, RNA and electron microscopy analysis. Figure and text taken from De Santis et al, 2020 with permission. '3

Real-time RT-qPCR

RNA was extracted from snap-frozen hydrogels using 50 mM EDTA
homogenization, TRIzol and chloroform extraction, following with RNeasy Micro
Kit (Qiagen). The RNA was reverse-transcribed to cDNA using iScript™ Reverse
Transcription Supermix (BioRad), and then run in duplicate on a BioRad CFX96TM
Real-Time system. For HBECs the relative expression of CC10, KRTS5, KRT14,
MUCSAC and MUCS5B was calculated as 2"—ACt, with ACt calculated by
subtracting the average Ct of RPLPO gene as a housekeeping control from the
experimental sample Ct (n=3 patients/condition (P1, P2, P3). For subcutaneously
implanted hydrogels the relative expression of Arginase, IL10 and CD31 was
calculated as 2"—ACt, with ACt calculated by subtracting the average Ct of HPRT
gene as a housekeeping control from the experimental sample Ct (n=3-5/group).

Text taken from De Santis et al.!”?

Histology

Alginate and hybrid samples were washed in PBS three times and OCT embedded
in order to facilitate processing of 5 um thin cryocuts, mounted on glass microscopic
slides, for histological and immunofluorescence staining. H&E, Masson’s
Trichrome and Alizarin Red stainings were performed using standard methods?'>*!*
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and images were acquired on a Nikon H600L brightfield microscope. For
immunofluorescence stainings, cryocuts were washed with PBS before being
blocked for 1 hour with 5 wt% bovine serum albumin (Sigma) in PBS, and incubated
with primary antibody overnight at 4 °C (Table 3) After incubation with an
appropriate secondary antibody for 1 hour, images were acquired on a Nikon A1+
confocal system at Lund University Bioimaging center. Text modified from De
Santis et al.'”

Table 4. Primary antibodies for immunofluorescence

Antibody Dilution Reference Company
Acetyl-a-tubulin 1:800 5335S Cell Signaling
Arginase 1:50 ab60176 Abcam
CD3 1:100 ab5690 Abcam
CD4 1:100 ab203034 Abcam
CD68 1:50 ab31630 Abcam
iNOS 1:100 ab115819 Abcam
KRT5 1:400 ab52635 Abcam
Muc5ac 1:500 ab3649 Abcam
p63 1:300 ab124762 Abcam

Statistical analysis

Student t- tests were performed to compare the means of two normally distributed
groups (alginate and rECM). Paired student t-test was performed to compare the
means of alginate and rECM when the measurements were done using the same
batch of alginate and the same cell passage number. One-way ANOVA was
performed to test for statistical significance between the means of three or more
normally distributed groups with a post hoc Tukey’s multiple comparison test.
Wilcoxon signed rank tests were used to assess significance between two non-
normally distributed groups. In the case of graphs showing growth rates in
percentages, we tested the difference in mean between the conditions. All graphs
show the mean and + standard deviation (SD). Statistics were performed and graphs
generated using GraphPad Prism 7 (GraphPad Software). P-values < 0.05 are
represented with (*), p-values < 0.01 with (**), p-values < 0.001 with (***) and p-
values < 0.0001 with (****) Text taken from De Santis et al.'”*
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