Macrophage mechanosensing
during their pro-inflammatory response

Dissertation

zur Erlangung des akademischen Grades
Doctor rerum naturalium

(Dr. rer. nat.)

Vorgelegt
der Fakultit Mathematik und Naturwissenschaften

der Technischen Universitit Dresden

von

Joan Carles Escolano Caselles

geboren am 04.06.1991 in Mollerussa, Spanien.

Eingereicht im August 2021



Thesis Betreuer: Prof. Dr. Jochen Guck
1. Gutachter: Prof. Dr. Michael Schlierf

2. Gutachter: Prof. Dr. Clare Bryant









“Si vols que surti el sol, abans shaura de fer de nit”

Mishima

Dedicated to all the past, present and future scientists;

for keeping up their hard work despite all the failures.






VIl

Summary

Macrophages are innate immune cells responsible for engulfing microbes and cell debris
through phagocytosis and orchestrating immune responses to maintain homeostasis. While
conducting immune surveillance over all types of organs and tissues, macrophages face inherently
heterogeneous microenvironments with unique biophysical features. For instance, microglia
residing in the brain, Kupffer cells living in the skin and bone osteoclasts are exposed to very
distinct tissue stiffnesses. Despite the research done in the last decade clearly indicates that
macrophages are sensitive to physical factors, how mechanical cues modulate their inflammatory

response remains poorly understood.

The present study aims at investigating how microenvironment stiffness influences the pro-
inflammatory behaviour of macrophages. Besides characterising the regulatory effect on pro-
inflammatory gene expression and cytokine production, this work examines the impact of

stiffness on the inflammasome, one of the main macrophage signalling platforms.

For this, an in vitro system based in 2D polyacrylamide hydrogels whose stiffness can be
independently tuned was established. Using substrates with an elastic moduli between 0.2 and
33.1 kPa, bone marrow-derived macrophages adopted a less spread and rounder morphology on
compliant compared to stiff polyacrylamide. Upon priming with lipopolysaccharide, the
expression levels of the gene encoding for TNF-o were higher on more compliant hydrogels, yet
there were no significant differences in the expression of other major pro-inflammatory genes.
Additionally stimulating macrophages with the ionophore nigericin revealed higher secreted
protein levels of IL-1p and IL-6 on compliant substrates. Interestingly, macrophages challenged
on compliant polyacrylamide also displayed an enhanced formation of the NLRP3 inflammasome
as well as increased levels of pyroptotic cell death. The upregulation of inflammasome assembly
on compliant hydrogels was not primarily attributed to the reduced cell spreading, since spatially
confining cells on micropatterns led to a decrease of inflammasome-positive cells compared to
well-spread cells. Finally, interfering with actomyosin contractility diminished the differences in

inflammasome formation between compliant and stiff substrates.

In summary, these results show that substrate stiffness affects the pro-inflammatory response
of macrophages and for the first time describe that the NLRP3 inflammasome is one of the
signalling components affected by stiffness mechanosensing. The work presented here expands
our understanding of how microenvironment stiffness affects macrophage behaviour and which
elements of their machinery might contribute to integrate mechanical cues into the regulation of
their inflammatory functions. The onset of pathological processes or the implant of foreign bodies
represent immune challenges in which macrophages can face a mechanically changing
environment. Therefore, a better insight on how macrophages detect and process biophysical

signals could potentially provide a basis for new strategies to modulate inflammatory responses.
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Kurzfassung

Als Teil des angeborenen Immunsystems sind Makrophagen dafiir verantwortlich Pathogene
und Zellriickstinde durch Phagozytose zu beseitigen. Sie orchestrieren Immunantworten um
homoostatische Bedingungen von Organen und Geweben aufrechtzuerhalten. Dabei sind sie
extrem heterogenen Mikroumgebungen ausgesetzt, welche sich jeweils durch eine einzigartige
Kombination von (bio)chemischen und mechanischen Eigenschaften, vor allem
Gewebesteifigkeiten, auszeichnen. Dies veranschaulichen beispielsweise im Gehirn residierende
Mikroglia, Kupffer-Zellen in der Haut und Osteoklasten in Knochen. Obwohl diverse Studien aus
dem letzten Jahrzehnt eindeutig zeigen, dass Makrophagen auf mechanische Signale reagieren, ist
der zugrunde liegende Mechanismus, wie diese Signale eine Entziindungsreaktion modulieren,

noch immer unzureichend verstanden.

Die vorliegende Studie beinhaltet die systematische Untersuchung, wie die Steifigkeit der
Mikroumgebung das proinflammatorische Verhalten von Makrophagen beeinflusst. Neben der
Charakterisierung der regulatorischen Wirkung auf die proinflammatorische Genexpression und
Zytokinproduktion untersucht diese Arbeit auch den Einfluss der Steifigkeit auf das

Inflammasom; eine der wichtigsten Signalplattformen fiir Makrophagen.

Zu diesem Zweck wurde zunichst ein Zellkultursystem mit 2D-Polyacrylamid-Hydrogelen als
Zellsubstrat entwickelt, bei dem das Elastizititsmodul der Gelsubstrate gezielt eingestellt werden
kann. Unter Verwendung von Substraten mit einem Elastizititsmodul zwischen 0,2 kPa und 33,1
kPa zeigt die mikroskopische Analyse, dass aus Knochenmark stammende Makrophagen im
Vergleich zu steifem Polyacrylamid eine weniger ausgebreitete und rundere Morphologie
annehmen. Nach dem Primen mit Lipopolysaccharid waren die Expressionsniveaus des Gens, das
fir TNF-a kodiert, auf deformierbareren Hydrogelen hoher, jedoch gab es keine signifikanten
Unterschiede in der Expression anderer wichtiger pro-inflammatorischer Gene. Eine zusitzliche
Stimulierung von Makrophagen mit dem lonophor Nigericin bewirkte hohere sekretierte
Proteinspiegel von IL-13 und IL-6 auf deformierbaren Substraten. Makrophagen, die
deformierbarem Polyacrylamid ausgesetzt waren, zeigten auch eine verstirkte Bildung des
NLRP3-Inflammasoms sowie ein erhohtes Ausmafl an pyroptotischem Zelltod. Die
Hochregulierung der Inflammasom-Assemblierung auf deformierbaren Hydrogelen wurde nicht
primidr auf die reduzierte Zellausbreitung zuriickgefithrt, da rdumlich begrenzte Zellen auf
Mikromustern zu einer Abnahme von Inflaimmasom-positiven Zellen im Vergleich zu stark
ausgebreiteten Zellen fiihrten. Schlieflich verringerte eine Storung der Aktomyosin-
Kontraktilitit die Unterschiede in der Inflammasombildung zwischen deformierbaren und steifen

Substraten.
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Zusammenfassend zeigen diese Ergebnisse, dass die Substratsteifigkeit die
proinflammatorische Reaktion von Makrophagen beeinflusst und beschreiben erstmalig, dass das
NLRP3-Inflammasom eine der Signalkomponenten ist, die von der zelluliren
Steifheitswahrnehmung beeinflusst werden. Die hier vorgestellte Arbeit erweitert unser
Verstindnis davon, wie die Steifigkeit der Mikroumgebung das Verhalten von Makrophagen
beeinflusst und welche Elemente ihrer Maschinerie dazu beitragen konnten mechanische Signale
in die Regulierung ihrer Entziindungsfunktionen zu integrieren. Das Einsetzen pathologischer
Prozesse oder die Implantation von Fremdkorpern stellen Immunherausforderungen dar, bei
denen Makrophagen einer sich mechanisch verindernden Umgebung ausgesetzt sein konnen.
Daher konnte ein besserer Einblick in die Art und Weise, wie Makrophagen biophysikalische
Signale erkennen und verarbeiten, moglicherweise eine Grundlage fiir neue Strategien zur

Modulation von Entziindungsreaktionen bieten.






XI

Contents
INTRODUCGTION ettt e et st st e e et st s e eaeea e e eansanens 1
b 1Y Yol Y] Y=o o= | I 011 Lo Y=V 1
1.1.1 The origin of MACrOPNAZES c.ccceeeeeeeeeeeeeeeeeeeeeeeee e, 1
1.1.2 The macrophage: a swiss army KNife ... 3
1.1.3 The macrophage pro-inflammatory reSPONSE ........eiiiiieciiiiieeee e e e 4
1.2 Immunobiophysics: the force of the immune system.......ccccceeiiiiiiiiiiiiiiiiiirrcrcccccccceceecee e, 10
1.2.1 Exertion of immune Cell fOrCES ...cocuuiiiiiriiiiiieeeeee e 10
1.2.2 Immune cell MeChanNOSENSING......cooiviiiiiii 13
1.3 Cellular mechanosensing and mechanotransduction.........cccccveeiiiiiiiiiieieeiieincciinneeeeeeeeeeenns 15
1.3.1 Cell adhesions to the extracellular MatriX......ccccoeviiiieeiiiiiiiiee e 15
1.3.2 Nuclear mechanotransdUCioN .........oiieciiiiiiciiie e e 19
1.3.3 Membrane mechanosensing elements........ccccuviiiiiiiiiiciiiiiieee e e 22
1.4 Macrophage MeChaNOSENSING ... .ccciiiiiiriieieceeeeereeerereeereeereeeeeeeeeeese s s sensnsssssnssssssnnsnnnnnnnnnnnn 25
AIMS AND SCOPE OF THE THESIS....coiuniiiiiiiiii it 27
RE S U LT S e ettt ettt st e ettt et saea e e sansaaeaeensensans 29

3.1.1 BMDMs adhere and can be cultured on polyacrylamide hydrogels......ccccooeeeeeeeieennnn... 29
3.1.2 Macrophage morphology is influenced by substrate stiffness.....c.ccoeeeeeeeeeeeieeiieieeeeennnn. 32
3.1.3 PEG-Hep hydrogels induce similar morphological differences as PAA substrates but do
not constitute a suitable macrophage culture platform .......ccccvevevvevveeviiieieeriirereeeeereeen, 34

3.1.4 Substrate stiffness affects membrane architecture..........ccoccoviiiniiiiniiiniiine, 36
3.2 Impact of substrate stiffness on the pro-inflammatory response of macrophages............. 38

3.2.1 The morphol. differences induced by different stiffness persist after macrophage
[T 1411 o ¥ =Rt 38

3.2.2 Tuning substrate stiffness does not cause major changes in the expression of pro-
INFlAMMATOIY SENES cooiiiieeee ettt e e e e e e et b e e e e e e eeeeasbaaaeeeeeeennnsens 39

3.2.3 Lower substrate stiffness upregulates the secretion of the cytokines IL-6 and IL-1B.40

3.2.4 Stiffer substrates diminish macrophage pyroptotic cell death............ccccoeiiienininin. 42
3.2.5 Compliant substrates enhance NLRP3 inflammasome formation........cccceeeeeeeeieieeeennnnn. 43
3.3 Investigation of macrophage mechanotransducing elements ........cccccoeeevvnniiiiiiiiciiiineeeeennn. 46

3.3.1 Limiting cell spreading alone does not recapitulate the effects induced by stiffness on
iNflammasome fOrmMation .........ooi it eeerr e e e e e e aanns 46

3.3.2 Actomyosin contractility may play a role in transducing the mechanical cues given by
SUDSEIAte STIFFNESS wevieiiiiieee et e et e e e e e e e e eatrbree e e e e eenannns 48



XII

DISCUSSION AND CONGCLUSIONS ..ottt tetetetete e s e seseeesaseaaaaanans 51
4.1 Compliant substrates enhance the macrophage pro-inflammatory response........................ 51
4.2 Substrate stiffness influences the formation of the NLRP3 inflammasome.......................... 54

4.3 Exclusively altering cell spreading does not explain the differences induced by substrate

S T NS ettt s st st st s e e et e sreeeane 55
4.4 Actomyosin contractility as a potential macrophage mechanotransducer element.............. 56
4.5 Potential impact of the study in the context of canCer........vviiiiiiiiiiiii 59
4.6 Potential impact of the study in the context of implant design .......cooovvvveeviiiiiiiiiiiii. 60
4.7 Conclusions Of the STUAY ......eeeeeeiiiiiieeeeeeeeeeeeee 62

MATERIALS AND METHODS ..ot ettt et ee e st et e et e e eeeennenne 63
5.1 Production of polyacrylamide (PAA) hydrogels......ccoouuueeiiiiiiiiiieeeee e 63
5.2 Production of polyethylenglycol-heparin (PEG-Hep) hydrogels.........cccccooeviiieeiiiiiecciincennee. 64
5.3 Mechanical characterisation of hydrogels and macrophages .....ccceeeeeeeeeeeeeeeeeeeeeeececeeeceeeenee 66
5.4 Isolation and culture of bone marrow-derived macrophages (BMDMS) .........ccccceeeeurenennnee. 67
5.5 Fluorescence coONfOCal MICIOSCOPY .ueieeeeeeiieeeieeieeeeeeeeeecee e nannen 70
5.6 Scanning electron microscopy (SEM) .......ooi it et 73
5.7 Gene expression analysis using quantitative real-time PCR (QRT-PCR).....cccccceeevveecvveeenneenn. 73
5.8 Cytokine quUantifiCation GSSay S ..o nnanen 74
I Or=Y | IV =Y oY1 L1 V2= T33-SR 75
5.10 Culture of BMDMS 0N MiCroPatterns ... ..o 75
5.11 Optical diffraction tomography (ODT) ....cocuiiiiiiiiee et et 76
5.12 Statistical analysis and data visualisSation ......cooeeeeeeeeeeeeeeeeeecec e 77

APPENDIX ettt ettt e e e et st et e e e ane e 79

LIST OF ACRONYMS AND ABBREVIATIONS ..ot 84

LIST OF FIGURES ..ottt ettt ettt e et e e s e s e eaas 87

BIBLIOGRAPHY ...ttt ettt e ee st e e s e e e s e saneaes 89

ACKNOWLEDGEMENTS ...t a e 115



XIII




XIv




INTRODUCTION

1.1 Macrophage cell biology

1.1.1 The origin of macrophages

On Christmas 1882, in a family house located in the Sicilian city of Messina, a 37-year-old
zoologist plucked some thorns from a tangerine tree and introduced them under the skin of
starfish larvae. The next day, looking at the transparent specimen through his microscope, he
observed that a bunch of motile cells had surrounded the foreign material. This landmark
experiment, together with previous observations on nutrient uptake by the same cells, enabled
Elie Metchnikoff to establish the concept of “phagocytosis”, a term derived from the Greek phago
(to devour) and cytos (cell) . During the following years
he documented the presence of phagocytes in vertebrates, differentiated between macrophages
and microphages (polymorphonuclear leukocytes), and studied their function in several infectious
diseases , further developing the idea of phagocytosis as
a defence mechanism of the organism against external pathogens and dead cells. These discoveries
granted Metchnikoff a visit to Stockholm in 1908 to receive the Nobel Prize together with Paul

Ehrlich, who are considered the “fathers of cellular and humoral immunity”, respectively

By now it is well established that macrophages are heterogeneous cells widely distributed
across all kinds of organs, taking specific names in some of the tissues where they reside. This is
the case of microglia (central nervous system, CNS), alveolar macrophages (lung), Kupffer cells
(liver), osteoclasts (bone), Langerhans cells (skin) and histiocytes (spleen and connective tissue)

. Besides the different stimuli they might receive during
their lifetime, it is important to note that the specific anatomical site macrophages reside in also

conditions their gene expression and functional profiles

Being cells that conduct immune surveillance and that are constantly exposed to perturbations
from their microenvironment, macrophages need to be frequently replaced. Research done in the
last years has provided a more complete view of their origin and maintenance (see Fig. 1.1). For
decades, the prevailing dogma was that tissue-resident macrophages were only repopulated from
monocytes circulating in peripheral blood
Monocytes originate from progenitors in the bone marrow, where haematopoietic stem cells

(HSCs) go through a series of intermediate differentiation steps of myeloid cells and generate



promonocytes that fully maturate once released into the bloodstream. Circulating monocytes can
then either migrate into tissues and finally differentiate into resident macrophages or enter
apoptosis 1-2 days after their production if unused . This generation
process is especially relevant to replenish the pools of tissue-resident macrophages under
inflammatory settings. Nevertheless, during homeostatic conditions, monocyte-derived
macrophages only contribute to populate certain locations, such as the intestine and the dermis,
suggesting the existence of additional sources of macrophages. As proved by recent advances, in
many other sites resident macrophages are developed before birth and initially originate from
embryonic progenitors, mostly from early yolk sac progenitors and in some cases from foetal liver
HSCs. This is for example the case of microglia and alveolar macrophages

. Moreover, during adulthood,
these local macrophages keep some self-renewal capacity, enabling to maintain their numbers
during steady-state conditions and also contributing to cell expansion during situations of

infection and inflammation
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Figure 1.1 | Macrophage origin and self-renewal.

Tissue-resident macrophages can arise from early embryonic progenitors in the yolk sac or sometimes even from HSCs of
foetal liver origin. Once the organism is developed, haematopoiesis shifts to the bone marrow, where HSCs can
differentiate into blood-circulating monocytes. Upon certain stimuli, monocytes migrate into tissues and maturate into
macrophages. Whether resident macrophages originate from monocytes or not is highly dependent on the type of tissue
(their relative contribution to the resident cell pool is indicated in the figure in increasing order from top to bottom).
Moreover, resident macrophages also have self-renewal capacities, which are lower during homeostasis and higher during
development, depletion or stimulatory challenges. GMP, granulocyte-macrophage progenitor; MDP, macrophage-dendritic
progenitor; LC, Langerhans cells; RP, red pulp; LP, lamina propria. Figure adapted from
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1.1.2 The macrophage: a Swiss army knife

The innate immune system represents the first line of defence of our organism against invading
pathogens and internal threats. Upon activation of the innate immune system, its different cellular
components identify infected and damaged host cells to destroy them, initiate adaptive immune
responses tailored to the specific threat and trigger the onset of tissue repair to recover
homeostasis. Being a key component of this defensive system, macrophages are versatile cells

involved in a broad spectrum of functions.

First, macrophages are professional phagocytes: they are capable of phagocyting particles larger
than 0.5 pm with high efficiency . Phagocytosis is a process comprised of
multiple stages, which begins with the detection of the target particle. This is done via pattern
recognition receptors (PRRs), which recognise either pathogen-associated molecular patterns
(PAMPs) in the case of microbes, or damage-associated molecular patterns (DAMPs) in the case
of damaged or mutated host cells. The recognition of PAMPs or DAMPs present on the surface
of the target activate signalling pathways that promote its phagocytosis. This triggers the changes
in the membrane lipids and the reorganisation of the actin cortex, leading to an extension of the
membrane that enables the cell to start covering the particle
When this phagocytic cup fully surrounds it, the membrane protrusions fuse and the particle is
internalised, forming a specialised structure called phagosome. This so-called “early phagosome”
undergoes the fusion and fission with vesicles of the endocytic compartment that modify the
composition of the membrane, transitioning into a “late phagosome”. This organelle then fuses
with lysosomes to become a phagolysosome, a microbicidal vacuole that becomes increasingly
acidic due to the protons pumped inwards, that accumulates multiple hydrolytic enzymes such as
proteases, lipases and lysozymes, and that contains enzymes capable of producing reactive oxygen
species (ROS) and hypochlorous acid . Altogether, these different mechanisms
catalyse the degradation of the engulfed particle and help eliminating the infectious threat or cell

debris

Second, the digestion of foreign pathogens and damaged host cells done by macrophages also
confers these cells the ability to function as antigen-presenting cells (APCs). Upon destruction of
the target, macrophages can present antigens to T lymphocytes, which recognise them and
activate an adaptive immune response. Macrophages can do this presentation via their major
histocompatibility complexes (MHCs) of class I or class II, activating different T cells

. If the antigen is presented via MHC I, cytotoxic T cells (CD8" Tk) are activated,
whose function is to directly contact and eliminate infected and cancerous cells. If it is done via

MHC 1I, the receptors of T helper cells (CD4" Ty) engage, leading to the release of different



cytokines that will promote the activation of other immune cells

The third role played by macrophages is being one of the main coordinators of the
inflammatory response. They participate in all phases of inflammation, from its initiation to its
peak as well as during its resolution to recover tissue homeostasis. Depending on the input signals
given by the microenvironment of the injured tissue, macrophages can polarise towards pro- or
anti-inflammatory phenotypes, with distinct surface markers and gene expression profiles

. On the one side, certain antigens
and cytokines cause naive (MO) macrophages to differentiate into the “classically activated” or M1
phenotype, which promote an inflammatory response that leads to the destruction of
microorganisms or cancerous cells. These macrophages secrete chemokines that recruit additional
immune cells as well as release other pro-inflammatory cytokines and factors such as IL-6, IL-1p,
TNF-a or inducible nitrogen oxide synthase (iNOS) . On the other
side, different signals trigger the adoption of an immunosuppressive state called “alternatively
activated” or M2 phenotype. These macrophages produce anti-inflammatory proteins like
arginase-1, IL-4, IL-10 or IL-13, which promote tissue repair and drive the re-establishment of

tissue homeostasis

Although the M1/M2 classification has been traditionally used by immunologists due to its
convenience, it is important to note that this is oversimplified since the macrophage phenotype
is not binary but actually a continuous spectrum. Furthermore, macrophages are remarkably
plastic cells and can undergo a “phenotype switch”, i.e., they can transition from one phenotype
to an other depending on the stimuli received from their microenvironment. Therefore, the
M1/M2 phenotypes only represent the extremes of the possible states macrophages can adopt

depending on the specific tissue and stimulatory conditions they are exposed to

Among the different macrophage functions introduced above, the research done in this thesis
focuses on understanding the influence of substrate stiffness on their pro-inflammatory
behaviour. The next paragraphs describe in more depth some of the most relevant signalling

events involved in this response.

1.1.3 The macrophage pro-inflammatory response

For the initial detection of their targets, macrophages take advantage of pattern-recognition

receptors (PRRs) located both within their plasma membrane and intracellularly. As mentioned
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above, these receptors recognise specific molecular signatures presented by the particles that may
pose a threat to the organism. In the case of foreign pathogens, PRRs identify their PAMPs, which
are evolutionarily conserved components of microbes usually not present in mammalian cells. To
detect host cells that have been damaged, macrophages and other innate immune cells bind to
DAMPs, endogenous molecules that are released upon cell infection as well as a consequence of
other events, such as traumas, burns or the effect of chemical toxins. Upon detection of these
PAMPs and DAMPs, macrophages activate different signalling cascades that lead to phagocytosis
onset and the regulation of gene expression programmes to promote the synthesis of

inflammatory cytokines

The inflammasome is one of the most relevant macrophage pro-inflammatory signalling
platforms. It is a cytoplasmic macromolecular complex whose ultimate function is to activate
inflammatory caspases like caspase-1, an enzyme responsible of catalysing the maturation of the
cytokines IL-1P and IL-18 and promoting a form of cell death called pyroptosis. Inflammasomes
are composed of three different types of proteins: a stimuli sensor, an adaptor protein — usually
the protein ASC (apoptosis-associated speck-like protein containing a caspase-recruitment
domain) - and an effector caspase. In order to recognise different stress-indicating molecules,
innate immune cells contain a diverse repertoire of sensor proteins that give name to the multiple

existing inflammasome types, such as NLRP1, NLRP3, NLRC4, pyrin or AIM2

Extensively studied in the last 20 years, the NLRP3 (NOD-, LRR- and pyrin domain-
containing protein 3) is one of the best characterised inflammasomes, and multiple publications
have highlighted the potential role it may play in different pathologies. As mentioned above, the
NLRP3 inflammasome mediates the response against viruses

and bacteria . One of the latest examples is
the participation of this inflammasome in the pathogenesis caused by SARS-CoV-2. It has been
shown that the viral infection of human primary monocytes in vitro causes the activation of the
inflammasome . Moreover, assembled inflammasomes
have been detected in lung tissue of patients with acute respiratory distress syndrome who died
from COVID-19 . Together with the fact that inflammasome-derived
proteins such as IL-1(3 and IL-18 are increased in severe cases of the disease, these findings support
the idea that NLRP3 inflammasome activation may be contributing to the cytokine storm and

hyper-inflammation state linked to severe COVID-19 cases



Besides participating in the response against microbes, NRLP3 has been linked to a range of
non-infectious diseases associated with chronic inflammation . Gain-of-
function mutations in NLRP3 are the cause of systemic cryopyrin-associated autoinflammaotry
diseases (CAPS), where an overproduction of proteins such as IL-1( causes several inflammatory
syndromes (see review by for further details).
Moreover, the activity of the NLRP3 inflammasome helps maintaining a low-grade chronic
inflammation state in the white adipose tissue, promoting the development of metabolic disorders
such as insulin resistance and diabetes

. And NLRP3 also becomes activated by crystals and protein aggregates.

Usually these are formed endogenously, such as monosodium urate (MSU) crystals, which cause
gout flares ; or beta-amyloid plaques, formed in Alzheimer disease

. Nevertheless, inflammasome activation can also occur upon assimilation of particles

from the environment, such as asbestos and silica crystals entering the lungs and inducing

asbestosis and silicosis, respectively . Given its association with so many

pathological processes, it is of particular interest to identify which mechanisms regulate the

formation and activation of the NLRP3 inflammasome.

The main constituting elements of the NLRP3 inflammasome are the

following:

i. The sensor — NLRP3: contains an N-terminal PYD domain that binds to the adaptor
protein, a central NACHT domain which upon activation allows the self-oligomerisation
of the protein, and C-terminal LRRs (leucine-rich repeats) that mediate the recognition of

the stimulus.

ii. The adaptor - ASC: comprises an N-terminal PYD to interact with NLRP3 and a C-

terminal CARD domain to interact with the effector caspase.

iii. The effector — Caspase-1: present in the canonical inflammasome, its inactive form pro-
caspase-1 contains an N-terminal CARD that enables the interaction with ASC, and a
central (p20) and C-terminal (p10) catalytic domains. Upon inflammasome formation,
caspase-1 self-cleaves and activates its catalytic domains, which can then start processing

their target substrates.
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The inflammasome represents a key element of the pro-inflammatory signalling network and

in order to ensure a timely and adequate response its activation is tightly controlled. For the

successful formation of the canonical NLRP3 inflammasome, two steps are usually required: 1)

priming, which induces the synthesis of some of its components; and 2) activation, where the

different proteins assemble and the effectors are activated. This 2-step model is illustrated in Fig.

1.2 and described in the following lines.

Signal 1 - Priming

Signal 2 - Activation
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Figure 1.2 | Control of NLRP3 inflammasome formation.

For the activation of this inflammasome, two steps are required. The signal 1 (left) is provided by PAMPs or cytokines,
which bind their corresponding PRRs, leading to the nuclear translocation of NFkB and the transcriptional upregulation of
different pro-inflammatory genes. Signal 2 is provided by different PAMPs and DAMPs that trigger different signalling
events, including K* efflux, Ca?* flux or the release of mithochondrial ROS and DNA. Together, priming and activation
stimuli induce the oligomerisation of the different inflammasome components into a large multi-protein complex. This
causes the activation of caspase-1, enzyme that can then catalyse the cleavage and maturation of the cytokines IL-1p and
IL-18, which are then secreted out of the cell. Caspase-1 also cleaves gasdermin D (GSDMD), which then forms pores in
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the plasma membrane, facilitating cytokine release and inducing pyroptotic cell death.



1.1.3.1 Priming of the NLRP3 inflammasome

The main purpose of this step (signal 1) is to enhance the production of the inflammasome
component NLRP3 as well as the expression of some of the main inflammasome substrates: the

cytokine immature forms pro-IL-1f and pro-IL18.

Various PAMPs (e.g. LPS, CpG oligonucleotides) and certain cytokines (TNF-a, type I IFN,
IL-1B) represent stimuli that, upon recognition by their respective membrane receptors, can
trigger the priming of NLRP3

. Among them, lipopolysaccharide (LPS) remains one of the most
commonly used ligands to license this inflammasome and promote pro-IL-1f production, and it

has been the priming molecule used along all the experiments performed in this dissertation.

LPS is a cell wall component of gram-negative bacteria that can be recognised by the toll-like
receptor 4 (TLR4) present on the surface of macrophages. Preceded by the assistance of the
proteins LBP and CD14, the complex formed by TLR4 and its partner MD-2 detects the presence
of LPS . This event promotes the homodimerisation of TLR4
molecules, triggering conformational changes in the intracellular side of the receptor that activate
two important signalling pathways. On the one hand, the TLR4/TRIF/IRF3 pathway, which is
responsible of inducing the transcription of type I interferon genes . And on
the other hand, the TLR4/MyDD88/NF-«B pathway, which ultimately leads to the activation and
translocation of NF-xB into the nucleus . There,
this transcription factor upregulates the expression of genes encoding for several major pro-
inflammatory proteins, including the cytokines IL-6, TNF-a, pro-IL-1f and pro-IL-18 and the
inflammasome component NLRP3

. Therefore, LPS priming promotes the synthesis of some of the most important
inflammasome substrates and contributes to license the macrophage for the subsequent assembly

and activation of the complex.

Besides the increase in the transcription of pro-inflammatory genes, it is important to note
that during the priming step the sensor protein NLRP3 can also undergo through several post-
translational modifications (PTMs) that facilitate its rapid regulation. So far, ubiquitylation,
phosphorylation, sumoylation, acetylation and nitrosylation of NRLP3 residues have been
recently described . These events can affect the structure, activity,
localisation, degradation and interactions of NLRP3 and, in consequence, influence the

inflammasome formation dynamics in both positive and negative manners
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1.1.3.2 Activation of the NLRP3 inflammasome

After the priming step, an NLRP3 inducer (signal 2) initiates a second set of signalling events

that lead to the final assembly and activation of the inflammasome.

A variety of PAMPs and DAMPs can trigger NLRP3 activation through different mechanisms
(see for an extended review). The best documented one is potassium (K*)
efflux. Events that cause a substantial efflux of K* ions from the cytosol to the extracellular space
trigger the assembly of the inflammasome. This is for example the case for extracellular ATP,
detected by the membrane purinergic receptor P2X7R
Or the K*/H* ionophore nigericin, a toxin derived from the gram-positive bacteria Streptomyces
hygroscopicus and the substance employed in this study to trigger inflammasome activation

. Despite not being yet completely understood,

changes in the flux of other ions such as Calcium (Ca**)
and chlorine (CI") have also been
associated with inflammasome formation. Other events causing impairment or destabilisation of
some cellular organelles also promote NRLP3 activation. Phagocytosis of particulate matter,
either endogenous as uric acid and cholesterol crystals or exogenous like silica and asbestos, can
cause lysosomal damage, inducing the escape of molecules that lead to inflammasome assembly
. In addition, molecules released upon mitochondrial

dysfunction (e.g. mtROS and mtDNA) have also been observed to induce NRLP3 activation

Once signal 2 is detected, NLRP3 molecules oligomerise, a process facilitated by NEK7

. ASC is then recruited, forming multiple ASC filaments that
assemble into a 1-pm structure known as ASC speck. This structure recruits caspase-1 molecules
that, due to the proximity to each other, can self-cleave and activate. Caspase-1 catalyses the

maturation of the cytokines pro-IL-1f and pro-IL18 into their biologically active forms
. Additionally, the activation of the NLRP3 inflammasome can lead to pyroptosis, a
form of lytic cell death. For this, caspase-1 cleaves gasdermin D (GSDMD) and enables its N-
terminal domain to oligomerise and insert into the plasma membrane, forming pores that allow
intracellular material to be released . Pyroptosis
facilitates the secretion of cytokines and allows the release of intracellular danger molecules to
enhance the response of neighbouring cells, yet it rapidly leads to acute loss of membrane integrity

and overall viability of the pyroptotic cell
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Although significant progress has been made to determine the basic mechanisms mediating
NLRP3 inflammasome formation, the role of additional regulatory mechanisms is not fully
understood yet. This is the case for the PTMs cited above or of cellular elements such as the
microtubule-organising centre and the dispersion of the trans-Golgi, which have been reported
to participate in the coordination of its assembly
Therefore, further research is needed to better understand how the different signals converge into
NRLP3 activation and how the process of inflammasome formation is finely controlled both in

space and time within the cell

1.2 Immunobiophysics: the force of the immune system

“The life of immune cells is intensely physical” . Adhering to blood vessels,
migrating through small interstitial spaces, engulfing dangerous particles and forming signalling
synapses with other cells are processes that involve the application of mechanical forces.
Moreover, leukocytes not only exert forces but also face dynamic and changing environments
where they need to sense and process different pieces of physical information, such as the local
stiffness of their surroundings or the shear forces exerted by fluid flow. The development of new
biophysical tools and methods during the last decades enabled scientists to start exploring the
impact of forces on leukocytes, a field coined with the name “Immunobiophysics”

. The next paragraphs provide some examples on how the application and

perception of forces in these different situations control immune cell behaviour.

1.2.1 Exertion of immune cell forces

To perform their function immune cells frequently need to migrate to their target location.
Motion implies the generation of forces, and leukocyte migration is no exception. The research
published in recent years has begun to unveil the details behind immune cell locomotion,
especially in 2D environments. For example, when migrating on surfaces, cells like lymphocytes
and neutrophils elongate, forming lamellipodia at their leading edge and a tail-resembling uropod
at the rear end. Integrins present on the basal side of leukocytes mediate their adhesion to the
substrate (Fig. 1.3A)

. These adhesions behave as “catch bonds”, which are defined as bonds whose lifetime
increases up until an optimal tensile force is reached. Once this tension is surpassed, the lifetime

of the bond decreases . In contrast, most biomolecular contacts belong to the
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so called “slip bonds”, whose lifetime is shortened by increasing tensile forces. The formation of
adhesion catch bonds enables the formation of a “molecular clutch” composed of the
integrin/talin/F-actin system, which constitutes the backbone of the propulsion machinery
employed by cells to move forward (Fig. 1.3B)

. For leukocytes to migrate, upon engagement with their substrates cells exert force against
the underlying surface. Distinct 2D traction force profiles have been identified for the different
immune cell types. Macrophages and dendritic cells (DCs) apply higher forces near the frontal end
of the moving cell and, therefore, are considered to display a “front-wheel drive” locomotion
mechanism . Contrarily, neutrophils and T lymphocytes

exhibit a rear-wheel drive behaviour, since traction forces peak at the rear part of the cell body

A B

Lamellipodium |

Myosin
Uropod [ /;'\7 / Retrograde ™
V 4‘[> R <-__ﬂ_0_\l:/__l F'ECFFNI
‘Y..

'\}‘/é- ‘I ‘ I
\“\r

\

AN

Leukocyte

: \
Integrin— “Molecular clutch

Inactive integrin
conformation

Figure 1.3 | Forces in immune cell locomotion and CTL killing. (A) Shape adopted by leukocytes migrating in 2D. (B)
Diagram depicting the formation of catch bonds and a molecular clutch upon cell adhesion. (C) When in contact with its
target cell, CTLs exert tension on its membrane to enhance perforin pore formation and facilitate the entrance of cytotoxic
granzymes. Figure adapted and modified from
In order to kill their target cells, cytotoxic T lymphocytes (CTLs) establish an immune synapse
with them and secrete a mixture of toxic proteins in their direction. Among other factors they
release perforin, a protein that forms pores in the membrane of the target cell, facilitating the
entrance of granzyme proteases and the consequent induction of apoptosis
. Interestingly, discovered that the pore-forming ability of
perforin becomes enhanced upon an increase in the membrane tension of the target cell.
Moreover, they observed that CTLs coordinate the release of cytotoxic enzymes and the exertion
of force via F-actin on the target cell (Fig. 1.3C). Altogether, the authors of the study suggest that
upon the formation of the immune synapse, CTLs apply forces that strain the membrane of their
target cell, sensitising it to the activity of perforin and, thus, promoting the destruction of their

victim.
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Another essential immune process driven by mechanical forces is phagocytosis. Professional
phagocytes such as macrophages and neutrophils have the remarkable ability to engulf micron-
sized particles, sometimes even larger than themselves

. For the successful internalisation of their target, phagocytes first establish adhesions with
the particle and begin the formation of a phagocytic cup . As
depicted in Fig. 1.4, the polymerisation of actin filaments generates the force needed to push
against the membrane and form protrusions that extend along the particle

. During the development of the phagocytic cup, this protrusive force
has to overcome the resistance generated by the increasing surface tension

. Simultaneously, the higher membrane tension is compensated by an increase in cell surface
area. This is achieved through the flattening of membrane ruffles and folds and the mobilisation
of intracellular vesicles to the plasma membrane

. At its last stage, the phagocytic cup covering the totality of the particle needs to be
closed. Current evidence suggests that a mechanochemical process might mediate membrane
fission at the edges of the cup, an event that ultimately leads to the formation of the phagosome

and later destruction of the target.
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Figure 1.4 | Forces involved during phagocytic target internalisation.

Effective adhesion to the particle and protrusive forces exerted by actin filaments enable drive the formation of the
phagocytic cup around the target. The consequent increase in both cortical and membrane tension is compensated by the
usage of the available membrane reservoir, consisting of plasma membrane invaginations and the membrane present in
intracellular vesicles. Figure adapted from
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1.2.2 Immune cell mechanosensing

Besides generating forces to perform their functions, leukocytes are exposed to a variety of
extrinsic biophysical stimuli. These include tissue rigidity, tension, compression and fluid flow
shear forces. The ability of cells to perceive the mechanical information provided by their
microenvironment is known as “mechanosensing”; and its integration into their signalling

networks to elicit a specific cellular response is called “mechanotransduction”

For instance, circulating leukocytes are transported through blood and lymphatic vessels. In
order to exit them and penetrate into tissues, immune cells first need to adhere to the walls of
these conduits. This process, known as “leukocyte rolling”, is dependent on hydrodynamic shear
forces, since it has been reported that there is an optimal force range for the adhesive bonds to be
established . The binding to the
endothelial cells forming the vessels is mediated by selectins and integrins, which form catch
bonds with their ligands (Fig. 1.5). Therefore, above the optimal force range of the circulating
fluid, the adhesive bonds do not form and leukocytes increase their rolling speeds. Conversely, if
the fluid shear forces are too low, the catch bonds do not remain stable enough to completely stop
the cell, a mechanism that could avoid cell clumping in regions with a low flow regime like
capillaries . Along the same line, showed that the in vitro
mechanical deformation of pre-primed neutrophils induces their depolarisation, suggesting a
mechanism that might avoid their over-activation while circulating through narrow blood

vessels.
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Figure 1.5 | Leukocyte rolling on blood and lymphatic vessels. Circulating leukocytes roll onto vessel walls forming
adhesive catch bonds that allow them to stop and start extravasating. Figure adapted and modified from
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Adaptive immune cells are also influenced by external biophysical cues in different manners. B
and T lymphocytes make contact with antigen-presenting cells (APCs) to detect the ligands
exposed on their surface and generate a specific response against the corresponding threats. For
the effective activation of T lymphocytes by APCs, their T cell receptors (TCRs) need to form
peptide-MHC-TCR bonds under tension . Interestingly, the establishment of
catch bonds between TCRs and their ligands boosts the ability of T cells to discriminate between
bona fide and self-derived antigens . In a similar fashion, B cell activation upon
antigen recognition is also enhanced when the engagement of B cell receptors (BCRs) with their

ligands occurs under higher tensile forces, yet this seems to be dependent on the BCR subtype

Lastly, immune cells are also influenced by the stiffness of their microenvironment. Culturing

T lymphocytes in stiffer synthetic matrices enhances their activation, proliferation and migration
and increases their cytokine production and metabolism

. B lymphocyte proliferation, activation, class switch and antibody responses

are modulated by exposing B cells to different stimuli while in contact with substrates of differing
stiffness . And the expression of several dendritic cell surface markers like
C-type lectin receptors is regulated by substrate stiffness, resulting in varying degrees of antigen

internalisation

Research done in the last decades has massively expanded our knowledge on the
mechanosensitivity of cells, including which forces are sensed by different cell types and which
mechanisms do they use to detect and interpret biophysical cues. The rest of the introduction
focuses on describing some of the main mechanotransducing mechanisms cells are equipped with
(Section 1.3), and finally presents some of the current knowledge on macrophage mechanosensing

(Section 1.4).
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1.3 Cellular mechanosensing and mechanotransduction

The stiffness of organs and tissues spans several orders of magnitude ,
from a few hundred Pascal in the case of CNS tissue to the
GPa range in bones . Moreover, during the
progression of pathologies such as cancer or neurodegenerative diseases

, and during recovery events like liver or spinal cord
regeneration , the mechanics of the affected tissues are
frequently altered. The mechanical properties of the cell niche are mainly determined by the
neighbouring cells and the surrounding extracellular matrix (ECM)

Specifically, the rigidity of the matrix largely depends on the combined effect of its molecular

composition and the density, distribution and crosslinking degree of its constituents

The mechanical microenvironment where cells reside influences their phenotype and
function, having an impact on processes such as cell growth and differentiation
, migration or immune response . To sense and
process extrinsic mechanical signals, cells employ different strategies. The next paragraphs
introduce some of them, focusing on the mechanisms responsible for transmitting and processing

the mechanical information given by matrix stiffness.

1.3.1 Cell adhesions to the extracellular matrix

When cells interact with their surrounding matrix, some of the well-known mechanosensing
structures they develop are cell-ECM adhesions . Among them,
focal adhesions have been extensively studied. These multiprotein complexes are not only
responsible of ensuring the adequate attachment of cells to their substrate but also act as major

sites of force transmission

Integrins are the focal adhesion elements directly in contact with the ECM
They are transmembrane heterodimers formed by a and 8 subunits, whose combination results
in 24 unique integrins that enable the cell to recognise multiple ECM components
. The extracellular domain of integrins binds to ECM proteins such as fibronectin,
laminin, vitronectin and collagens. The cytoplasmic domain, which is indirectly linked to the F-
actin cytoskeleton, mediates integrin signalling in both directions (see
Fig. 1.6A). During “inside-out” signalling, molecular stimuli can induce the binding of regulatory

proteins to the integrin cytoplasmic side, triggering the switch from a closed inactive state to an
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open active state and increasing the affinity of integrins for their ECM ligands
. On the other side, integrins also mediate “outside-in” signalling, since they facilitate the
transmission of biophysical and biochemical information from the ECM into the cell by activating

several signalling transducers

One of the essential players involved in the propagation of forces throughout the link with the
matrix is the F-actin cytoskeleton. Importantly, several actin filaments can bundle together with
molecules of myosin II and other crosslinking proteins to form stress fibres

. Thanks to the motor activity of myosin II these structures can generate contractile forces,
becoming one the crucial elements involved in cell mechanotransduction
Within the adhesion complex, the transmission of physical information between integrins and
the actin cytoskeleton is indirectly also regulated through adaptor proteins. For instance, talin can
directly interact with the cytoplasmic domain of integrins as well as with F-actin

. Therefore, focal adhesion partner proteins not only have a structural function but also play

a significant role in mechanosensation
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Figure 1.6 | Force transmission along the ECM - integrin - adaptor protein - F-actin axis. (A) Diagram displaying
the basic architecture of matrix-cell adhesions, which enable the bidirectional transmission of forces arising either from
the ECM or from the F-actin cytoskeleton. (B) Thanks to integrin-mediated adhesions and actomyosin contractility, cells
can pull on the matrix and probe its mechanical properties. Higher ECM stiffness results in the reinforcement and
maturation of the adhesion and higher force transmission. Figure adapted and modified from

To perceive the mechanical cues provided by their microenvironment, the cell uses the forces
exerted by the actomyosin cytoskeleton to pull from the nascent focal adhesions initially
established (Fig. 1.6B). Depending on parameters such as ECM stiffness,
the resulting tension can be lower or higher . If it reaches a sufficient
level, this tensile force not only favours integrins to adopt their open active state but also promotes

the formation of catch bonds between certain integrins and their ECM ligands, especially with

RGD-containing proteins such as fibronectin
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These events promote the strengthening of the mechanical interactions with the ligand
(“reinforcement”) and the recruitment of additional integrins and adaptor proteins (“maturation”),

causing the growth of these focal adhesions and the increase of their mechanical resistance

As previously mentioned, when the force loading rates distributed across the adhesions are
within an optimal range some mechanosensitive events mediated by adaptor and partner proteins
can occur . For instance, talin can unfold and expose cryptic binding
sites where vinculin can attach, stabilising the complex . The
activity of SRC and FAK, tyrosine kinases initially involved in the maturation of nascent
adhesions, is also upregulated . FAK promotes the activation of paxillin,
a protein that can bind activated vinculin and reinforce the adhesion complex
Moreover, FAK is also involved in the regulation of actin dynamics and contractility through the

regulation of Rho GTPases (Rho, Rac and Cdc-42)

The small GTPase RhoA is of special interest within the context of this thesis (see diagram in
Fig. 1.7). Once bound to GTP and, thus, in its active state, RhoA triggers the activation of ROCK
. When active, ROCK performs multiple functions:

i) it activates the kinase LIMK, which inhibits the F-actin-severing protein cofilin
; ii) it phosphorylates MLC (myosin light chain) and inhibits MLC phosphatase, events

that positively regulate the activity of myosin II

Therefore, the upregulation of ROCK triggered by focal adhesion reinforcement promotes the
stabilisation of actin filaments and facilitates the generation of contractile forces. Additionally,
RhoA triggers the activation of mDia, a protein that favours F-actin polymerisation and, thus,

also supports the activity of the system
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Figure 1.7 | Control of actomyosin activity by RhoA signalling. The activation of RhoA leads to an enhanced
stabilisation of F-actin and an increase in actomyosin contractility. ROCK, Rho-associated protein kinase; MLC, myosin
light chain; LIMK, LIM kinase; mDia, Diaphanous-related formin-1. Figure adapted from
In addition to focal adhesions, some cell types contain other specific classes of cell-matrix
contacts. This is the case of macrophages, which are also equipped with distinct adhesive
structures known as podosomes . Despite sharing some of their
molecular components with focal adhesions, their spatial organisation is different
. Studies done in 2D substrate systems revealed that
podosomes present a modular architecture (Fig 1.8), with a core of branched F-actin surrounded
by an adhesive ring of integrins and plaque proteins like talin and vinculin
. The top of the core is connected to the ring proteins by unbranched
actomyosin filaments (“lateral fibres”), a sort of filament that can also mechanically couple
individual podosomes to each other (“dorsal fibres”), forming higher-ordered clusters
. Finally, a submodule called “cap” and
localised on top of the core has been described, likely containing actomyosin regulatory proteins
. Podosomes are capable of mediating adhesion to the ECM, exerting
protrusive forces onto the substrate and mechanically probing the cellular microenvironment
. To push on the underlying plasma membrane,
the podosome core takes advantage of the forces generated by the Arp2/3-mediated
polymerisation of branched F-actin. Simultaneously, the lateral actin fibres coupling the core to
the ring produce a counterforce that pulls on the plaque proteins
. Despite still not being fully understood, the mechanosensitive ability of

podosome may rely on some of the adaptor proteins localised in the ring. While the core-
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generated forces could protrude more onto a compliant substrate, this would be hindered on
stiffer matrices, transmitting higher tensile forces to the lateral actin filaments and to proteins like
talin. This could trigger the opening of vinculin-binding sites and lead to the transduction of

mechanical cues
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Figure 1.8 | Podosome architecture. (A) Schematic illustration of the modular structure of podosomes. (B) The branched
F-actin core exerts protrusive forces onto the cell substrate, generating a tension that is propagated through the lateral
filaments to the adhesive ring and that can promote conformational changes in mechanosensitive proteins such as talin,
vinculin and paxillin. Figure adapted and modified from

1.3.2 Nuclear mechanotransduction

Some of the mechanical signals perceived by cell-matrix adhesions and propagated through the
cytoskeleton can be delivered to the nucleus by transducer and effector molecules and have an
impact on the regulation of different cellular processes. To date several mechanisms are known

to mediate nuclear mechanotransduction.

One of them is the shuttling of mechanoresponsive proteins to the nucleus. For instance, zyxin
and paxillin are proteins usually associated to focal adhesions that in response to mechanical stress
can detach from the FA complex and translocate into the nucleus

. However, their exact regulatory functions there are still unclear.

Another relevant example and well-studied mechanism is the YAP/TAZ system. YAP and
TAZ are homologous proteins which function as mechanosensitive transcriptional activators that

can shuttle between the cytoplasm and the nucleus and viceversa . YAP/TAZ
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not only mediate the response to stiffness but also to other biophysical cues including adhesive
area, strain and shear stress . Once
inside the nucleus, YAP/TAZ bind to members of the TEAD family of transcription factors and
activate genes associated with cell growth, proliferation, cell-matrix interactions, ECM

composition and cytoskeleton integrity

A way the cell controls the translocation of YAP/TAZ is through the Hippo pathway, which
can integrate several signals of biochemical and biophysical origin. When this pathway is
activated, cytosolic YAP/TAZ remain phosphorylated and targeted for proteasomal degradation.
If the Hippo pathway is not active, YAP/TAZ become dephosphorylated and able to translocate
into the nucleus . As described in Section 1.3.1, stiffer matrices can induce
the transmission of higher tensile forces through the cell-matrix adhesion complexes, enhancing
the activity of kinases such as FAK and SRC as well as actomyosin contractility. All these factors
can then promote the inactivation of the Hippo pathway through different signalling cascades,

resulting in the nuclear translocation of YAP/TAZ (Fig. 1.9A)
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Figure 1.9 | YAP/TAZ mechanotransduction signalling.

(A) On stiffer matrices, the higher tensile forces propagated through the focal adhesion complexes indirectly promote the
dephosphorylation and release of YAP/TAZ, enabling its nuclear translocation. (B) Moreover, the tension also propagates
to the nucleus, inducing changes in the structure of nuclear pores that enhance the nuclear import of YAP/TAZ into the
nucleus. Figure adapted from
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A second mechanism driving the shuttling of YAP/TAZ is based in the physical link between
the nucleus and the F-actin cytoskeleton. In an elegant study, showed
that on stiffer substrates the tension propagated through actomyosin stress fibres to the
nucleoskeleton induces the flattening of the nucleus and an increase in the curvature of the nuclear
membrane. Altering the shape of the nucleus induces changes in the architecture of nuclear pores,

an event that facilitates the nuclear import of YAP/TAZ rather than their export (Fig. 1.9B).

As illustrated by the case of YAP/TAZ, the mechanical coupling between cell-ECM adhesions,
cytoskeleton and nucleus represents one of the key mediators of nuclear mechanotransduction
. Several nuclear components are part of this mechanism (Fig. 1.10). First,
the nuclear envelope, which comprises the internal nuclear membrane (INM) and outer nuclear
membrane (ONM), separated by a lumen or perinuclear space
Nuclear pore complexes (NPCs) spanning over the nuclear envelope facilitate the bi-directional
transport of proteins and RNA . Second, the nuclear lamina,
a structure located under the INM that is made of different types of intermediate filaments known
as lamins and of other lamin-binding proteins . This filamentous network
is involved in maintaining the structural integrity of the nucleus, determining its size and stiffness
. Moreover, it is also bound to chromatin and, thus,
participates in transcriptional regulation . And third, the
LINC complex, which is the main responsible of transmitting forces across the nuclear envelope.
Its constituents are nesprin proteins located in the ONM and SUN proteins embedded in the INM
. On the cytoplasmic side, nesprins interact with the different cytoskeletal
filaments, and on the lumen side they contain a KASH domain capable of interacting with the
SUN domain of SUN1 and SUN2 . Lastly, SUN proteins can propagate the

mechanical cues to their binding partners: the nuclear lamina, nuclear pores and chromatin

Recent studies described several final effectors potentially activated through nuclear
mechanotransduction . One of them is the translocation of
transcriptional regulators from the cytoplasm to the nucleus due to alterations in the permeability
of nuclear pores. The shuttling of YAP/TAZ described before is an example of this. Another
interesting possibility is the physical reorganisation of chromatin. Heterochromatin -
transcriptionally silent DNA tightly wrapped around histones — tends to be localised at the nuclear
periphery, while euchromatin — open, transcriptionally active DNA - is frequently found in the
interior . It has been proposed that the forces propagated from the cytoskeleton

to the nucleus could induce changes in the position of certain chromatin regions, altering the
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transcriptional activity of certain mechanosensitive genes and leading to the modification of gene

expression patterns
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Figure 1.10 | Nuclear components involved in nuclear mechanotransduction.

The LINC complex formed by nesprins and SUN proteins mediate force transmission between the cytoskeleton and the
lamins localised underneath the nuclear envelope. The lamin network can then propagate the biophysical information to
different structures such as the nuclear pores and the chromatin, modifying their architecture and organisation,
respectively. Figure adapted from

1.3.3 Membrane mechanosensing elements

The plasma membrane separates the interior of the cell from its surrounding and is an essential
regulatory element of the import and export of substances. Importantly, changes in its physical
state also serve the cell to detect external mechanical stimuli. The different forces acting on the

plasma membrane can exert tensile, compressive and shear stresses

In the case of tensile stresses, these are commonly caused by changes in osmotic pressure,
adhesion to substrates or other cells and by the forces generated by the cytoskeleton. Indeed, the
apparent membrane tension experimentally measured through techniques like tether pulling
includes both the tension of the lipid bilayer and the tension stored by the underlying
cytoskeleton, to which the plasma membrane is coupled

. The structure that actually absorbs most of the tensile stress
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is the cytoskeleton, since the membrane can only stretch between 3 to 5% before rupturing

(Morris and Homann, 2001; Lieber et al., 2013).

Several types of elements present in the membrane can react to a tension increase. One of them
are the mechanosensitive ion channels (MSCs), which are mechanically gated ion channels whose

conformation only changes in response to tensile forces and alterations in the curvature of the

membrane . Mammalian MSCs include TRP channels, potassium-selective
channels such as TREK and TRAAK, and Piezo channels Among them,
Piezo channels have especially caught the attention of researchers since they are involved in a
wide range of physiological processes: mechanosensation , cell-fate
determination , axon growth and
regeneration , volume regulation and
innate immunity , among others. Piezos are cationic non-selective channels,
meaning they are permeable to Na*, K*, Ca** or Mg?* . Piezo MSCs have a unique

architecture, since they are a homotrimeric complex that forms a channel with a structure
resembling a propeller or triskelion

. An increase in the tension of the plasma membrane triggers the activation of the
channel, which changes its conformation from a closed to an open state and generates a cationic

current

To compensate the increase in tension, the cell takes advantage of the folds it has in the
membrane, such as ruffles, microvilli or caveolae, and other membrane reservoirs like
intracellular vesicles . By flattening out these folds and mobilising its
endomembrane stores, the cell is capable of buffering the tension arisen in the plasma membrane

. When the stress ceases, these invaginations can re-form again.

During the last years, the mechanosensitive role of caveolae has raised substantial interest
. Caveolae are small
invaginations of 50-100 nm in diameter, with a lipid bilayer rich in cholesterol and
glycosphingolipids . Their components include proteins of the
caveolin and cavin families, which are responsible of stabilising caveolar shape
, curvature-generating F-BAR proteins

and EHD2, which localises in the neck of caveolae and prevents their budding
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The mechanosensing ability of caveolae relies in the ability of some of its proteins to be released
and initiate certain signalling (Fig. 1.11). This is for example the case of EHD2, which upon
caveolae flattening diffuses into the cytoplasm and becomes imported into the nucleus. There it
represses the expression of several genes, including caveolar genes
Conversely, caveolae not only enable cells to withstand increases in membrane tension but also
compressive stresses. Cell compression or hypertonic shocks can lead to the bending of the plasma
membrane and the formation of ruffles and folds . In the case of caveolae,
conditions of lower membrane tension favour their reorganisation in structures known as
rosettes, which consist of clusters of multiple grouped caveolae . Finally, it is
interesting to note that caveolae may play an additional mechanosensing role by indirectly
interacting with other mechanotransduction pathways. For instance,

report that caveolin-1 positively regulates the YAP/TAZ-mediated response to stiffer
substrates via the crosstalk with the F-actin cytoskeleton, to which caveolae are also connected
. Altogether, the described examples illustrate the importance of

caveolae both as a mechanoprotector and as a mechanosensor. Nevertheless, further research is
still needed to completely understand how do caveolae integrate mechanical inputs into cell

signalling networks.
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Figure 1.11 | Response of caveolae to membrane tension and compression. Upon an increase in membrane tension
(left) caveolae flatten out, releasing some of its components which can then function as mechanotransducers. Conditions
of lower membrane tension promote the formation of caveolae rosettes, which can indirectly also impact the organisation
of actin stress fibres. Figure adapted from
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1.4 Macrophage mechanosensing

As described in Section 1.2.2, immune cells are mechanosensitive and macrophages are no
exception to this. Extrinsically applied biophysical stimuli such as the modification of cell shape
, hyperosmotic shocks s

interstitial flow and cyclical compression have been reported
to impact their phenotype and function. Moreover, while conducting immune surveillance
macrophages encounter a variety of mechanically distinct targets and environments that can also

affect their behaviour and response.

This is indeed the case of phagocytosis, one of the main macrophage functions and a process
in which forces play an essential role (see Section 1.2.1 for further details). It has been extensively
documented that not only particle size but also their shape and stiffness influence their
internalisation rate

. Focusing in the latter parameter,
accumulative evidence indicates that macrophages tend to engulf stiffer targets with higher

efficiency

While patrolling organs and tissues conducting immune surveillance, macrophages encounter

different local stiffnesses. For example, microglia residing in the human brain are exposed to a

shear modulus of a few hundred Pa , alveolar macrophages in the lung to an
elastic modulus of 2 kPa , macrophages within dermal tissue to a shear modulus
of 7-100 kPa and bone osteoclasts face an elastic modulus in the GPa range

. In addition, medical interventions such as the introduction of an implant
into the body can represent a mechanical challenge to macrophages, since they might need to react
against a foreign body that mechanically mismatches the stiffness of the local tissue

. What is, thus, the impact of microenvironment

stiffness on the inflammatory behaviour of macrophages?

Several studies that tried to address this question have shown contradictory results. Some of
them reported that increasing substrate stiffness favours macrophage polarisation towards an M 1-

like phenotype and enhances pro-inflammatory gene expression and cytokine release

. In contrast, other publications suggest that when cultured on stiffer
materials, macrophages adopt an M2-like phenotype, decrease the production of pro-

inflammatory cytokines and increase the secretion of anti-inflammatory factors
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The experimental systems used to investigate macrophage mechanosensing differ across
studies and parameters such as stiffness range, adhesive ligand composition and density, cell type
or activation stimulus could affect the obtained results. Further research is thus required to
decipher how substrate stiffness influences the behaviour of macrophages and how this impacts

on their ability to induce and coordinate inflammatory responses.

Limited information is currently available on which macrophage-specific signalling pathways
might be influenced by substrate stiffness. A few reports indicate that the inflammasome, one of
the main macrophage signalling hubs and mediator of the maturation of major pro-inflammatory
cytokines, could be modulated by biophysical cues. For instance, cycling stretch has been shown
to negatively regulate the release of IL-13 by inhibiting NLRP3 inflammasome formation

and hyperosmotic shocks have been described to trigger the reverse effect

. Moreover, it has been reported that common mechanotransducers

such as the cytoskeleton components F-actin and
microtubules may play a significant role as regulators of inflammasome
assembly. Despite that, whether the mechanical information provided by substrate stiffness affects

inflammasome formation and its downstream effects remains still unknown.
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AIMS AND SCOPE OF THE THESIS

Despite substantial efforts have been done to understand how substrate stiffness alters
macrophage phenotype and function, the data are inconclusive. Moreover, the impact that
microenvironment mechanics might have on specific macrophage signalling networks and what

elements mediate the transmission of external mechanical cues have not been well characterised.

The work done in this thesis aims to investigate how substrate stiffness affects the
inflammatory behaviour of macrophages, with a focus on their pro-inflammatory response. For
this, an experimental system where substrate stiffness can be uncoupled from other material
parameters and that is compatible with macrophage culture will be established. After this, cells
will be challenged with inflammatory stimuli to assess whether they react differently on substrates
of varying stiffness. The potential influence of stiffness on the macrophage inflammasome, one of
its main pro-inflammatory signalling hubs, will also be tested. Finally, whether certain
mechanosensing elements play an important role in the ability of macrophages to perceive and

integrate microenvironment stiffness will be studied.
More specifically, this dissertation tries to tackle the following goals:

i.  Establish a suitable macrophage 2D culture platform with tuneable mechanical properties
within a physiological range and the possibility to control substrate stiffness independently

of adhesion ligand density.

ii. Characterise some of the main aspects of the pro-inflammatory response upon macrophage

stimulation, such as gene expression and cytokine release.

iii. Determine whether substrate stiffness has any impact on the formation of the NLRP3

inflammasome.

iv.  Identify possible mechanosensing elements transducing the mechanical cues given by the

microenvironment into the inflammasome pro-inflammatory machinery.
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RESULTS

The investigation of macrophage mechanosensing presented in this work followed a
reductionist approach in which macrophages were exposed to 2D substrates of tuneable stiffness
and their pro-inflammatory response was examined. The first part of the Results describes the
establishment of a suitable platform to study substrate stiffness mechanosensing in primary
macrophages. The second part explores different aspects of the pro-inflammatory response
affected by varying this mechanical input, such as gene and protein expression levels, NLRP3
inflammasome formation and cell pyroptosis. Finally, the last Section attempts to disentangle
what cell mechanosensing elements might enable macrophages to integrate the information given
by substrate stiffness into their pro-inflammatory machinery. Most of the results shown in this

thesis have been published in Escolano et al. (2021).

3.1 Morphological characterisation of macrophages
cultured on substrates of varying stiffness

To study the influence of the mechanical properties of the microenvironment on macrophages,
2D flat synthetic hydrogels were used. In particular two different hydrogel chemistries were
tested: one based on polyacrylamide (PAA) and an other based on poly(ethylene glycol) and
heparin (PEG-Hep). Both of them present the advantages that 1) their elasticity can be easily and
independently tuned by changing the proportions of their main components and 2) they can be
decorated with the adhesion ligand of choice. This Section presents how these gels were
mechanically characterised and tested, how do macrophages initially respond to their stiffness and

the results leading to the selection of polyacrylamide gels as the system of choice.

3.1.1 BMDMs adhere and can be cultured on polyacrylamide hydrogels

Polyacrylamide hydrogels have been broadly used to study cell mechanosensing
, since the elastic modulus of this material can be controlled by modifying the quantities of
acrylamide and bisacrylamide. Classically, the addition of adhesion molecules to biofunctionalise
PAA gels is done using a sulfo-SANPAH coupling reaction. Nevertheless, this approach provides

very poor control over the immobilisation sites because bonds are formed unspecifically with any
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amine group present in the biomolecule of interest, leading to the presence of non-functional

ligands and low reproducibility when performing experiments

To solve this issue, in this work methylsulfonyl acrylate (MS) monomers are used instead. This
strategy enables to independently control ligand density and, thus, produce hydrogels of different
stiffness while keeping a similar amount of adhesion sites on their surface (Fig. 3.1A). In this case,
cyclic RGD-Phe-Cys was used as adhesion ligand of choice, a molecule that binds through its
cysteine residue to the thiol-reactive chemical group provided by the MS monomers. The
aminoacid sequence RGD (arginine-glycine-aspartate) is one of the most common adhesion
motifs and is present in ECM proteins such as fibronectin, vitronectin and fibrinogen

. RGD peptides are recognised by multiple integrin types present in the plasma membrane,

mediating the effective adhesion of cells to RGD-functionalised biomaterials

As depicted in Fig. 3.1A, PAA hydrogels were polymerised on round glass coverslips of 13 mm
of diameter and had an estimated height of 100 um, which is sufficient to avoid the influence of
the glass underneath on the cultured cells . To evaluate the stiffness of the
substrates, elastic moduli were assessed with atomic force microscopy. AFM-based indentation
measurements determined that, with the gel production protocol followed in this study, it was
possible to produce hydrogels with Young’s moduli ranging from 0.2 to 33.1 kPa (Fig. 3.1B).
Within this range, three different hydrogel compositions were selected: the most compliant gel
with a mean Young’s modulus of 0.2 kPa (“compliant”), an intermediate substrate of 14.3 kPa
(“intermediate”) and the stiffest hydrogel with a modulus of 33.1 kPa (“stiff”). In order to then test
whether the density of adhesion ligands was comparable across these stiffnesses, hydrogels coated
with FITC-PEG-SH were imaged (Fig. 3.1C) and no major differences in their fluorescence signal
were observed (Fig. 3.1D). Altogether, these data indicate that, with the employed chemistry, PAA
substrates can be produced within a physiological stiffness range of two orders of magnitude and
with similar cRGD coating levels, making it a potentially suitable hydrogel system for the culture

of macrophages.
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Figure 3.1 | PAA gels are a suitable biomaterial to investigate macrophage mechanosensing. (A) Scheme depicting
the composition of PAA hydrogels. The stiffness of the gels is tuned by modifying the amounts of acrylamide and
bisacrylamide, and the reactive groups created by the incorporation of MS monomers are afterwards coupled with cRGD.
(B) Young’s moduli of different PAA hydrogels produced. The mean + SD was 0.18 + 0.04 kPa for compliant, 14.32 + 4.54
kPa for intermediate, and 33.07 + 4.55 kPa for stiff gels. (C) Representative fluorescence confocal images of hydrogels
functionalised with FITC-PEG. Scale bar, 50 um. (D) Quantification of the fluorescent signal as a proxy of ligand density.
Mean + SD is displayed and each dot indicates the mean intensity obtained from 5 different regions of a single hydrogel.
Statistical analysis was performed using a Kruskal-Wallis ANOVA followed by Dunn’s post hoc analysis to obtain the
multiple comparison p-values. ns, non-significant.

The cells used to perform all the experiments in this thesis were murine bone marrow-derived
macrophages (BMDMs). These cells represent a useful macrophage model to study primary cell
function since they can be generated in large quantities after differentiating for 6 days bone
marrow progenitors collected from young mice (see Methods Section 5.4 for a detailed
description). Besides a high differentiation yield, the obtained macrophage populations are highly
pure (98.8% as measured in Appendix Fig. A.1) and with relatively homogeneous characteristics,

contributing to achieve adequate experimental reproducibility.
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After their complete differentiation, BMDMs were seeded on PAA hydrogels at a confluence
always below 100% to prevent the potential influence of cell-cell contacts occurring upon cell
crowding. After culturing the cells for 14-18 h, BMDMs were well adhered to all substrates, with
few cells floating in the medium. After overnight culture, cells displayed notable morphological
differences across varying stiffnesses (Fig. 3.2). Moreover, manipulation of the samples such as
medium exchange or transfer to another culture plate did not cause major cell detachment,

making this PAA hydrogel system well suited to continue studying macrophage mechanosensing.

-

) '~ : fff‘:‘« - o
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Figure 3.2 | Macrophages are compatible with PAA gels. Representative phase contrast images of differentiated
BMDM s cultured for 14-18 h on 0.2 and 33.1 kPa hydrogels. Scale bar, 50 pum.

3.1.2 Macrophage morphology is influenced by substrate stiffness

Given the recognisable morphological differences displayed by macrophages on substrates of
varying rigidities, initial experiments focused on characterising them. To this end, cell nuclei and
F-actin were imaged by fluorescence confocal microscopy (Fig 3.3A). While BMDMs on the most
compliant gels (0.2 kPa) were rounder and less spread, macrophages on the stiffest substrates (33.1
kPa) adopted a remarkably larger area, longer extensions and higher actin density in some clusters.
Quantification of several cell shape parameters is shown in Fig. 3.3B-D. Macrophages on the
stiffest PAA gels displayed a 229% larger mean spreading area, a 202% higher perimeter and 57%
lower circularity. These results confirm that upon culture on stiffer substrates, macrophages
increase their cell area, developing more cell processes and becoming less round. Out of the three
gel stiffnesses tested, the most compliant and the stiffest were chosen for the remainder of this
study because they were the most distant from each other and they consistently caused major

differences in macrophage morphology.
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Figure 3.3 | Macrophages on compliant substrates become smaller and rounder.
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(A) Representative confocal microscopy images of fluorescence BMDMs cultured for 14-18 h on the different hydrogels.

Nuclei shown in blue (DAPI) and F-actin in magenta (phalloidin-TRITC). Enlarged examples of cells of each condition are

displayed in the insets. Scale bars, 50 um. (B-D) Quantification of the cell area (B), perimeter (C) and circularity (D) from

images taken under the same conditions as Fig. 3. In all pots, each dot represents a cell and black bars indicate mean +
SEM. The number of analysed cells was 1117 for compliant, 771 for intermediate and 629 for stiff. Data were obtained

from three independent experiments done with cells from three different mice. Statistical analysis was performed using a
Kruskal-Wallis ANOVA followed by Dunn’s post hoc analysis to obtain the multiple comparison p-values. **** p < 0.0001.
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3.1.3 PEG-Hep hydrogels induce similar morphological differences as PAA
substrates but do not constitute a suitable macrophage culture platform

The second hydrogel system tested was one based in PEG-Heparin (Fig. 3.4A). These hydrogels
consist of 4-arm star-shaped poly(ethylene glycol) covalently cross-linked with heparin, and their
stiffness can be tuned by modifying the PEG:Heparin ratio (y) used when polymerising them

. As done with PAA substrates, PEG-Hep gels were polymerised on 13
mm coverslips and had an estimated height of 150 um. These gels were as well mechanically
characterised using AFM. As shown in Fig. 3.4B, analysis of the force-indentation curves
determined that that the maximum range of achievable stiffnesses ranged from a mean apparent
Young’s modulus of 4.0 kPa (y = 1) to 46.0 kPa (y = 6). Moreover, the values obtained

approximately matched the storage moduli obtained by shear rheometry in previous reports
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Figure 3.4 | PEG-Heparin hydrogels as an alternative hydrogel substrate.

(A) Scheme depicting the composition of the hydrogels, where 4-arm starPEG is crosslinked with heparin and material
stiffness can be modified by altering the ratio between the two main components. Additionally, heparin offers reactive
groups to functionalise the gels with peptides of interest as well as negative charges that also link growth factors and other
proteins present in the culture medium. Figure modified from (Freudenberg et al., 2009). (B) Young’s moduli of different
PEG-Hep hydrogels produced. The mean + SD for y = 1 was 4.0 + 1.0 kPa; for y = 2, 14.1 + 1.3 kPa; fory = 3,26.2 + 5.1
kPa; for y = 4, 31.6 + 0 kPa; for y = 5, 40.0 + 3.7 kPa; and for y = 6, 46.0 + 10.4 kPa. (C) Representative phase contrast
images of BMDMs cultured for 14-18 h on PEG-Hep hydrogels of 4.0 (y = 1) and 40.0 kPa (y = 5). Scale bar, 20 um.
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BMDMs were cultured on PEG-Hep gels of varying stiffness, first without coupling any
specific adhesive ligand protein to their surface. After a few hours, cells were attached to the
substrates and after overnight culture they displayed different morphologies (Fig. 3.4C). To
quantify this observation, BMDMs were fixed and their F-actin cytoskeleton was stained (Fig.
3.5A). Assessment of morphological parameters showed that on average BMDMs on 40.0 kPa gels
had a larger spreading area and perimeter (Fig. 3.5B-C), resembling the trends observed on
polyacrylamide substrates. However, in the case of PEG-Hep cell circularity was similar between
4.0 and 40.0 kPa (Fig. 3.5D). This was probably due to the fact that BMDM s on stiffer PEG-Hep
did not display as many long processes as previously observed on stiffer PAA gels. Besides cell
morphology, preliminary data on the mechanical properties of BMDMs on PEG-Hep gels of
varying stiffness were also acquired, showing that macrophages on 40.0 kPa substrates became

stiffer compared to cells grown on 4.0 kPa gels (Appendix Fig. A.2).
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Figure 3.5 | BMDMs on stiffer PEG-Hep hydrogels become more spread.

(A) Representative confocal microscopy images of BMDMs cultured for 14-18 h on PEG-Hep hydrogels of 4.0 (y=1) and
40.0 kPa (y = 5). Nuclei shown in blue (DAPI) and F-actin in grey (phalloidin-TRITC). Scale bar, 50 um. (B-D) Quantification
of the cell area (B), perimeter (C) and circularity (D) from images acquired under the same conditions as (A). In all plots,
each dot represents a cell and black bars indicate mean + SEM. The number of analysed cells was 51 for 4.0 kPa and 77
for 40.0 kPa. Data was obtained from one independent experiment with two different replicates. Statistical analysis was
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performed using a Mann-Whitney tes p < 0.0001; ns, not significant.
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Despite the fact that a preliminary characterisation of BMDMs on PEG-Hep hydrogels could
be performed, any experimental manipulation done on live cells after their initial culture led to
the detachment of a large amount of macrophages. This indicated their weak attachment to the
substrate and hindered the collection of any reproducible and reliable data from experiments done
with these samples. As an attempt to improve the system, the hydrogels were functionalised with
RGD peptides and tested again with BMDMs. Nevertheless, the problem persisted and cells were
still detaching easily when handling the samples or exchanging the medium. In conclusion, PEG-
Hep hydrogels induced similar morphological changes on macrophages but did not represent an
adequate hydrogel platform to culture BMDMs and study their mechanoresponse. Therefore, this
material was not used for the rest of this work and PAA was the substrate of choice to continue

with the study.

3.1.4 Substrate stiffness affects membrane architecture.

To better visualise how substrate stiffness influenced the morphology of macrophages and,
specifically, to observe possible differences in membrane topography, fixed gold sputter-coated
samples were imaged using scanning electron microscopy (SEM). Representative SEM images of
BMDDMs cultured overnight on 0.2 and 33.1 kPa PAA gels are shown in Fig. 3.6. Macrophages on
compliant hydrogels commonly showed ruffles and folds. In contrast, cells on stiff gels displayed
a smoother membrane with less topographical features and a few visible folds on the cell
periphery. The fact that macrophages on stiffer substrates accompanied their larger cell area with
a flatter plasma membrane suggested that macrophages might use their membrane to maximise
their spreading. Moreover, as described in the Introduction Section 1.3.3, it should be considered
that changes in parameters such as membrane curvature and tension can trigger the activation of
certain mechanosensing elements like caveolae or mechanically-gated ion channels

. Consequently, could the increase
in cell spreading and membrane smoothness observed on stiffer hydrogels activate any
membrane-related signalling elements and, thus, play a role in macrophage mechanosensing? This

is a question addressed later on in the Section 3.3.1.
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Figure 3.6 | Substrate stiffness induces changes in membrane morphology. Scanning electron micrographs of
BMDM s cultured for 14-18 h on compliant and stiff gels. Scale bars on top, 50 um, and bottom, 20 pum.

Summing up, initial efforts of this work focused on establishing a suitable system to investigate
substrate stiffness mechanosensing in macrophages. As shown so far, the polyacrylamide gels used
here 1) provide substrates with Young’s moduli within a physiologically relevant range; 2)
compared to other functionalisation chemistries, offer the advantage that ligand density can be
uncoupled from material stiffness and can, thus, be kept equal; and 3) enable an adequate
attachment and culture of macrophages on the material, representing a reliable platform to study
their mechanoresponse. Finally, when culturing BMDMs on more compliant substrates, they
adopted a smaller and more circular shape and presented considerably more membrane

invaginations than when grown on stiffer hydrogels.
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3.2 Impact of substrate stiffness on the
pro-inflammatory response of macrophages

Besides engulfing harmful particles, one of the main functions of macrophages is to detect the
presence of dangerous entities and orchestrate the onset of the immune response by secreting
different cytokines and chemokines. Some of them promote inflammation and the recruitment of
other immune cells, and others favour tissue repair and ultimately lead to the recovery of tissue
homeostasis (see Introduction 1.2 for further details). There is still considerable ambiguity with
regard to how the mechanical properties of the microenvironment affect the inflammatory
behaviour of macrophages. Moreover, whether stiffness influences important pro-inflammatory
signalling elements like the inflammasome is still unknown. The following Section describes how
the established hydrogel platform was used to study the influence of substrate stiffness on the

macrophage pro-inflammatory response and on some of its major signalling players.

3.2.1 The morphological differences induced by different stiffness persist after
macrophage priming

As described in the Introduction Section 1.1.3, to detect different microbial and endogenous
danger molecules macrophages take advantage of multiple subtypes of TLRs. These receptors
recognise different DAMPs and initiate downstream signalling events that lead to macrophage
activation and pro-inflammatory gene expression. In this study, the compound employed for this
initial priming step was lipopolysaccharide (LPS), a molecule present in the wall of gram-negative

bacteria that binds and activates the TLR4 receptors present in the membrane of macrophages

First, whether the morphological changes promoted by substrates of different stiffness
remained after LPS challenge was tested. To this end, BMDMs cultured on PAA gels were
incubated with LPS for 4.5 h, fixed and imaged as previously described (Fig. 3.7A). The relative
differences in morphology between the compliant and stiff hydrogels observed in non-primed
macrophages persisted upon LPS priming (Fig. 3.7B-D). Nevertheless, when compared to
untreated, LPS-primed cells became larger on both stiffness. On 0.2 kPa substrates, LPS-treated
macrophages had an 83% larger area, an 85% longer perimeter and a 40% lower circularity
compared to untreated controls. On 33.1 kPa gels, their spreading area was only 38% higher, their
perimeter 8% longer and their circularity was similar to non-primed. It is worth noting that the
LPS-induced increase in spreading area and perimeter and the decrease in circularity were more

notable in the cells cultured on the compliant than on the stiffer substrate. As previously reported
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, LPS tends to promote cell spreading and, since macrophages were already
well spread on the stiff gels before their priming, it seems coherent that more pronounced changes

were detected in the 0.2 kPa gels.
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Figure 3.7 | Stiffness-induced morphological differences persist after macrophage LPS priming. (A) Representative
fluorescence microscopy images of BMDMs cultured for 14-18 h on 0.2 and 33.1 kPa gels and primed for 1.5 h with 100
ng/ml LPS. Nuclei shown in blue (DAPI) and F-actin in magenta (phalloidin-TRITC). Enlarged examples of cells in each
condition are displayed in the insets. Scale bars, 50 um. (B-D) Quantification of the cell area (B), perimeter (C) and circularity
(D) from images taken under the same conditions as (A). In all plots, each dot represents a cell, the black bars indicate the
mean + SEM, and the reference orange bar indicates the mean of the non-primed macrophages in Fig. 1D-F. The number
of analysed cells was 390 for compliant and 322 for stiff; and data were obtained from three independent experiments
done with different animals. Statistical analysis was performed using a Mann-Whitney test. **** p < 0.0001.

3.2.2 Tuning substrate stiffness does not cause major changes in the expression
of pro-inflammatory genes

The interaction of TLR4 with its ligand LPS triggers the activation of a signalling cascade that
leads to the translocation of the transcription factor NF«B into the nucleus, which promotes the
transcription of pro-inflammatory genes

. To begin studying the effect of substrate stiffness on the pro-
inflammatory behaviour of macrophages, quantitative RT-PCRs were performed to quantify the
expression of several genes representing some of the major mediators and effectors of the pro-
inflammatory response. Specifically, the expression of the genes encoding for the cytokines TNF-
a, IL-1p and IL-6; the pro-inflammatory molecule NOS2; the chemokines CXCL2 and CXCL9;
and the receptors TLR2 and TLR4 were tested.
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In absence of LPS, the expression of all the genes was minimal except for Tlr4 and no
differences were observed between BMDM s cultured on compliant and stiff hydrogels (Fig. 3.8).
Upon LPS priming, an increase in the expression levels of most of the above-mentioned genes
was observed. Interestingly, when comparing the two stiffnesses, a statistically significant higher
expression of Tnf-a was detected when culturing the macrophages on compliant substrates.
Despite not being significant, the cytokine genes Il6 and Il1b were also higher in the 0.2 kPa gels,
and TIr2 and Cxcl2 followed the same trend. There were no differences in the expression levels of
Nos2, Tir4 and Cxcl9. Therefore, under the chosen experimental conditions, these data indicate

that substrate stiffness does not have a major influence on the expression of pro-inflammatory

genes.
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Figure 3.8 | Modifying substrate stiffness does not significantly influence macrophage pro-inflammatory gene
expression. Relative gene expression levels of pro-inflammatory genes in non-treated macrophages and in cells primed
with 100 ng/ml LPS for 6 h. Normalised data are presented as heatmaps (see Appendix Fig. A.3 for absolute fold changes).

3.2.3 Lower substrate stiffness upregulates the secretion of the cytokines IL-6
and IL-1B

After the activation of the genes encoding for pro-inflammatory cytokines, a series of events
still needs to occur before these factors are released into the extracellular environment and have
an effect on other cells. These steps, which include protein synthesis, maturation, transport and
secretion, can also be modulated by multiple regulatory signals

. Therefore, although macrophage gene
expression was not strongly affected by substrate stiffness, whether it influenced the production

and release of the pro-inflammatory cytokines IL-6 and IL-1( remained a question of interest.

Priming of macrophages with LPS alone leads to the synthesis and secretion of IL-6, which can
be detected via ELISA . In this experiment, BMDMs
on PAA hydrogels were treated for 4.5 h with LPS and the amount of IL-6 released into the culture
supernatant was assessed (Fig. 3.9A). A representative experiment is shown in Fig. 3.9B and a

heatmap displaying the trends across different independent experiments is included in Fig. 3.9C.
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On average, 11% higher concentrations of IL-6 were detected when macrophages were cultured

on compliant substrates compared to those primed on stiff gels.

As previously described in Section 1.1.3, to secrete major amounts of IL-13 macrophages need
to be 1) primed with LPS and 2) provided with a second stimulus that triggers the final maturation
and release of the cytokine. In this work, the chosen stimulus was nigericin: a potent inducer of
K* efflux that triggers the assembly of the NLRP3 inflammasome. This multiprotein signalling
hub mediates the final processing of IL-1f, which is then released outside the cell

. Following the same trend as with IL-6, after 1.5 h of nigericin
stimulation macrophages on 0.2 kPa hydrogels consistently secreted higher amounts of IL-1f,

representing a mean 44% increase over cells cultured on 33.1 kPa hydrogels (Fig. 3.9D-E).

Interestingly, the collected data reveal that while pro-inflammatory gene expression levels of
macrophages were not significantly altered on varying PAA stiffness, both the secretion of IL-6

and IL-1P became upregulated at lower substrate stiffness.
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Figure 3.9 | Macrophages secrete higher levels of the cytokines IL-6 and IL-1B on compliant substrates.
Quantification by ELISA of the protein levels of IL-6 and IL-1B secreted by BMDMSs on compliant and stiff polyacrylamide
gels. (A) Scheme of the experimental treatment applied in (B-E). Cells were cultured for 14-18 h on hydrogels, primed for
4.5 h with 100 ng/ml LPS and stimulated for 1.5 h with 10 uM nigericin. To measure IL-6, supernatants were collected
after LPS priming and to assess IL-1B, samples were taken after nigericin treatment. (B, D) Results of one representative
experiment for IL-6 (B) and IL-1B (D). Mean + SEM is displayed and each dot indicates one replicate. (C, E) Heatmaps of
the IL-6 (C) and IL-1B (E) cytokine quantification performed as described in (A). Each square represents an independent
experiment, which were repeated four times using cells from four different mice, with similar results. Statistical analysis
was performed using a 1D linear mixed model and p-values were determined by a likelihood ratio test. ** p < 0.01; *** p <
0.001.
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3.2.4 Stiffer substrates diminish macrophage pyroptotic cell death

Another downstream effect of nigericin stimulation is the onset of pyroptosis, a process
defined as caspase-1-mediated cell death. During this lytic process, the cleavage of the effector
protein gasdermin D (GSDMD) forms pores in the plasma membrane, initially inducing cell
swelling quickly followed by cell lysis and release of intracellular contents

. Indeed, the same was observed in the preliminary data obtained in our lab and shown in
Annex Fig. A.4, where BMDMs grown and stimulated on plastic were monitored by optical
diffraction tomography (ODT) for 70 min. The results indicated that dry mass started decreasing
10 min after the onset of the treatment and continued doing so up to the final 70 min. In addition,
cell volume steadily increased up to 40 min post-nigericin, point at which starts decreasing until
the last measured timepoint. These changes in the measured volume could be due to the formation
of blebs commonly observed upon nigericin stimulation and their later burst, but further data

would be needed to confirm it.

Macrophage pyroptosis further contributes to the extracellular release of some of the cytokines
produced upon pro-inflammatory activation such as IL-1 and IL-18. According to this, could the
enhanced secretion of IL-1p observed on compliant gels be accompanied by an increase in cell
death? To answer this question, cell viability was determined by measuring the levels of lactate
dehydrogenase (LDH), an enzyme released by cells upon cell death. In control (unstimulated)
samples, cell viability was equally high in both compliant and stiff substrates (Fig. 3.10A),
confirming that the hydrogels do not have a considerable negative impact on cell survival. After
90 min of incubation with nigericin, LDH release was notably affected, and a significantly lower
viability was detected in macrophages grown on 0.2 kPa gels, indicating that pyroptosis was
enhanced on compliant gels. Moreover, additional time course data (Fig. 3.10B) indicated that the
differences in cell death were already noticeable 60 min after nigericin exposure and still
detectable 6 h after the onset of the treatment. Nevertheless, the 90 min time point was used for
the remainder of the study because at this stage the macrophage pyroptotic response was robust

enough but still submaximal.

Altogether, these results show that gels with a lower Young’s modulus upregulated both
nigericin-induced pyroptotic cell death and cytokine release, and highlight the importance of

investigating which macrophage signalling components could mediate this mechanotransduction.
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Figure 3.10 | Nigericin-induced macrophage pyroptosis increases on compliant substrates. (A) Assessment of cell
viability determined by LDH assay in untreated BMDMs (control) and after macrophage priming and stimulation
(stimulated) done as previously described. Mean + SEM are shown and each dot represents a replicate obtained from three
independent experiments. Statistical analysis was performed using a 1D linear mixed model and p-values were determined
by a likelihood ratio test. ns, not significant; **** p < 0.0001. (B) Time-course assessment of cell viability at O, 60, 90 and
360 min after macrophage priming and stimulation. Mean + SEM are shown and data corresponds to 2 independent
experiment with 3 replicates per condition.

3.2.5 Compliant substrates enhance NLRP3 inflammasome formation

The data presented above suggest that the upstream signalling events leading to cytokine
maturation and release may become upregulated when macrophages are cultured on more
compliant substrates. Among these, one of the most relevant signalling elements is the NRLP3
inflammasome, which is the corresponding inflammasome activated by the K* efflux induced by
nigericin . As mentioned in the introductory
Section 1.1.3, this macromolecular complex is comprised of three different proteins — the sensor
protein NLRP3, the adaptor ASC and the effector pro-caspase-1 — that cluster together, mediating
the activation of the latter. By fluorescent immunostaining of ASC it is possible to image and
clearly detect bright 1-um “ASC specks” , which correspond to assembled
inflammasomes (Fig. 3.11A). This approach, thus, allows to easily and reliably quantify in a single-

cell manner macrophages containing formed inflammasomes

As shown in Fig. 3.11A, in cells that did not contain a maturely formed inflammasome the
fluorescence signal corresponding to ASC was distributed across all the cytoplasmic and nuclear

areas and the F-actin distribution matched the organisation commonly observed in BMDMs
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. In contrast, macrophages with an assembled inflammasome had a distinct and
clearly visible punctum, usually in a perinuclear region. These ASC speck-positive cells tended to
display weaker F-actin staining. Moreover, the quantification of cell area showed that cells with
an assembled inflammasome were typically smaller, which was particularly evident for the more
spread cells on stiff gels (Fig. 3.11B). These observations are explained by the fact that treating
macrophages with nigericin triggered the onset of pyroptotic cell death, inducing the impairment
of the F-actin cytoskeleton and the loss of integrity of the whole cell. This cellular rupture may
also be the reason why a few ASC specks were released by macrophages and were observed
isolated, with no visible cellular components surrounding them, which is in line with previous
reports such as . As shown in Appendix Fig. A.5, approximately only 20% of
the observed ASC specks were extracellular, a percentage that did not substantially vary across the
different conditions used in this study. For these reasons, both intra- and extracellular specks were
included in the final analysis (see Methods Section 5.5.3 for a detailed description of the

procedure).

As in previous experiments, BMDMs were primed with LPS for 4.5 h and stimulated with
nigericin for 1.5 h, and the ratio of ASC-positive specks to cell number was determined.
Remarkably, macrophages on 0.2 kPa polyacrylamide gels displayed a ratio of 48%, representing
4 times more ASC specks than cells on 33.1 kPa (Fig. 3.11C). These data strongly indicate that the
formation of the NLRP3 inflammasome was upregulated in macrophages cultured on compliant

substrates.

Summing up, the results presented in this Section show that more compliant substrates
enhance the assembly of macrophage NLRP3 inflammasomes, the secretion of the pro-
inflammatory cytokines IL-1f3 and IL-6 and the release of the pyroptotic marker LDH. Besides
supporting the idea that macrophages and their inflammatory response are mechanosensitive,
these data suggest that substrate stiffness may modulate the formation of the inflammasome and
the downstream activation of the pyroptotic machinery. Furthermore, these findings pose the
question of which cellular components could serve as a link between substrate stiffness and the

NLRP3 inflammasome. This is an issue that Section 3.3 attempts to tackle.
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Figure 3.11 | NLRP3 inflammasome formation is enhanced on hydrogels of lower stiffness.

(A) Representative confocal microscopy images of ASC specks as a measure of inflammasome formation. BMDMs were
primed and stimulated as described in Fig. 3.10A. Top, separate channels of higher magnification examples on each
stiffness; scale bar, 20 um. Bottom, merged channels of lower magnification images with nuclei shown in blue (DAPI),
F-actin in magenta (phalloidin-TRITC) and the inflammasome linker protein ASC in yellow. White arrowheads indicate ASC
specks, markers of inflammasome assembly. Scale bar, 50 um. (B) Quantification of the spreading area of ASC speck-
positive and negative cells for images taken under the same conditions as (A). (C) Quantification of the ratio of ASC specks
to cell number. Mean + SEM are shown and each dot indicates one of the different replicates obtained from three
independent experiments. The total number of cells analysed was 4327 for compliant hydrogels and 5030 for stiff
hydrogels. Statistical analysis was performed using a 1D linear mixed model and p-values were determined by a likelihood
ratio test. ns, not significant; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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3.3 Investigation of macrophage mechanotransducing
elements

One of the goals of this dissertation was to distinguish which mechanisms enable macrophages
to perceive matrix stiffness. A few other publications have also reported that mechanical stimuli
affect inflammasome formation , but how the
information given by biophysical cues is transmitted into the inflammasome machinery is still
unclear. As explained in the Introduction Section 1.3, several cell mechanosensing elements have
been described, including cell-substrate adhesion complexes such as focal adhesions

and membrane constituents like caveolae and mechanically gated ion
channels . Whether these mechanosensors could contribute to regulate
inflammasome assembly and activation was of particular interest to the present study, and the

experimental results presented in the following pages aim to address this.

3.3.1 Limiting cell spreading alone does not recapitulate the effects induced by
stiffness on inflammasome formation

As reported in Section 3.1.1, the effects of substrate stiffness on the pro-inflammatory
behaviour of macrophages are accompanied by notable differences in the morphology adopted by
cells upon culture on PAA hydrogels. In light of the strong impact of stiffness on cell shape, could
the distinctly low spreading area of macrophages on compliant substrates represent an initial
mechanosensitive trigger of downstream signalling events that lead to an enhanced response? To
tackle this question, a micropatterning-based approach was employed to test whether cell

spreading alone affects inflammasome formation.

Specifically, BMDMs were cultured on fibronectin-coated round islands patterned on glass.
The islands had a diameter of 20 um and, thus, an area of 314 um?, resembling the mean spreading
area adopted by macrophages on 0.2 kPa gels. These confined macrophages were then compared
to cells grown on a glass surface functionalised with non-patterned fibronectin, a situation where
they could extensively spread and that mimicked the morphology observed on 33.1 kPa substrates
(Fig. 3.12A). To compare the response in both conditions, the detection of formed
inflammasomes was chosen since it is a reliable, single-cell, microscopy-based readout. As in
previous experiments, cells were primed with LPS, stimulated with nigericin and ASC specks

were quantified as a proxy of inflammasome assembly (Fig. 3.12B).

Surprisingly, macrophages confined on 20 pum islands had on average significantly less ASC

specks than cells grown on an unconfined area (21% vs 40%, respectively). Under these conditions,
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limiting cell spreading did not recapitulate what had been observed on compliant polyacrylamide
gels since it did not increase inflammasome formation but actually reduced it. Therefore, cell
spreading alone does not seem to be the factor positively modulating the enhanced response of
macrophages on more compliant substrates. This observation reduces the possibilities that
membrane-related elements such as caveolae or mechanosensitive ion channels play a crucial role

in substrate stiffness macrophage mechanosensing and, consequently, other possible

mechanosensing components were investigated.
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Figure 3.12 | Limiting cell spreading does not recapitulate the differences induced by stiffness on inflammasome
formation. (A) Representative confocal microscopy images of inflammasome formation under cell confinement.
Constrained BMDMs were cultured on fibronectin-coated circular islands with a diameter of 20 um micropatterned on
glass substrates. Unconstrained cells were grown on fibronectin-coated glass coverslips in an unconfined manner. After
14 - 18 h of culture, they were primed and stimulated as done in previous experiments. Nuclei shown in blue (DAPI), F-
actin in magenta (phalloidin-TRITC) and ASC in yellow. Scale bar, 20 um. (B) Quantification of the ratio of ASC specks to
cell number. Mean + SEM are shown and each dot indicates an independent experiment done with BMDMs from different
mice. The total number of cells analysed was 1560 for the 20 um constrained and 1524 for the unconstrained adhesion
area. Statistical analysis was performed using a 1D linear mixed model and p-values were determined by a likelihood ratio
test. **** p < 0.0001.
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3.3.2 Actomyosin contractility may play a role in transducing the mechanical
cues given by substrate stiffness

The F-actin cytoskeleton is one of the most well-known mechanotransducing elements as
actomyosin not only enables cells to generate forces but it also contributes to integrate mechanical
signals from the microenvironment . Given the observations that the
F-actin architecture was also altered by substrate stiffness, the potential mechanosensing role of

actomyosin contractility in macrophages was investigated.

For this, a pair of small molecule inhibitors were used to determine the effect of interfering
with actomyosin contractility on NLRP3 inflammasome formation on polyacrylamide hydrogels.
BMDMs were treated with blebbistatin, a non-muscle myosin II inhibitor, or with Y-27632, a
molecule that blocks ROCK1 and ROCK2. As shown in the schematic in Fig. 3.13A, the inhibitors
were added 1 h prior to the start of macrophage priming and stimulation and were kept during
all the procedure. After all the treatment, cells were fixed and the ratio of ASC specks to cell
number was determined. Fig. 3.13B contains some representative images of nigericin-stimulated
macrophages treated with the different actomyosin contractility inhibitors and Fig. 3.13C shows
the quantification of spreading area of the cells in these images. It is interesting to note that the
treatment with blebbistatin did not induce notable morphological changes in BMDMs. This is in
line with , who reported a similar effect even using higher concentrations
of blebbistatin for longer times. By contrast, Y-27632-treated macrophages were thinner and had
some elongated processes, being especially noticeable upon imaging the cells cultured on stiff 33.1

kPa gels.
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Figure 3.13 | Interfering with ROCK activity induces a decrease in macrophage spreading area.

(A) Scheme of the experimental treatment applied in Fig. 12B and Fig. 13. BMDMs cultured on hydrogels for 14 -18 h were
pre-treated with either 1:1700 DMSO as a control, 10 um blebbistatin or 10 um Y-27632 for 1 h. While keeping the
respective inhibitor molecules, cells were then primed with 100 ng/ml LPS for 4.5 h and 10 um nigericin for 1.5 h. (B)
Representative confocal microscopy images of inflammasome formation under actomyosin inhibition. Nuclei shown in blue
(DAPI), F-actin in magenta (phalloidin-TRITC) and ASC in yellow. Scale bar, 20 um. (C) Quantification of the spreading area
of ASC speck-positive and negative cells for images taken under the same conditions as (B). Statistical analysis was
performed using a Kruskal-Wallis test followed by Dunn’s post hoc analysis to obtain the multiple comparison p-values.
ns, not significant, * p < 0.05; *** p < 0.001; **** p < 0.0001. Symbol on top of each bar indicates the comparison with its
corresponding DMSO-control ASC-positive or negative condition.
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The quantification of inflaimmasome formation, displayed in Fig. 3.14, revealed that on
compliant gels both blebbistatin and Y-27632 treatments reduced the ratio of ASC specks. In
contrast, on stiff hydrogels there were no differences to the DMSO control. Interestingly, when
comparing each treatment between the two stiffnesses, treating the cells with blebbistatin strongly
diminished the differences in inflammasome formation between 0.2 and 33.1 kPa substrates.

Inhibiting ROCK, however, did not suppress the differences between both stiffnesses.

These results indicate that interfering with actomyosin contractility with blebbistatin had a
significant impact on the enhanced capacity of BMDMs on compliant substrates to assemble the
NLRP3 inflammasome in response to nigericin stimulation, decreasing inflammasome formation
and equalising it to the one on stiff hydrogels. This suggests that actomyosin contractility might
play a role in the mechanotransduction process and might mediate the modulatory effect of

stiffness on macrophage inflammasome formation.
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Figure 3.14 | Inhibiting myosin diminishes the differences induced by stiffness on inflammasome formation.
Quantification of the ratio of ASC specks to cell number for images taken under the same conditions as Fig. 3.13. Mean *
SEM are shown and each dot indicates one of the different replicates obtained from three independent experiments. The
total number of cells analysed was, for compliant gels, 4673 (DMSO), 3528 (blebbistatin) and 5182 (Y-27632); and for stiff
gels, 4859 (DMSO), 5447 (blebbistatin), and 5214 (Y-27632). Statistical analysis was performed using a one-way ANOVA
followed by Bonferroni's post hoc analysis to obtain the multiple comparison p-values. ns, not significant, * p < 0.05; *** p
< 0.001; **** p < 0.0001.



51

DISCUSSION AND CONCLUSIONS

As cells of the innate immune system, macrophages are not only present in most tissues of the
body but also migrate towards lesion areas and sites of infection. This implies that they are not
only exposed to the native biophysical properties of tissues but also experience the mechanical
changes that result from tissue damage and disease. In the present study, the influence of
microenvironment stiffness on the pro-inflammatory response of macrophages was explored.
Primary macrophages were exposed to substrate stiffness in the range of 0.2 to 33.1 kPa and the
results revealed that more compliant substrates increase the sensitivity of BMDMs to pro-
inflammatory stimuli, enhancing inflammasome formation, pyroptosis onset and cytokine
release, and that this might be mediated through actomyosin contractility. The following
paragraphs comment on these results and puts them in the context of the current literature. Parts

of this discussion have also been published in

4.1 Compliant substrates enhance the macrophage pro-
inflammatory response

The initial work shown in this dissertation focused on searching an adequate platform to study
macrophage mechanosensing. Among the different biomaterials tested, PAA-based substrates
resulted to be the best option. The thiol-group functionalisation done by incorporating
methysulfone acrylate (MS) monomers in the acrylamide mix enabled to tune hydrogel stiffness
while maintaining comparable RGD coating, an advantage that classical PAA functionalisation
methods do not offer . Primary macrophages attached well to the hydrogel
surfaces and could be successfully cultured on all stiffnesses in a stable and reproducible manner,
with minimal cell detachment and a viability of > 85% after 1 day on the substrates (Fig 3.10). The
hydrogel elasticities mainly used in this work (0.2 vs. 33.1 kPa) were chosen for different reasons.
First, this range covers the stiffness values found in multiple tissues where macrophages are
present, including brain, adipose, lung, liver, kidney, cardiac and dermal tissues (see the respective
review of for a list of values). Second, the morphological characterisation
of macrophages on the three different Young’s moduli used in Fig. 3.3 pointed towards a linear
response to substrate stiffness within this range. Since the 0.2 and 33.1 kPa gels encompass a
change of two orders of magnitude and showed consistent and substantial effect differences at the
onset of the study, these two most distant stiffnesses were chosen to continue with the study.

Moreover, these values approximately matched the lower and upper limits reported for the elastic
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moduli of bone marrow by , being 0.1 kPa in the central part and more

vascularised regions and 30-100 kPa near the bone surface.

The characterisation of different morphological metrics, including spreading area, circularity
and membrane topography, indicated that varying substrate stiffness had an impact on
macrophages. BMDMs grown for a day on stiffer hydrogels displayed a larger area, smaller
circularity and a smoother plasma membrane. All these changes are in line with what has been
reported in several polyacrylamide stiffness ranges and different macrophage cell types, including
murine BMDMs , RAW 264.7 murine cells

, human THP-1-differentiated macrophages and

human monocyte-derived macrophages

The experimental results described in this thesis confirmed that substrate stiffness influences
the pro-inflammatory response of macrophages. Despite culturing BMDMs on PAA with
different Young’s moduli did not induce major changes in the expression of pro-inflammatory
genes, macrophages primed and stimulated on 0.2 kPa hydrogels released higher amounts of the

cytokines and IL-6 and IL-1( than cells on 33.1 kPa matrices.

Different studies using polyacrylamide hydrogels within a similar stiffness range also described

an enhanced release of pro-inflammatory cytokines on more compliant substrates. For example,
cultured BMDMs on fibronectin-coated PAA with elastic moduli between

1 and 25 kPa. Upon a 24 h LPS challenge, they quantified higher concentrations of IL-1f on the
compliant substrates and, additionally, increased levels of the anti-inflammatory cytokine IL-10
on the stiffest hydrogels - a factor not measured in the present work -. Using the same sort of
cells, gels and stimulus, detected higher levels of the pro-inflammatory
cytokine TNF-a on 1 kPa hydrogels than on 20 and 150 kPa materials. In this case, though, the
amount of IL-10 was higher on the compliant substrates. And following the same trend but using
different cell lines, exposed murine RAW 264.7 and human U397 macrophages
to poly-D-lysine (PDL)-coated PAA gels between 0.3 to 150 kPa. In both cell types their results
showed that the levels of TNF-o released after LPS priming became higher when decreasing

substrate stiffness.
By contrast, there are other reports stating that stiffer microenvironments are the ones

upregulating the pro-inflammatory behaviour of macrophages

. For instance, cultured for 24 h murine BMDMs on

polyacrylamide gels with Young’s moduli ranging from 0.3 to 230 kPa. After LPS treatment they
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detected higher levels of secreted IL-13, TNF-a and NO on stiffer substrates, observing the same
trend with different hydrogel coatings. This discrepancy in the response of macrophages across
different studies might be caused by the choice of different cell lines, substrate material, adhesion
proteins, their coating densities or the specific type of stimulatory challenge. In the present work
it should be noted that the samples used to quantify IL-6 were collected only after 4.5 h of LPS
priming and, unlike all the mentioned studies, the release of IL-13 was induced with the
ionophore nigericin. Given this variability in the experimental settings, the comparison of results
obtained by different laboratories should be done with care. Moreover, the ongoing progress in
the design of hydrogels and artificial matrices may help recreate better the structural and
mechanical features of the native tissues where macrophages reside, thus improving the

physiological relevance of future mechanobiology studies

In addition to this, a limitation of the present work is that most experiments were only
performed using two different stiffness. It is important to consider the possibility that
macrophages might not respond to substrates of differing stiffness in a monotonous manner.

reported that in THP-1-derived macrophages the effect of
material stiffness on their phagocytic ability and on several M1-associated genes and cytokines
followed a biphasic response. The data obtained by in RAW 264.7 cells
displayed a similar behaviour in LPS-induced TNF-a release. The biphasic response to substrate
mechanics has already been described in other cell types such as fibroblasts
and, therefore, the existence of a non-linear relationship between substrate stiffness and

macrophage behaviour should not be discarded until more data is collected.

While the results described in this thesis indicate that lower substrate stiffness upregulates the
pro-inflammatory response of macrophages, the limited amount of gene expression data obtained
does not allow to completely understand how their phenotype is affected. Complementing this,
other publications have focused their attention on assessing the influence of substrate stiffness on
their polarisation state. cultured BMDMs for 3 days on PDL-
coated PAA gels between 0.1 and 50 kPa, and performed RNAseq to evaluate the expression levels
of a wide panel of pro-inflammatory (M1) and anti-inflammatory (M2) genes. Their data
indicated that macrophages underwent a phenotype switch, becoming more MI-like on
compliant substrates and M2-like on the stiffer ones. Similarly, grew BMDMs
for 3 and 5 days on PAA gels of approx. 3, 35 and 64 kPa, detecting at both culture time-points an
increase of M1 genes (such as Il1b and iNos2) on the 3 kPa hydrogels and an increase of M2 genes
(like Argl and Tgfb) on 35 and 64 kPa. In line with this, reported that THP-1-

derived macrophages cultured for 2 days on PAA-collagen between 6 and 16 kPa enhanced their
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M2 polarisation on stiffer substrates. In all these studies, macrophages were cultured for several
days on the different hydrogels before analysing their phenotypic markers and gene profiles.
Despite the mechanical cues given by substrates may be transduced into the nucleus and influence
the expression of certain macrophage polarisation genes, the fact that in this thesis BMDMs were
only cultured for 1 day on the hydrogels might explain why no significant differences were
detected when quantifying pro-inflammatory gene expression across varying stiffness. To clarify

this, future work should thus include the acquisition of further data at additional timepoints.

4.2 Substrate stiffness influences the formation of the NLRP3
inflammasome

The inflammasome represents a supra-molecular signalling hub activated in macrophages
upon inflammatory stimuli that leads to the activation of caspase-1, enzyme that catalyses the
maturation of certain interleukins such as IL-1 and IL-18. Although most of the described
inflammasome regulators consist of biochemical signals , recent studies

suggest that mechanical cues could also be modulating its formation

The present dissertation provides evidence for the first time that microenvironment stiffness
can also influence the formation of the NLRP3 inflammasome. To test whether varying substrate
stiffness affected its assembly, the presence of ASC specks was quantified as a proxy of
inflammasome activation. The data showed that upon LPS priming and nigericin stimulation the
more compliant substrates remarkably enhanced inflammasome formation. Moreover, this was
accompanied by an increase in the number of cells entering pyroptotic cell death, as indicated by

the higher levels of LDH detected in the supernatant of cells stimulated on 0.2 kPa hydrogels.

Together, these results might suggest an upregulation of the activity of pyroptotic effectors,
such as caspase-1. On the one hand, more active caspase-1 could potentially process more pro-IL-
1P into its mature form IL-1p . On the other hand, active caspase-1 could
trigger the cleavage of gasdermin D (GSDMD) and enhance the formation of membrane pores by
its N-terminal domain, facilitating the release of molecules such as IL-1f, IL-6 and LDH

. All these effects could be caused by a decrease in the
inflammasome activation threshold, the existence of different macrophage subpopulations or by
higher assembly rates, but in this study the quantification of inflammasome formation was only

performed at a single time point. Therefore, more resolved time-dependent data and the
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monitoring of additional events such as the cleavage and activation of caspase-1 and GSDMD

would be necessary to understand the specific dynamics behind this process.

The fact that the expression of pro-inflammatory genes was not strongly altered upon LPS
treatment suggests that the increase in cytokine secretion on compliant gels could be caused by an
effect on pathways involved in interleukin maturation and processing. Indeed, the obtained
results seem to point in this direction, supporting the hypothesis that under the experimental
conditions employed here substrate stiffness does not considerably affect the priming pathway
(signal 1) but has a strong impact on the activating pathway (signal 2). Nevertheless, as mentioned
earlier, other studies where macrophages have been cultured on hydrogels of differing stiffness
for longer times show that their gene expression patterns are modified. Moreover, in this thesis
data on the expression of genes that could have a direct impact on inflammasome formation such
as Nirp3 were not collected. To better dissect the different responses of macrophages to substrate

stiffness future experiments should also consider these possibilities.

In conclusion, the work presented here proves that substrate stiffness modulates the formation
of the NLRP3 inflammasome, and proposes that more compliant substrates may induce the
inflammasome to be more “sensitive” to the effect of activating stimuli, enhancing its assembly
and the consequent activation of the pyroptotic machinery, to finally upregulate the processing

and release of pro-inflammatory cytokines.

4.3 Exclusively altering cell spreading does not explain the
differences induced by substrate stiffness

One of the most relevant questions originating out of the described findings was: how do
macrophages integrate the mechanical cues given by substrate stiffness into the inflammasome

regulatory network?

The first explored possibility was the potential mechanosensing role of cell shape. This was
motivated by the fact that one of the first discernible effects of substrate stiffness on macrophages
was the change in cell morphology and membrane topography, and that in studies like

their polarisation state could be modified by simply forcing them to

adopt certain cell geometries.

Based on this, whether there is a relationship between macrophage spreading and
inflammasome formation was tested. As seen in this work and others, BMDMs on stiffer

substrates spread considerably more, which could indirectly cause an increase in membrane



56

curvature and tension that mechanosensing elements like caveolae and mechanically-gated ion
channels could detect . To determine whether the lower spreading that
macrophages adopted on more compliant hydrogels enhanced the formation of the NLRP3
inflammasome, BMDMs were confined using a micropatterning-based approach. While the area
of constrain was chosen to match the one of cells on compliant hydrogels, the spreading area of
unconfined macrophages resembled the area of cells cultured on stiff hydrogels. Unexpectedly,
limiting cell area on a stiff substrate did not promote inflammasome formation but rather reduced
it, indicating that reducing cell spreading alone may not recapitulate the downstream

inflammatory effects observed on hydrogels with varying Young’s moduli.

Despite the limitations given by constraining cell spreading on a glass substrate instead of
directly on hydrogels, the followed approach still enables to uncouple spreading area from cues
provided by substrates of differing stiffness in a well-controlled manner. Moreover, it allows for
comparison to previous work such as the one done by , who observed that
decreasing the spreading area of macrophages negatively regulated their pro-inflammatory
response. Specifically, they spatially confined BMDMs on a glass surface and observed a
downregulation of pro-inflammatory genes 116, Cxcl9, Il1b and Nos2 and the subsequent secretion
of TNF-a, IL-6 and IL-12 via the indirect modulation of chromatin compaction. Following the
same trend, the data presented in this work supports the idea that limiting cell spreading has a
negative impact in the response of macrophages to pro-inflammatory stimuli and implies that the
NLRP3 inflammasome is another — so far unacknowledged - inflammatory signalling components

affected by cell confinement.

4.4 Actomyosin contractility as a potential macrophage
mechanotransducer element

Macrophages are highly motile cells that exert traction forces on their substrates to adhere,
spread and migrate through tissues. The magnitude of these forces increases with substrate
stiffness and their generation is dependent on the contraction of the actin cytoskeleton

. Since actomyosin contractility has been described as one of the key elements of the
stiffness mechanotransduction machinery , this work tested whether
interfering with it would have any impact on the formation of the NLRP3 inflammasome in
BMDMs exposed to different material stiffness. Blocking non-muscle myosin II's motor activity
with blebbistatin during macrophage priming and stimulation strongly decreased the percentage
of inflammasome-activated cells on the compliant substrates and slightly increased it on the stiff

ones, diminishing the original differences between both stiffness. Inhibiting ROCK1 and ROCK2
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with Y-27632 also reduced inflammasome assembly on compliant hydrogels but in a less

substantial manner than blocking myosin II alone.

The different results obtained by using these two small molecule inhibitors might be explained
by the fact that while blebbistatin specifically blocks the motor activity of myosin II,
pharmacologically inhibiting ROCK1 and ROCK2 with Y-27632 not only impedes the
phosphorylation of myosin but also promotes F-actin destabilisation

. This would also justify the notable morphological differences observed after

incubating the cells with Y-27632 but not detected when using blebbistatin. Moreover,
showed that the generation of traction forces in M1-polarised macrophages requires the
activity of myosin II but is independent of upstream ROCK activation. As they proposed, perhaps
other myosin II regulatory proteins such as MLCK contribute to promote actin contractility, also
helping to explain why the effect observed in this thesis when blocking ROCK is not of the same

magnitude as when directly inhibiting myosin II.

It could be speculated that there might be an optimal level of actomyosin contractility at which
inflammasome assembly is enhanced and that macrophages on more compliant substrates might
be closer to it, leading to an increase in inflaimmasome formation and in the downstream
activation of pro-inflammatory effectors. To investigate this hypothesis, future experiments
should aim at assessing in more detail how substrate stiffness affects actomyosin contractility in
macrophages. Despite previous studies such as indicate that stiffer substrates
promote an increase in contractility, determining how it is altered within the specific stiffness
range and cell type used in this work should be empirically characterised. This could be done by
imaging the structure of the actin cytoskeleton via fluorescence microscopy, by detecting
phospho-myosin through biochemical assays or also by taking advantage of AFM-based
approaches, and would aid interpret the results on inflammasome formation in a more complete

manner.

Collectively, the findings of this study suggest that actomyosin contractility may play an
important role in the integration of mechanical cues into the NLRP3 inflammasome regulatory
pathways, but further work is needed to dissect the exact sequence of events required to couple
them. A few additional studies have also proposed that the actin cytoskeleton may participate in
the control of inflammasome activation. Using BMDM s infected with Salmonella typhimurium,

proved that actin polymerisation is necessary for NLRC4 inflammasome
formation, pyroptosis onset and IL-1f release. And showed that F-actin

interacts with NLRP3 and ASC and downregulates the activity of the NLRP3 inflammasome.
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Besides actin, other cytoskeletal components have also been described as regulators of
inflammasome activation. For instance, reported that the intermediate
filament vimentin also associates with NLRP3 and participates in the control inflammasome
assembly. And in an excellent study, showed that the NLRP3
inflammasome is assembled at the centrosome (or microtubule-organising centre (MTOC)) and
that the dynein adaptor HDACS is required for the microtubule retrograde transport of NLRP3
towards it. Overall, they propose that, upon an activation stimulus, NLRP3 molecules pre-packed
in trans-Golgi network vesicles are transported through microtubules to the MTOC. This would
then facilitate the association of NLRP3 with positive regulators of the inflammasome residing in
the MTOC, such as the kinase NEK7, and the subsequent assembly of the entire inflammasome
together with ASC and caspase-1. Given this and given that the MTOC
and microtubule architecture may also be influenced by substrate stiffness,
future experiments should also address the possibility that these components might contribute to
transduce the mechanical information given by substrate stiffness into the inflammasome
signalling hub. Additionally, actin and microtubule filaments are not completely independent
structures but also crosstalk to each other. This includes not only the existence of shared regulator
molecules but also other interactions like actin-
microtubule crosslinks that enable actin filaments to guide and redirect microtubule growth

. Therefore, further studies should also consider the possibility that the actin
cytoskeleton could play a synergistic role together with other cytoskeletal systems to bring
together inflammasome components and, thus, facilitate inflammasome assembly. What the exact
link between mechanical cues, cytoskeleton activity and inflammasome activation is remains an
open question to be addressed in the field and the importance the cytoskeleton may have as an

additional inflammasome regulator has just begun to be uncovered.
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4.5 Potential impact of the study in the context of cancer

The increasing understanding of immune mechanosensing may also provide a better insight
into pathologies that are associated with alterations in tissue mechanical properties. For instance,
the downregulation of the pro-inflammatory response of macrophages on substrates with higher

stiffness described in this work could be relevant in the context of cancer.

Tumour-associated macrophages (TAMs) are one of the major components present in the
tumour microenvironment and can represent up to 50 % of the tumour mass
An elevated infiltration of this immune cell type into the primary tumour tends to correlate with
poor prognosis as well as a decrease in the response to standard-of-care therapies

. These macrophages, when located within the tumour

stroma, tend to adopt an M2-like phenotype and perform several functions. They expose surface
receptors and secrete chemokines, cytokines, growth factors and proteolytic enzymes that, on one
side, favour tumour initiation and growth and, on the other, facilitate immune evasion

. Therefore, TAMs play a dual role both as tumour promotors and immune suppressors.

Compared to their healthy tissue counterparts, primary tumours are often associated with
higher tissue stiffness . For instance, in murine breast cancer the elastic modulus
raises from an average of 0.17 kPa in a normal mammary gland to 4 kPa in mammary tumours

. And in human brain tumours the Young’s modulus can increase from a few

hundred Pa in non-cancerous tissue up to 13.5 kPa in advanced glioblastomas
. In light of what has been reported in this and the other studies previously mentioned
)
it could be possible that, in conjunction with soluble factors, the stiffening experienced by
malignant tissues decreases the M1-like response of TAMs and induces a polarisation switch

towards an M2 phenotype, promoting cancer survival and growth.

The targeting of TAMs as a therapeutic strategy is progressively attracting more attention

. An example of this is zoledronic acid, an agent able to reverse the phenotype

of cancer macrophages from M2 to M1-like which has shown positive results against early-stage
breast cancer . Nevertheless, there are still many
fundamental questions to be solved to really understand how to modulate the behaviour of these
cells. Understanding the response of TAMs to mechanical cues given by the tumour
microenvironment could, thus, help to refine of treatments that aim at supressing the macrophage
phenotype conversion into M2 and contribute to broaden the landscape of available cancer

immunotherapies.
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4.6 Potential impact of the study in the context of implant
design

The implant of an external device or prosthesis represents one of the clearest examples of a
situation where macrophages might encounter a material with considerably different mechanical
properties than their native tissue. The clinical success or failure of implants frequently depends
on the inflammatory response of the body against them, which comprises a series of events known
as Foreign Body Response (FBR) . Briefly, following the implantation of a
biomaterial proteins from the damaged tissue adsorb onto its surface and platelets accumulate and
activate the complement system, forming a provisional matrix around the implant

. This is also thought to trigger the recruitment of innate immune cells, including
neutrophils and macrophages, which initiate an acute inflammatory response
From this early point onwards, macrophages are essential since first they clear debris, bacterial
and dead cells and, some days later, they polarise towards an M2-like phenotype and secrete
signals that recruit additional cells such as fibroblasts . Once fibroblasts reach
the lesion site, they proliferate and produce new ECM proteins - especially collagen — to repair
the damaged tissue around the implant ). This can result in two different outcomes:
either a) the new ECM integrates well with the biomaterial and supports the correct regeneration
of the tissue or b) a chronic inflammation state promotes excessive deposition of ECM, which
ends up encapsulating the foreign body and can potentially hinder the long-term functionality of

the implant

In synergy with biochemical cues, other properties of the biomaterial such as geometry,
stiffness, porosity or its surface topography can also affect macrophage behaviour during the FBR
. This is of particular interest in the case of

neural implants, in which the physical and mechanical mismatch often occurring between the
neural tissue (which is a few hundred Pa )
and the implanted device (often some orders of magnitude stiffer) seems to worsen the fibrotic

response against it

One of the studies that motivated the present work, undertaken by )
showed that microglia are mechanosensitive. After implanting a PAA body with two segments of
differing stiffness, microglial cells became more attracted towards the stiffer 30 kPa region than
towards the compliant 0.1 kPa one. Complementing this,
characterised the influence of PAA between 0.1 and 50 kPa on fibroblasts and macrophages within

the context of the FBR. When cultured in vitro, BMDMs adopted an M1-like gene profile on the
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compliant gels and an M2-like on the stiffer substrates, which is in line with the results reported
in this dissertation. Importantly, when implanted both in subcutaneous and nerve injury
locations, the biomaterials coated with 0.1 kPa PAA significantly reduced the fibrotic FBR. By
contrast, stiffer materials presented a remarkably higher amount of fibroblasts, collagen and

macrophages forming a thicker capsule around them.

In the case of implants that offer not a flat surface but a scaffold where cells can infiltrate and
proliferate in all directions, the specific cell mechanoresponse to 3D environments should be
considered. Despite that the behaviour of macrophages in these two situations may not be exactly
the same , compared to 2D studies, not much work has been done so far
using this immune cell type in a 3D context. The few respective publications point into a similar
direction as this dissertation and, among them, the work done by is of special
relevance. They cultured BMDMs on collagen 3D scaffolds with controllable pore size and elastic
modulus (E = 20, 70 and 190 kPa), observing that while cells within compliant materials adopted
an M1-like phenotype and secreted higher amounts of pro-inflammatory cytokines, macrophages
in their stiffest scaffolds favoured the polarisation towards M2. Moreover, when implanted
subcutaneously in mice, compliant scaffolds induced a pro-inflammatory response and the stiffest
material promoted a wound healing, fibrotic response, resembling in vivo what they had observed

in vitro.

The described studies illustrate that minimising the mechanical mismatch between the
biomaterial and native tissue may help to suppress chronic inflammation and permit regeneration,
a strategy that has been extensively tested with positive results in the case of neural devices

. The ongoing development of new
tools and biomaterials should allow immune cell biologists to extend the knowledge obtained in
the last 10 years by culturing macrophages in 2D and dissect their mechanoresponsive behaviour
in 3D microenvironments. This could for example lead to the improved design of mechanically
adaptive materials
and, in the long-run, enable to better control the immune reaction against implants, increasing

their long-term compatibility and functionality.
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4.7 Conclusions of the study

1l

iii.

1v.

RGD-coated polyacrylamide hydrogels constitute an adequate system to study the

influence of substrate stiffness on macrophages.

More compliant substrates upregulate the secretion of the pro-inflammatory cytokines

IL-1f3 and IL-6 and increase the release of the pyroptotic marker LDH.

Substrate stiffness modulates the formation of the NLRP3 inflammasome formation, with

more compliant substrates enhancing its assembly.

Actomyosin contractility may contribute to integrate the mechanical cues given by

substrate stiffness into the inflammasome regulatory machinery.
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MATERIALS AND METHODS

5.1 Production of polyacrylamide (PAA) hydrogels

5.1.1 Silanisation of glass coverslips

To achieve a stable and permanent bonding of polyacrylamide to the glass underneath them,
hydrogels were produced on aminosilanised glass coverslips. Briefly, 13 mm round glass coverslips
were washed with 0.1 M NaOH for 15 min, washed with ethanol and water and dried. They were
incubated for 20 min in a solution of 0.1% (v/v) allyltrichlorosilane and 0.1% (v/v) triethylamine
diluted in chloroform, washed and dried. Finally, they were covered with 0.5% glutaraldehyde for

30 min, washed and dried.

5.1.2 Polymerisation of PAA hydrogels

To obtain hydrogels with a range of different stiffness, acrylamide (AA) and N,N'-
methylenebisacrylamide (BisA) were pre-mixed in different proportions. For compliant gels 5%
AA and 0.07% BisA were used; for intermediate 12% AA and 0.2% BisA; and for stiff 18% AA and
0.4% BisA (all v/v and dissolved in PBS). Tetramethylethylenediamine (TEMED) was added to

the pre-mixes to a final concentration of 0.3% (v/v). The mixture was degassed for 10 min.

Custom-made methylsulfone acrylate (MS) monomers were used as a thiol-reactive compound
for functionalization with adhesion molecules, as recently described in Farrukh et al., 2016. The
MS monomers are incorporated to the AA/BisA mix and after the gels are polymerised they can
react with the thiol group present at the Cys residue of the employed adhesion peptide. This
strategy enables the uncoupling of polyacrylamide stiffness from adhesion ligand density,
ensuring a comparable density of peptides between different hydrogels. MS monomers were

dissolved at 32 mg/ml in dimethylformamide (DMF).

To initiate the polymerisation, a final mixture 1:8 (v/v) of MS monomers and the AA/BisA
pre-mixes was prepared and ammonium persulfate (APS) was added to a final concentration of
0.1% (w/v). 9.3 pl of the solution were placed between a glass coverslip and a flexible hydrophobic
polyester sheet to gel for 30 min. Polymerised hydrogels were peeled off, immersed in water in a
24-well plate to swell for a minimum of 1 h, washed, UV-sterilized for 30 min and washed again.
Hydrogels were functionalised with 0.5 mg/ml of cRGD-Phe-Cys diluted in ddH;0O at room
temperature overnight. They were finally washed and then stored in water at 4° C for a maximum

of 14 days until they were used for either mechanical characterization or cell culture.



64

Materials:
Substance Working concentration Supplier Ref. number
NaOH 0.1 M Sigma-Aldrich S5881
Allyltrichlorosilane 0.1% (v/v) Sigma-Aldrich 107778
Triethylamine 0.1% (v/v) Sigma-Aldrich T0886-100ML
Chloroform 99.8% (solvent) Sigma-Aldrich 366927
Glutaraldehyde 0.5% (v/v) Sigma-Aldrich G6257
Polyacrylamide see recipe table Sigma-Aldrich 01697
Bis-acrylamide see recipe table Bio-Rad 1610142
APS see recipe table Sigma-Aldrich A3678
TEMED see recipe table Sigma-Aldrich T9281
Methylsulfone acrylate (MS) 32 mg/ml Custom-made -
Dimethylformamide 99.8% (solvent) Sigma-Aldrich 227056
cRGD-Phe-Cys peptide 0.5 mg/ml Pepnet PCI-3686-P1

Pre-mix recipe:

Gel Final % AA (w/v) Final % Bis (w/v) PBS (p) 40 % AA (pl) 2 % Bis (pl) TEMED (1)
Compliant 5 0.07 4200 625 175 15
Interm. 7.5 0.2 3562 938 500 15
Stiff 18 0.4 1750 2250 1000 15

5.2 Production of polyethylenglycol-heparin (PEG-Hep)
hydrogels

5.2.1 PE-MSA polymer coating of glass coverslips

To achieve a stable and permanent bonding of PEG-Heparin to the glass underneath them, the
coverslips were chemically treated to create reactive groups on their surface. Briefly, 13 mm round
glass coverslips were pre-cleaned by submerging them in ethanol, keeping them under ultrasonic
treatment for 30 min and rinsing with ddH20. Then, an RCA-clean step was done, where
coverslips were incubated in a solution of hydrogen peroxide, ammonium peroxide and water
mixed in a 1:1:5 (v/v) manner, for 10 min at 70° C. After rinsing with water and drying them,
they were incubated for 2 h in a 9:1 (v/v) solution of 3-aminopropyltriethoxysilane in
isopropanol, thoroughly rinsing with isopropanol once the time had passed. The coverslips were
dried for at least 60 min at 120° C and then directly spin-coated for 30 s at 4000 rpm with a 0.15%
(v/v) PE-MSA solution prepared in 1:2 acetone:tetrahydrofurane. Finally, the coated coverslips

were kept in a dry environment at room temperature until used.
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5.2.1 Polymerisation of PEG-Hep hydrogels

The necessary amounts of PEG, heparin, NHS and EDC were precisely weighed and dissolved
in cold ddH>O (see amounts in the recipe below). PEG solutions were kept in the ultrasonic bath
to help the compound dissolve well. While always keeping the solutions in ice, the necessary
volumes of NHS and EDC were added to the heparin-containing tube to start the 15 min of
activation time, pipetting vigorously to mix the components well. Once the time passed, the PEG
solution was added into the heparin tube, mixing it well by vortexing the tube 5 s and spinning it
down. Per gel, 20 pl of this polymerising solution were quickly distributed on hydrophobic glass
slides and sandwiched with the PE-MSA-coated glass coverslips. The PEG-Hep hydrogels were
left polymerising overnight inside a wet chamber and the next day were peeled off and kept
swelling in PBS. After 5x washes with PBS, the hydrogels were UV-sterilised for 40 min and kept

at 4° C for a maximum of 14 days until used.

Materials:
Substance Working concentration Supplier Ref. number
EtOH Solvent Sigma-Aldrich 34852-M
Hydrogen peroxyde 35 % (v/v) Panreac AppliChem 147145.1211
Ammonium peroxide 0.1 % (v/v) Thermo Fisher Scientific 205840100
Isopropanol - Thermo Fisher Scientific 10366430
?Fﬁgl opropyltriethoxysilane ) o/ (/o) Sigma-Aldrich 440140
Tetrahydrofuran Solvent Sigma-Aldrich 186562
PE-MSA (MW = 125 000) 0.15 % (w/v) Sigma-Aldrich 188050
4arm-PEG-NH2 (MW = 1000)  see recipe table JenKem Custom-made
Heparin (MW = 14 000) see recipe table Millipore 375095
Sulfo-NHS 0.1 mg/ml Sigma-Aldrich 56485
EDC 0.1 mg/ml Iris Biotech RL-1022.0250
Recipe:
PEG/Hep PEG H,0 to Heparin H,0 to EDC H,0 to NHS H,0 to
ratio (y) (mg) PEG (pl) (mg) Hep (1) (mg) EDC (1) (mg) NHS (1)
1 11.67 70.00 16.33 111.98 1.79 17.89 1.01 10.13
2 16.47 70.00 11.53 100.44 2.53 25.26 1.43 14.31
3 19.09 70.00 8.91 94.14 2.93 29.28 1.66 16.58
4 20.74 70.00 7.26 90.18 3.18 31.81 1.80 18.01
5 21.88 70.00 6.13 87.45 3.35 33.55 1.90 19.00
6 22.70 70.00 5.30 85.47 3.48 34.82 1.97 19.72
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5.3 Mechanical characterisation of hydrogels and
macrophages

5.3.1 Characterisation of PAA and PEG-Heparin hydrogels

Hydrogels bound to the glass coverslips were mounted on a 35 mm dish using vacuum grease
and covered with PBS at room temperature. The characterisation was performed with a
Nanowizard 4 (JPK Instruments) using cantilevers equipped with 5 pm diameter polystyrene
beads and calibrated with the thermal noise method. Gels were probed in liquid with an
indentation speed of 5 um/s and a relative force setpoint ranging from 0.6 to 8 nN to achieve
comparable indentation depths of approximately 2 um. The obtained force-distance curves were
analysed using the JPK data processing software. Parts of the curves corresponding to the first 2
pm of indentation depth were fitted using the Hertz/Sneddon model for a spherical indenter and

Poisson ratio of 0.5 was assumed (Hertz, 1881; Sneddon, 1965).

5.3.2 Characterisation of BMDMs on PEG-Heparin hydrogels

In the case of BMDMs on PEG-Heparin gels, a similar approach was followed. Cells were
seeded at a density of approximately 50 000 cells/cm?® on hydrogels placed in 35 mm dishes and
cultured for 14 - 18 h. Culture medium was exchanged for complete COz-independent medium
prior to the experiments and measurements were done at 37° C. The same setup, cantilever type
and indenter as the ones used with hydrogels were employed. Single cells were probed in liquid
with an indentation speed of 5 pm/s and a relative force setpoint of 1 nN to achieve indentation
depths of approximately 1 um. The obtained force-distance curves were also analysed using the
JPK data processing software. Parts of the curves corresponding to the first 0.5 um of indentation
depth were fitted using the Hertz/Sneddon model for a spherical indenter and Poisson ratio of 0.5

was assumed (Hertz, 1881; Sneddon, 1965).

Materials:
Substance Supplier Ref. number
35 mm TPP cell culture dishes Ilona Schubert Laborfachhandel TPP93040
Arrow TL1 cantilevers Nanoworld ARROW-TL1-50

5 um polystyrene beads microParticles GmbH PS-R-5.0
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5.4 Isolation and culture of bone marrow-derived
macrophages (BMDMs)

5.4.1 Production of L929-supplemented media

1929 fibroblasts secrete factors needed by bone marrow progenitor cells to differentiate into
macrophages, such as M-CSF . In order to provide these factors to the isolated

progenitors, L929-supplemented medium was produced.

1929 fibroblasts (ATCC #CCL-1) were thawed and seeded on tissue-culture grade plastic (T25)
using complete basal culture media. They were incubated at 37° C and 5% CO; and progressively
expanded. Splitting was done incubating the cells with trypsin-EDTA for 3 min and transferring
them into larger flasks, first T75 and later T175. Cells were then kept in 50 ml of complete media
and, to provide enough time for the fibroblasts to secrete factors, the supernatant was collected
after 10 days. This enriched solution was finally filtered through a 0.22 pm pore membrane,

distributed in 30 ml aliquots and frozen at -80° C.

To prepare the “macrophage complete medium” used to culture both the bone marrow
progenitors and the differentiated macrophages, 20% (v/v) L929-supplemented medium was

prepared by mixing 30 ml of full L929-derived medium with 120 ml of basal medium.

Formulation of the basal medium:

Substance Final concentration Supplier Ref. number
DMEM + GlutaMAX 4.5 g/1 glucose Thermo Fisher Scientific 61965026
FBS 5% (v/v) Thermo Fisher Scientific 10270106
Penicillin / Streptomycin 100 U/ml Thermo Fisher Scientific ~ 15140-122
Sodium Pyruvate 1mM Thermo Fisher Scientific 11360070

Cell culture solutions:

Substance Supplier Ref. number
Trypsin-EDTA (0.25%), phenol red Thermo Fisher Scientific 25200056
Cell dissociation buffer Thermo Fisher Scientific =~ 13151014

1x PBS BIOTEC media kitchen -
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5.4.2 Isolation of bone marrow progenitors and differentiation into
macrophages

Bone marrow was obtained from C57BL/6] female mice with an age ranging between 16 and
24 weeks old. The rodents were purchased from Janvier Labs under (ethics approval number
DD24.1-5131/396/9, Landesdirektion Sachsen) and maintained by the animal facility of the
Centre for Regenerative Therapies (CRTD) of the TU Dresden.

Isolation of bone marrow progenitors was done adapting the protocols described by
and according to the welfare animal laws.

Briefly, mice were sacrificed by cervical dislocation and their tibiae and femurs were carefully
harvested. To reduce the collection of other cell types, flesh and muscle adhered to the bone
surface were gently removed without breaking them. The bones were transferred to a 6-well plate
containing ice-cold, sterile PBS, immersed in EtOH for 1 min and back to PBS. To extract the
bone marrow, the bones were crushed in warm basal cell culture medium using a mortar and a
pestle. The solution was flushed through a 0.22 pm pore filter, centrifuged at 180 x g for 10 min,
the supernatant was discarded and the cells in the pellet were resuspended in complete

macrophage medium.

Cell concentration was determined with a cell counter and 5-10° cells were seeded on sterile 10
cm petri dishes with complete macrophage medium. In this case, sterile bacterial-grade plastic
dishes were used to negatively select the rest of the cell types that are not macrophages, since they
cannot adhere to non-tissue culture plastic. Cultured bone marrow progenitors were incubated

at 37° C and 5% COz, and 5 ml of fresh macrophage medium were added on days 3 and 5.

After 6 days of differentiation, between 8-10° and 10’ mature macrophages were adhered to
the surface of the dish. Old medium was removed and fresh complete medium was added every 2
days. The purity of macrophages was determined during the initial protocol optimisation via
fluorescence flow cytometry. By immunolabelling the macrophage-specific markers CD11b and
F4/80 it was determined that 98.8% of the cells obtained after 6 days where macrophages
(Appendix Fig. A.1). Differentiated macrophages were used to perform the experiments between

days 6 and 10 of culture, always using complete macrophage medium unless specified otherwise.
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Figure 5.1 | Production of bone marrow-derived macrophages. Bone marrow progenitors are isolated from murine
femur and tibiae and differentiated during 6 days towards mature macrophages by culturing them with L929-supplemented
medium.

5.4.3 Culture of macrophages on the hydrogels

Bone marrow-derived macrophages (BMDMs) were detached from the plastic culture dishes
using cell dissociation buffer and resuspended in fresh complete macrophage medium. Cell
concentration was determined using an automatic cell counter and the number of cells specified
for each experimental approach was seeded onto the hydrogels placed in 24-well plates. BMDMs
on gels were incubated for 14-18 h to let them adhere and spread adequately. In case further
treatments were done to the cells, the hydrogels with the macrophages were transferred to new

wells to get rid of the cells adhered on the border of the well.
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5.4.4 Priming and stimulation of BMDMs

Macrophages were primed using 100 ng/ml ultrapure lipopolysaccharide (LPS) from
Escherichia coli diluted in macrophage complete medium. Cells were challenged with LPS for 4.5

h for most of the experiments and for 6 h for the gene expression experiments.

After priming, LPS-containing medium was gently removed and macrophages were stimulated

for 1.5 h with the ionophore nigericin (Nig) diluted at 10 uM in macrophage complete medium.

Materials:
Substance Final concentration Supplier Ref. number
LPS 100 ng/ml InvivoGen tlrl-3pelps
Nigericin 10 uM InvivoGen tlrl-nig

5.4.5 Inhibition of actomyosin contractility

To interfere with actomyosin contractility, 0.06% DMSO, 10 uM blebbistatin or 10 pM
Y-27632 were used. BMDMs were pre-treated with the inhibitors for 1 h, and the inhibitors were

kept in the medium during the subsequent LPS priming and nigericin stimulation steps.

Materials:
Substance Final concentration Supplier Ref. number
DMSO 0.06% (v/v) Sigma-Aldrich D2650
Blebbistatin 10 uM Sigma-Aldrich B0560
Y-27632 10 uM Sigma-Aldrich Y0503

5.5 Fluorescence confocal microscopy

To characterise the morphological features adopted by BMDMs on hydrogels of differing
stiffness and determine the formation of ASC specks, fluorescence confocal microscopy was
employed. Moreover, this imaging approach was also used to infer the density of adhesion ligands

on cRGD-functionalised PAA hydrogels.

5.5.1 Immunocytochemistry

Cells were seeded at a density of approximately 50 000 cells/cm?® on hydrogels placed in a
24-well plate and cultured for 14-18 h. Samples were carefully pre-washed with PBS with
Mg?*/Ca®*, fixed using 4% paraformaldehyde (v/vin PBS 2X) for 10 min at 37° C and then washed

3 times with PBS. In the case antibody labelling was later used, samples were permeabilised with
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0.2% Triton™ X-100 (v/v in PBS) for 10 minutes at room temperature and washed 3 times with
PBS. Blocking was then done for 1 h with 10% goat serum, 0.1% bovine serum albumin (v/v,
diluted in PBS). To visualise ASC specks, samples were incubated with anti-ASC antibody
overnight at 4 °C and Alexa Fluor 488 anti-rabbit for 1 h at room temperature, washing 3 times
with PBS after each antibody incubation. The same procedure was followed to immunolabel the
fibronectin coating on the micropatterns, but with anti-FN and StarRED anti-mouse antibodies.
Nuclei and F-actin were stained with DAPI and phalloidin-TRITC during in the same step as the

secondary antibodies. Samples were stored at 4° C until imaged.

Materials:

Substance Final concentration Supplier Ref. number
Paraformaldehyde 4% (v/v) Thermo Fisher Scientific 28908
PBS 1X and 2X BIOTEC media kitchen -
PBS with Mg2+/Ca2+ 1X BIOTEC media kitchen -
TritonX 0.2% Sigma-Aldrich T8787
Goat serum 10% Abberior 005-000-121
Bovine serum albumin (BSA) 0.1% Sigma-Aldrich A9418
Anti-ASC; pAb (AL177) 2.5 pg/ml (1:400) Adipogen AG-25B-0006-C100
Alex? Fluor® 488 goat anti- 5 ug/ml (1:400) Thermo Fisher Scientific A11034
rabbit IgG (H+L)
Anti-fibronectin HFN 7.1 1:400 Dev. Stud. Hybrid. Bank HFN 7.1
Goat anti-Mouse IgG (H+L) - ) o

10 pg/ml (1:200) Thermo Fisher Scientific A-21237
StarRED
DAPI 1:2000 Cell Biolabs Inc. 112002
Phalloidin-TRITC 1:800 Sigma-Aldrich P1951

5.5.2 Image acquisition

The fluorescence imaging of all samples was performed using confocal laser scanning
microscopy. Specifically, an LSM700 (Zeiss) was used. Samples were mounted by inverting them

over a #1.5 glass coverslip with a PBS drop to avoid excessive drying and imaged as follows:

i.  Samples comprising PAA hydrogels coated with FITC-PEG were imaged with a
40x/1.2 objective (Zeiss). 5 regions of interest (ROIs) per hydrogel were measured,
acquiring a z-stack with 5 pm steps in each ROI to image both above and below the gel

surface plane.

ii.  Samples containing BMDMs on hydrogels were imaged with a 20x/0.8 objective

(Zeiss). Since the hydrogels were not completely flat but presented some topographical
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irregularities, z-stacks with 0.89 um steps in each ROI were acquired to image the

whole volume of the cells present in the field of view.

The excitation laser and detected emission range used are detailed in the following table:

Dye Excitation laser Detection range
DAPI (channel 1) 405 nm 400-490 nm
TRITC (channel 1) 555 nm 560-615

Alexa 488 / FITC (channel 2) 488 nm 400-555
StarRED (channel 2) 639 nm 640-720

5.5.3 Image analysis

Image post-processing and analysis were done using the software Image J/Fiji

and Ilastik

To determine whether the functionalisation of PAA hydrogels was similar across differing
stiffness, the fluorescence signal of FITC-PEG was used as a proxy of adhesion ligand density. The
hydrogel surface was manually identified and the intensity signal of 2 planes below the surface

was measured.

To characterize cell morphology, cell nuclei and cell body were automatically segmented based

on the intensity signal of the DNA and the F-actin labelling, respectively, and morphological

Area

parameters were extracted. Circularity was calculated as 471 ——— .
Perimeter

The ratio of ASC specks to cell number was determined semi-automatically. Briefly, ASC
specks were quantified manually, considering only mature, clearly formed single specks, with an
approximate diameter of 1 um. Cells which presented numerous smaller yellow punctae across all
the cytoplasm were not considered to have a mature formed speck and, thus, were not included
in the speck count. Since pyroptosis causes the release of cytoplasmic material out of the cell, both
intra- and extracellular specks were included in the analysis. Macrophages with more than one
mature speck were highly rare, counted as single-specked and also included. The number of cells

per image was obtained by automatically segmenting their nuclei.



Materials and Methods 73

5.6 Scanning electron microscopy (SEM)

SEM sample preparation was kindly done by Thomas Kurth, leader of the electron microscopy
facility of the Centre for Molecular and Cellular Bioengineering (CMCB) of the TU Dresden.
Samples were fixed in 1 % glutaraldehyde in 100 mM phosphate buffer for at least 2 hours at room
temperature and then washed in buffer (2x) and in water (4x). They were postfixed in 1% osmium
tetroxide in water, washed several times in water, dehydrated in ascending ethanol concentrations
(30, 50, 70, 90, 96% ethanol, 3x 100% EtOH on molecular sieve), and critical-point-dried using the
Leica CPD300 drier (Leica Microsystems). Samples were mounted on 12 mm aluminium stubs,
sputtered with gold (60 mA, 60 sec) and analysed with a Jeol JSM 7500F cold field emission
scanning electron microscope (Jeol Germany GmbH; acceleration voltage: 5 kV, emission: 10 pA,

working distance: 8 mm, detector: lower secondary electron detector).

5.7 Gene expression analysis using quantitative real-time PCR
(qRT-PCR)

Total RNA was extracted from 1.2:10° BMDMs grown on compliant or stiff gels for 14-18 h
using the RNeasy Mini Kit. For this, 6 wells with 2-10° cells each were pooled for every
experimental condition. For each stiffness, 6 wells were primed with lipopolysaccharide while 6

wells received no treatment.

qPCRs were kindly performed by our technical assistant, Christine Schweitzer. Reverse
transcription of 1 ug RNA was performed with iScript™ Advanced cDNA Synthesis Kit, using a
combination of oligo(dT) and random hexamer primers. qRT-PCR was performed at 56 °C using
GoTaq qPCR Mastermix on a Stratagene cycler Mx3005P system. Several primers of pro-
inflammatory genes were used (see attached table). Samples were run in duplicates and expression
levels were normalized to the geometric mean of (3-actin, gpdh and m18S rRNA controls. Relative

expression values were calculated as 2024€T) (

relative to geometric mean of housekeeping genes
and plastic controls). Fold-changes can be found in Fig. A.3. For heatmaps, relative expression

values were normalised to values between 0 and 100% for each gene. Heatmaps were generated in

R

Materials:
Substance Supplier Ref. number
RNeasy Mini Qit Qiagen 74104
iScript™ Advanced cDNA Synthesis Kit Bio-Rad 1725037

GoTaq qPCR Mastermix Promega 6002
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Primers:

Primer sequence (5'-->3') FWD

Primer sequence (5'--> 3') REV

Concentrated Working

stock

stock

Species

mACTB  GATCAAGATCATTGCTCCTCCTG CGCAGCTCAGTAACAGTCCG 100 uM 3 uM Mus musculus
mGAPDH GTTGTCTCCTGCGACTTCA GGTGGTCCAGGGTTTCTTA 100 uM 3 uM Mus musculus
mi8SrRNA  AGAAACGGCTACCACATCCAA  GGGTCGGGAGTGGGTAATTT 100 uM 3 uM Mus musculus
mTLR2 CGCCCTTTAAGCTGTGTCTC CGTCAAAGAGCCTGAAGTGG 100 uM 3uM Mus musculus
mTLR4 CCAACATCATCCAGGAAGGC GGACTTCTCAACCTTCTCAAG 100 uM 3 uM Mus musculus
mCXCL2 GCCTGAAGACCCTGCCAAG AACCAGGGGGGCTTCAGGG 100 uM 3uM Mus musculus
mTNFa ACGCTCTTCTGTCTACTGAAC TTGTCTTTGAGATCCATGCC 100 uM 3 uM Mus musculus
mIL1b GATCCCAAGCAATACCCAAAG  CTTTGTGCTCTGCTTGTGAGG 100 uM 3 uM Mus musculus
mNOS2 GCAGCACTTGGATCAGGAAC ACCATCTCCTGCATTTCTTCC 100 uM 3 uM Mus musculus
mlILé AGCCAGAGTCCTTCAGAGAG GTCCTTAGCCACTCCTTCTG 100 uM 3uM Mus musculus
mCXCL9 CTGTTCTTTTCCTCTTGGGCA GGCAGGTTTGATCTCCGTTC 100 uM 3 uM Mus musculus

5.8 Cytokine quantification assays

To quantify the amount of the inflammatory proteins IL-6 and IL-1(3 secreted by macrophages

cultured on different substrates, we made use of enzyme-linked immunosorbent assays (ELISAs).

BMDM s were seeded at a density of approximately 100 000 cells/cm? (2:10° in a 24-well plate).
Supernatants from cell cultures were collected after LPS priming (for IL-6) and after nigericin
stimulation (for IL-1f) and dead cells removed by centrifugation. All the samples were stored at

-80° C until ELISAs were performed.

Commercial sandwich ELISA kits were employed and assays were done following the
manufacturer’s instructions. Briefly, 96-well plates were coated with capture antibody overnight
at 4° C. Blocking solution was applied for 1 h at room temperature and samples and standard
protein to generate a standard curve were loaded into the wells and incubated overnight at 4° C.
The next day, the detection antibody was applied for 1 h at room temperature to create a
sandwich. Then, the wells are incubated with Avidin-HRP for 30 min at room temperature, which
binds to the detection antibody. To detect the presence of the target molecule, TMB solution was
pipetted into the wells for 15 min at room temperature and a stop solution made of 2N H2SO4was
finally added. The plate was transferred to a plate-compatible spectrophotometer (TECAN

Infinite Pro) and absorbance at 450 nm was recorded, subtracting the 570 nm signal from it.
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Materials:
Substance Supplier Ref. number
IL-6 Mouse Uncoated ELISA Kit Thermo Fisher 88-7064-88
IL-1B Mouse Uncoated ELISA Kit ~ Thermo Fisher 88-7013-88

5.9 Cell viability assay

To assess the impact of substrate stiffness on nigericin-induced pyroptosis, the levels of lactate
hydrogenase (LDH) in the cell culture medium were used as a proxy of cell death. LDH is a soluble
cytosolic enzyme that is released into the supernatant upon the loss of integrity of the plasma
membrane. LDH activity was measured using the LDH-Glo™ Cytotoxicity assay according to the
manufacturer’s instructions. In this assay, LDH catalyses the first of a series of reactions that leads

to the production of luminescence.

For this assay, BMDM s were also cultured at density of approximately 100 000 cells/cm? (2:10°
in a 24-well plate). After priming and stimulation, 5 pl of cell culture medium were collected and

diluted 1:200 in LDH storage buffer, being kept at -80° C until assays were performed.

To measure LDH activity, samples were mixed 1:1 with LDH detection reagent, which
contains the necessary enzyme mix and reductase substrate to perform the assay. Bioluminescence
was recorded with a GloMax™ 96 microplate luminometer (Promega). Total amount of cells was
inferred by lysing cells with Triton™ X-100 at the end of the experiments and comparing the

signal values to the ones of an included standard curve.

Materials:
Substance Supplier Ref. number
LDH-Glo Cytotoxicity assay Promega J2380

5.10 Culture of BMDMs on micropatterns

Micropatterned glass slides were purchased from the company 4Dcell. These had a diameter
of 22 mm and a thickness of #1.5, and they were compatible to be used for fluorescence confocal
imaging. The glass slides consisted of different areas with adhesion disks of a specific diameter

ranging from 10 to 100 um and non-adherent surface was passivated with PEG.
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Prior to seeding the cells, the slides were incubated with 1 mg/ml fibronectin for 1 h at room
temperature. To create a comparable substrate where macrophage spreading was not constrained,
the same was done with regular sterile glass coverslips. Afterwards, all the slides were cleaned
with sterile water and transferred to 6-well plates. BMDMs were seeded at an approximate density
of 10 400 cells/cm? (10° in a 6-well plate) and incubated overnight. The next day, unattached cells

were gently washed out before the start of the experiment.

5.11 Optical diffraction tomography (ODT)

ODT experiments were performed together with Dr. Kyoohyun Kim. BMDMs were seeded at
a density of approximately 25 000 cells/cm? on 35-mm glass-bottom dishes the day prior to the
measurements. The day of the experiment, cells were primed with 200 ng/ml LPS for 3 h.
Afterwards, culture medium was exchanged for complete CO;-independent medium and samples
were transferred to the acquisition setup, where they were kept at 37° C with a petri dish heater
during all the procedure. Several regions of interest (ROIs) with 2-3 cells were selected and initial
tomograms were acquired. To induce pyroptosis, a solution containing nigericin was added to
achieve a final concentration of 10 pM. Tomograms were acquired every 10 min in each of the

ROIs up to 90 min.

Formulation of the CO;-independent medium:

Substance Final concentration Supplier Ref. number
CO;-indep. DMEM 4.5 g/1 glucose Thermo Fisher Scientific 18045054
FBS 5% (v/v) Thermo Fisher Scientific 10270106
Penicillin / Streptomycin 100 U/ml Thermo Fisher Scientific 15140-122
Sodium Pyruvate 1mM Thermo Fisher Scientific 11360070
GlutaMAX 100 mM Thermo Fisher Scientific 35050061

5.11.1 Optical setup

The three-dimensional (3D) refractive index (RI) distribution of macrophages was
reconstructed by optical diffraction tomography (ODT). The detailed optical setup was described
previously . Briefly, ODT employs Mach-Zehnder interferometry to
measure multiple complex optical fields from various incident angles. A laser beam (A = 532 nm,
frequency-doubled Nd-YAG laser, Torus, Laser Quantum Inc.) was coupled into an optical fibre
and divided into two paths using a 2 x 2 single-mode fibre-optic coupler (TW560R2F2, Thorlabs).
One beam was used as a reference beam and the other beam passed through a tube lens (f = 175

mm) and a water-dipping objective lens (NA = 1.0, 40x, Carl Zeiss AG) to illuminate the sample
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on the stage of a home-built inverted microscope. The beam diffracted by the sample was collected
with a high numerical aperture objective lens (NA = 1.2, 63x, oil immersion, Carl Zeiss AG) and
a tube lens (f = 200 mm). To reconstruct a 3D RI tomogram of the sample, the sample was
illuminated from 150 different incident angles scanned by a dual-axis galvano-mirror
(GVS012/M, Thorlabs Inc.) located in the conjugate plane of the sample. The diffracted beam
interfered with the reference beam at an image plane, and generated a spatially modulated
hologram, which was recorded with a CCD camera (FL3-U3-13Y3M-C, FLIR Systems, Inc.). The
total magnification of the setup was 57x, and the field-of-view (FOV) of the camera covers 86.2

pum x 86.2 um.

5.11.2 Tomogram reconstruction and quantitative analysis

The complex optical fields of light scattered by the samples were retrieved from the recorded
holograms by applying a Fourier transform-based field retrieval algorithm
The 3D RI distribution of macrophages was reconstructed from the retrieved complex optical
fields via the Fourier diffraction theorem, employing the first-order Rytov approximation
. A more detailed description of tomogram reconstruction can be found

elsewhere

On the reconstructed tomograms, Otsu’s thresholding method was used to
segment the region occupied by the macrophages from the background and vacuoles inside cells,
and quantitative analysis was performed to calculate mean RI value in the individual BMDMs.
The mass density of the cells was directly calculated from the mean RI value, since the RI value in
biological samples, n(x,y,z), is linearly proportional to the mass density of the material, p(x,y,z),
as n(x,y,z) = nm + ap(x,y,z), where nm is the RI value of the surrounding medium and o is the RI
increment (dn/dc) with a = 0.190 ml/g for proteins and nucleic acids

. The RI of the medium was measured using an Abbe refractometer (2WA]J,

Arcarda GmbH).

5.12 Statistical analysis and data visualisation

Statistical tests are indicated in each plot. Linear mixed model analysis was performed using R
and the rest of statistical analyses were performed using GraphPad Prism 6

(GraphPad Software). All data are presented as mean + SEM unless specified. In all cases, p values
0.05 were considered statistically significant (ns, not significant; * p < 0.05; ** p < 0.01;

5% p < 0.001; #% p < 0.0001).



78

Most data was plotted using GraphPad Prism 6 and heatmaps were produced using R. Figures

were prepared with Adobe Illustrator CC 2015 (Adobe) and diagrams were done with BioRender.
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APPENDIX

Figure A.1 | Characterisation of macrophage purity after differentiation from murine
bone marrow progenitors.

Bone marrow-derived macrophages differentiated for 6 days were immunolabelled with
CD11b-APC and F4/80-FITC and their relative quantities assessed via fluorescence cytometry.
The quadrant corresponding to double-positive cells (Q2) indicate that a BMDM purity of
98.8% was achieved. Data was obtained from one independent experiment.
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Figure A.2 | Influence of PEG-Hep substrate stiffness on the mechanical properties of
macrophages.

Young's moduli of BMDMs cultured for 14-18 h on PEG-Hep hydrogels of 4.0 kPa (compliant)
and 40.0 kPa (stiff) determined by AFM. Each dot represents a cell and black bars indicate mean
+ SEM. The number of analysed cells was 134 for the compliant gels and 172 for the stiff
substrates. Data was obtained from one independent experiment with two different samples
per condition. Statistical analysis was performed using a Mann-Whitney test. **** p < 0.0001.
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Figure A.3 | Relative gene expression levels of pro-inflammatory genes in non-treated
macrophages and in primed cells.

BMDMs were cultured on PAA hydrogels for 14-18 h and treated with 100 ng/ml of LPS for 6
h. Three independent experiments were conducted with cells from three different mice.
Triplicates were done in each experiment. Relative expression was calculated as 2(-22CT)
(relative to the geometric mean of housekeeping genes B-actin, Gapdh and 18S rRNA and plastic
controls. Mean + SEM are shown and each dot represents an independent experiment.
Statistical analysis was performed using a t-test. ** p < 0.01.
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Fig. A.4 | Refractive index changes during macrophage pyroptosis.

Pharmacologically-stimulated macrophages were measured by optical diffraction tomography
(ODT). This technique enables to reconstruct the 3D refractive index of cells, a parameter
which in biological samples is linearly proportional to the mass density of the material (Zhao et
al., 2011; Zangle and Teitell, 2014). (A) Representative time course refractive index images of
BMDMs cultured on TCP, primed with 200 ng/ml LPS for 3 h and stimulated with 10 uM
nigericin. Time indicates the minutes after nigericin addition. Scale bar is 20 um. (B) Refractive
index (RI) contrast, volume and dry mass normalised values extracted from the images as taken
in (A). Mean = SD are indicated. In total, 18 cells were analysed from different samples

measured within one experiment.
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Fig. A.5 | Quantification of intra- and extracellular ASC specks upon macrophage
stimulation on PAA hydrogels.

(A) Percentage of intra- and extracellular ASC specks relative to cell number. (B) Percentage of
intra- and extracellular specks relative to the total speck number. Data corresponds to one of
the independent experiments with 3 replicates per condition included in Fig. 3.14.
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LIST OF ACRONYMS AND ABBREVIATIONS

AFM Atomic force microscopy

AIM2 Absent-in-melanoma 2

APCs Antigen-presenting cells

ASC Apoptosis-associated speck-like protein containing a CARD
BCR B cell receptor

BMDMs Bone marrow-derived macrophages

CAPS Cryopyrin-associated autoinflammatory diseases
CARD Caspase activation and recruitment domain
CD14 Cluster of differentiation 14

CNS Central nervous system

COVID-19 Coronavirus disease 2019

CTL Cytotoxic T lymphocyte

CXCL C-X-C motif 1 ligand

DAMPs Damage-associated molecular patterns

DAPI 4’ 6-diamidino-2-phenylindole

DCs Denderitic cells

DMSO Dimethyl sulfoxide

ECM Extracellular matrix

ELISA Enzyme-linked immunosorbent assay

EHD2 EH domain containing 2

F-actin Actin filaments

FAK Focal adhesion kinase

F-BAR Fes/Cip4 homology Bin/amphiphysin/Rvs domain
FBR Foreign Body Response

FBS Fetal bovine serum

FITC Fluorescein isothiocyanate

GSDMD Gasdermin D

HDAC6 Histone deacetylase 6

HSCs Hematopoietic stem cells

IL Interleukin

IFN Interferon
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INM Inner nuclear membrane

IRF3 Interferon regulatory factor 3

KASH Klarsicht, ANC-1, Syne homology domain

LDH Lactate dehydrogenase

LBP LPS-binding protein

LIMK LIM domain kinase

LINC Linker of nucleoskeleton and cytoskeleton

LPS Lipopolysaccharide

LRRs Leucine-rich repeats

MO Naive macrophages

M1 Pro-inflammatory or classically-activated macrophages
M2 Anti-inflammatory or alternatively-activated macrophages
MD-2 Myeloid Differentiation factor 2

MHC Major histocompatibility complex

MLC Myosin light chain

MSC Mechanosensitive ion channel

MSU Monosodium urate crystals

MTOC Microtubule-organising centre

MyDD88 Myeloid differentiation primary response 88

N Newton

NACHT Domain present in NAIP, CIITA, HET-E and TP1
NEK?7 NIMA -related kinase 7

NF-xB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLR NOD-like receptor

NLRC4 NLR family CARD domain containing 4

NLRP1 NLR family pyrin domain containing 1

NLRP3 NLR family pyrin domain containing 3

NEK?7 NIMA Related Kinase 7

NOD Nucleotide-binding oligomerisation domain

NOS2 Nitric oxide synthase 2

NPC Nuclear pore complex

ONM Outer nuclear membrane

P2X7R Purinergic Receptor P2X 7
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Pa Pascal

PAA Polyacrylamide

PAMPs Pathogen-associated molecular patterns

PBS Phosphate buffer saline

PEG-Hep Poly(ethylene glycol)-Heparin

PFA Paraformaldehyde

PDL Poly-D-Lysine

PRRs Pattern recognition receptors

PTMs Post-translational modifications

PYD Pyrin domain

RGD Arginine-glycine-aspartate

ROCK Rho-associated protein kinase

ROS Reactive oxygen species

RT-DC Real-time deformability cytometry

RT-PCR Real-time polymerase chain reaction
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
SRC Proto-oncogene

SUN Sad1lp, UNC-84 protein

TAM Tumour-associated macrophage

TAZ Tafazzin

TCR T cell receptor

TEAD TEA domain transcription factor

TLR Toll-like receptor

TNF-a Tumour necrosis factor alfa

TRAAK TWIK-related arachidonic acid activated K* channel
TREK TWIK-related K* channel

TRIF TIR-domain-containing adapter-inducing interferon-f
TRITC Tetramethylrhodamine

TRP Transient receptor potential channel

SD Standard deviation

SEM Standard error of the mean / Scanning electron microscopy

YAP Yes-associated protein 1
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