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Abstract

Bacterial infections cause numerous deaths annually, so it is essential to understand
the infection processes in order to develop prevention and cure strategies. Usually, in vitro
studies are performed with traditional methods that, despite providing great knowledge,
do not realistically recreate physiological environments and the results obtained do not
always agree with in vivo studies. Therefore, in this thesis we propose microfluidic devices
as a novel in vitro model for the study of these processes. Microfluidics allows the
incorporation of three-dimensionality, flow and co-cultures, among others, to achieve
scenarios that are more realistic. Since pathogenic infections are long multistage processes,

in this thesis, we focused on the macrophage-pathogen interaction.

First, the extravasation of monocytes from the endothelial lumen into the
extracellular matrix was studied. This process is necessary for immune cells to reach
bacteria. For this purpose, a microfluidic device was used that allowed the development of
an endothelial vessel through which monocytes were passed, allowing the quantification of
adherent and extravasated monocytes after 24 hours. The effect of mechanical stimuli on
this process was analyzed: the application of oscillatory flow and environmental stiffness. It
was determined that flow increased the membrane integrity of the vessel, hindering
monocyte extravasation. However, higher stiffness of the extracellular matrix, due to high
collagen concentration, reduced the barrier integrity of the vessel, increasing monocyte

extravasation.

Second, macrophage migration was studied in response to bacterial fractions
obtained from pathogenic bacteria, Salmonella typhimurium and Mycobacterium
tuberculosis, and non-pathogenic bacteria, Escherichia coli and Mycobacterium smegmatis.
The results show that macrophages migrate directionally attracted to fractions of all
bacteria, both pathogenic and non-pathogenic, suggesting the existence of pathogen-

associated molecular patterns in the sample molecules.
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Resumen

Las infecciones bacterianas causan numerosas muertes anualmente, por lo que es
esencial entender los procesos de infeccion para desarrollar estrategia de prevencién y
cura. Habitualmente, los estudios in vitro se realizan con métodos tradicionales que, a pesar
de aportar un gran conocimiento, no recrean de manera realista los entornos fisioldgicos y
los resultados obtenidos no siempre concuerdan con los estudios in vivo. Por tanto, en esta
tesis proponemos los dispositivos microfluidicos como un modelo in vitro novedoso para el
estudio de estos procesos. La microfluidica permite incorporar tridimensionalidad, flujo y
cocultivos, entre otros, para conseguir escenarios mas realistas. Dado que las infecciones
patdgenas son procesos largos de multiples etapas, en esta tesis, nos hemos centrado en la

interaccion macrofagos-patogenos.

En primer lugar, se estudid la extravasacidon de monocitos del lumen endotelial a la
matriz extracelular. Este proceso es necesario para que las células inmunes alcancen las
bacterias. Para ello, se utilizé un dispositivo microfluidico que permitia el desarrollo de un
vaso endotelial a través del cual se hacian pasar monocitos, permitiendo la cuantificacion
de los monocitos adheridos y extravasados al cabo de 24 horas. Se analizé el efecto de
estimulos mecanicos en este proceso: la aplicacion de flujo oscilatorio y la rigidez del
entorno. Se determind que el flujo aumentaba la integridad de membrana del vaso,
dificultando la extravasacidn de los monocitos. Por otro lado, una mayor rigidez de la matriz
extracelular, debido a un aumento en la concentracion de coldgeno, reduce la integridad de

barrera del vaso, aumentando la extravasacion de los monocitos.

En segundo lugar, se estudié la migracién de macréfagos en respuesta a fracciones
bacterianas obtenidas de bacterias patégenas, Salmonella typhimurium y Mycobacterium
tuberculosis, y no patégenas, Escherichia coli y Mycobacterium smegmatis. Los resultados
muestran que los macrdéfagos migran direccionalmente atraidos hacia las fracciones de
todas las bacterias, tanto patégenas, como no patdgenas, sugiriendo la existencia de

patrones moleculares asociados a patdgenos en las moléculas de las muestras.
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1. INTRODUCTION







1.1. Background

Infections caused by pathogenic bacteria cause numerous deaths each year
worldwide. Therefore, research focused on understanding the mechanisms involved in
these processes is of vital importance in order to develop drugs capable of combating them.
In this section, we describe the specific role of macrophages as immune cells in the
eradication of infection, focusing on our bacteria of interest, Salmonella typhimurium and
Mycobacterium tuberculosis. Finally, a state of the art on the in vitro methodologies used
for the investigation of bacterial phenotypes is shown, highlighting the advantages and
limitations between traditional techniques and the emerging methodology known as

microfluidics.
1.1.1. Pathogen bacteria and immune system

A pathogen is defined as a microorganism that is capable of causing disease in the
host it inhabits [1]. There are an estimated 1400 species of pathogens for the human
species, and although this may seem like a large number, human pathogens do not
represent even 1% of the world's microbial species [2]. However, pathogens continue to
emerge constantly. A current example of this fact is COVID-19 [3]. At least 50 new
pathogens have been identified in the last 45 years, 10% being bacteria [4]. Some of the
causes of this continuous emergence of infectious agents are mutations that modify the
genome of innocuous microorganisms, providing them with virulence or resistance
mechanisms [5]; the continuous development of biomolecular analysis techniques that
have allowed the characterization of new prokaryotic species, including some pathogens
[6,7]; or the zoonotic transmission of diseases from animals to humans [8]. These pathogens
present a wide taxonomic biodiversity, including viruses, fungi or protozoa, although the
most common are bacteria [9]. This diversity of pathogenic bacteria implies numerous
possible infections. Bacteria can enter the body by various pathways such as the respiratory
tract, by foodborne, or through open wounds [10]. Thus, infection can develop at different

sites in the system depending on the type of bacteria infecting the system.



The immune system is responsible for protecting the organism against pathogens.
For this purpose, it presents mechanisms that are distinguished between innate and
adaptive immunity (Figure 1.1). Innate immunity includes strategies that are possessed
from birth and constitutes the body's first line of defense. The main components are
physical barriers, such as the intestinal or alveolar epithelium, and phagocytic cells, such as
macrophages and dendritic cells. However, the adaptive response is threat-specific. This is
achieved by the presentation of antigens to lymphocytes that are capable of preparing an
individual response to these epitopes. This response can be cellular, with the expression of
surface receptors on T lymphocytes, or humoral through the secretion of antibodies by B
lymphocytes [11]. Both immunities are interrelated and it is their fusion that successfully
eradicates the pathogen. Innate immunity is immediate and contains the infection until
adaptive immunity starts up. In addition, phagocytes are the main cells that digest microbes

and present their molecules to lymphocytes for activation [11].

Innate Immunity
Adaptive Immunity

Physiological barriers @

BCell

AN

Macrophage Dendritic Cell

s T Cell
Neutrophil Basophil

Eosinaphil

Figure 1.1. Basic components of the innate and adaptive immunity.

The adaptive immune system is mainly composed of physiological barriers, which act as physical
barriers in the body, phagocytic cells such as macrophages and dendritic cells, and other immune
cells like neutrophils, eosinophils or basophils. However, the adaptive immune system can have a
humoral component by which antibodies are secreted, and a cellular component by which B cells
differentiate to express different antimicrobial receptors on their surface. Both responses are
interrelated. Adapted from [12].



Despite the great importance of all stages of the immune system, in this project we
have focused on the innate response, specifically the role of macrophages. As foodborne
and respiratory infections exceeds one million deaths annually [13—15], in this thesis we
have focused our attention on pathogenic bacteria causing these infections, Salmonella
typhimurium and Mpycobacterium tuberculosis, as intestinal and respiratory bacteria,

respectively.

1.1.1.1. The role of macrophages in immunity

Among the immune cells that fight bacterial infections, macrophages play an
essential role as the largest phagocytic cell family [16]. Macrophages are derived from
monocytes, whose precursors are bone marrow from hematopoietic stem cells. Monocytes
are in continuous circulation in the peripheral blood until they are recruited and extravasate
into damaged and swollen tissues. There, monocyte differentiate into mononuclear

phagocytes, including macrophages (Figure 1.2) [17].

Bone marrow

| Recrultment
towards site
derived DC of inflammation

Figure 1.2. Stages of differentiation to macrophage.

Monocytes derive from haematopoietic stem cells (HSCs) that are found in bone marrow.
monocytes pass into the circulatory system and eventually extravasate into the extracellular matrix
(ECM) where they differentiate into macrophages, or dendritic cells. Adapted from [17].



Macrophages migrate towards pathogens, attracted by immunoglobulins and
chemokines released in situations of inflammation and infection, being the first cells to
interact with microbes [18]. Macrophages possess a series of receptors that allow them to
sense their environment and recognize the presence of pathogens (Figure 1.3). To do so,
they interact with the pathogens themselves or their secreted products, which are
characterized by pathogen-associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs). There are six groups of pathogen sensors: Toll-like receptors
(TLR), NOD-like receptors (NLR), receptors for intracellular RNA, receptors for intracellular
DNA, C-type lectins and scavenger receptors. Activation of these receptors generates a

signaling cascade that results in changes in macrophage behavior [19].
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Figure 1.3. Ligands of Toll-Like Receptors (TLR) and NOD-Like Receptors (NLR).

TLR and NLR are pathogen pattern receptors (PPR) that recognized pathogen-associated molecular
patterns (PAMPs). This figure shows the different microbial ligands that can interact with the TLR
receptors. Some TLR are presented on the macrophage surface and recognize, for example, lipid
components of the bacterial wall that interact with TLR1, TLR2 and TLR4. Other TLR, such as TLR3
and TLR7-9, and NLR are intracellular receptors and interact with genetic components of pathogens.
Taken from [20].



Macrophages phagocyte bacteria and start up antimicrobial mechanisms that
include granule proteins, reactive oxygen and nitrogen species, and sequestration of iron
molecules. They also secrete cytokines and chemokines that recruit more inflammatory
phagocytes, especially neutrophils, which reinforce the defense at the site of infection [18].
Finally, they are able to present antigens on their surface to activate lymphocytes, giving
way to the initiation of the adaptive immune response [21]. All this together, the final goal

of the immune system is the complete elimination of the invading microorganism.

1.1.1.2. Salmonella typhimurium infection

Salmonella typhimurium is a Gram - bacteria belonging to the Enterobacteriaceae
family, enterica species and serotype typhimurium. S. typhimurium is one of the two most
important and abundant serotypes causing salmonellosis in humans [22]. This bacterium
usually enters the body orally, through ingestion of contaminated food or water, until it
reaches the small intestine, where it replicates and invades the intestinal cells ( ).
This invasion is mediated by the type Il secretion system (T3SS), by which, through a syringe
mechanism, it injects effector proteins into the cytosol of host cells with the capacity to
modulate several processes. Among the most significant changes that the infected cell
undergoes is a reorganization of the cytoskeleton to internalize the bacterium. S.
typhimurium is able to alter the structure and metabolism of the vacuoles in which it is
found, generating a niche in which it can survive and replicate [23]. Furthermore, it
destabilizes E-cadherin junctions between neighboring cells, increasing the permeability of
the intestinal monolayer and favoring the invasion of the pathogen through it [24]. Finally,
itinduces an increase in the expression and production of proinflammatory molecules, such
as prostaglandins that induce the secretion of water and electrolytes into the intestine,
causing diarrhea [25], or cytokines, such as interleukin 8 (IL-8), interleukin 1B (IL-1B) and
tumor necrosis factor (TNF), that recruit immune system cells to the infected area. The
presence of immune cells leads to an increased release of antimicrobial compounds, which

affect both the pathogenic bacteria and the host microbiota [23]. Together, this generates



an inflammation of the intestine accompanied by pain, which together with the previously

described diarrhea, are the main symptoms of salmonellosis [26].
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Figure 1.4. Salmonella typhimurium infection.

S. typhimurium enters the body orally until it reaches the intestinal epithelium. Through its type 3
secretion system (T3SS) it injects effector proteins into the epithelial cells. This leads to changes,
such as internalization of the bacteria into vacuoles or secretion of inflammatory cytokines (IL-8, IL-
18 and TNF) that recruit immune cells (macrophages and neutrophils). The immune cells
phagocytize the bacteria and secrete antimicrobial products. This inflammatory situation induces
the secretion of water and electrolytes into the intestinal lumen, leading to diarrhea. Adapted from
[23].

The body has numerous mechanisms for containment and eradication of pathogens.
The first defense strategy is the physical barrier, such as the intestinal epithelium, which
has a selective permeability to capture nutrients or water, but avoiding the passage of
microorganisms [27]. Above this barrier inhabits a bacterial community in a symbiotic
relationship, known as the intestinal microbiota [28], which modifies niche conditions and

secretes bacteriocins to prevent pathogens from colonizing the intestine [29]. The intestinal



epithelium is composed of different cell types, among which microfold (M) cells cover
aggregated lymphoid follicles, known as Peyer's Patch (Figure 1.5). M cells act as antigen
presenters, transporting pathogen particles or even whole microorganisms from the lumen
of the intestine to the subendothelial dome of the Peyer's Patch, where B lymphocytes and
mononuclear phagocytes, such as dendritic cells or macrophages, are found [30]. B
lymphocytes are activated upon recognition of antigens and produce antibacterial
antibodies [31]. Dendritic cells phagocytize the bacteria to present their antigens to other
lymphocytes and induce further activation of the immune system [32]. Finally, macrophages

phagocytize bacteria into vacuoles that fuse with lysosomes to digest them [33].
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Figure 1.5. Peyer’s patch structure.

Peyer’s patch are aggregated lymphoid follicles covered by intestinal cells and in contact to
microfold (M) cells. A wide variety of immune cells are found in the follicle, including phagocytes
such as macrophages or dendritic cells and basal, B and T lymphocytes. Adapted from [34].

However, S. typhimurium also has defense and survival strategies. For example, it
uses induced inflammation to its own advantage to compete with the host's natural
microbiota. Inflammation inhibits the growth of gut flora bacteria, allowing the pathogen
to colonize the lumen, replicate, and increase bacterial load [35]. It can also use the same

antigen presentation pathway of M cells to cross the intestinal barrier and colonize the



subepithelium [36]. In addition, Knodler et al. described a subpopulation of S. typhimurium
with hyper-replicative capacity that is found in the cytosol of epithelial cells, rather than
contained in vacuoles [37]. Finally, S. typhimurium is able to escape from immune system

and survive phagocytosis, for example, by avoiding vacuole-lysosome fusion [38].

1.1.1.3. Mycobacterium tuberculosis infection

Tuberculosis in humans is caused by the bacterium Mycobacterium tuberculosis. The
most common form of infection is by inhalation of droplets containing the bacterium (

). Once in the lungs, alveolar macrophages phagocytize and eliminate the bacteria.
Monocytes and pulmonary dendritic cells also phagocytize the bacteria and transport it to
the pulmonary lymph nodes, where antigen-presenting cells activate lymphocytes. If this
defensive line fails, M. tuberculosis colonizes the lung tissue [39]. M. tuberculosis presents
mechanisms to survive inside phagocytic cells. This leads to a proliferation of the bacterium
within dendritic cells and alveolar macrophages, which induces the release of
proinflammatory cytokines, such as IL-1. In turn, M. tuberculosis is capable of producing cell
death of the cells containing it by secretion of effector proteins. In this way it exits into the
ECM and can infect neighboring cells, causing a pulmonary dysfunction [40]. To contain the
infection, the infected cells aggregate with other immune cells such as macrophages,
dendritic cells, neutrophils or T cells, forming a confining structure called a granuloma.
However, granulomas are dynamic structures and when the bacteria load becomes too
great, both infected macrophages and free bacteria can escape and spread the infection to

other parts of the body [41].
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Figure 1.6. Mycobacterium tuberculosis infection.

M. tuberculosis enters the body by the respiratory route until it reaches the pulmonary alveoli.
There, the bacterium is phagocytized by macrophages that eliminate it, and by monocytes and
dendritic cells that transport it to the lymph nodes for presentation to lymphocytes and activation
of the adaptive response. This line of defense can fail, allowing the bacteria to gain access to lung
tissue. To contain the infection, a cluster of immune cells aggregate to form a granuloma that
confines the bacteria within. However, M. tuberculosis can escape again by colonizing lung tissue.
Taken from [39].

For survival and escape from the immune system, M. tuberculosis has a number of
characteristic virulent features. On the one hand, it possesses a bacterial wall containing
peptidoglycan, arabino-galactan and mycolic acid layers. lts components include
phthiocerol dimycocerosates (PDIM) that are able to mask bacterial epitopes and thus go
unnoticed by macrophages [42]. On the other hand, it is able to compromise the integrity
of the phagosome thanks to effector proteins secreted by the type VIl secretion system
(T7SS). Among them, ESAT-6 and CFP:10 stand out, which in dimeric form acidify the
phagosome preventing its maturation and rupture its membrane to escape to the cytosol

[43]. Other mechanisms that M. tuberculosis relies on include inhibiting the oxidative and
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nitrosative stresses mediated by Acr chaperones [44], promoting wall integrity thanks to

cyclopropane rings [45] or releasing anti-apoptotic factors, like katG and sodA, [46].

1.1.2. /n vitro bacterial research *

The study of bacterial infections to understand the mechanisms involved in the
process and to be able to develop and test effective drugs is a long, multi-stage process
(Figure 1.7). It starts with in vitro assays in laboratories, to obtain the knowledge base. This
allows experimental models to be developed and animal tests to be carried out in vivo. This
is known as the preclinical phase, and if the results obtained are satisfactory, it moves on
to the clinical trials, where it is tested in humans [47]. In this section, we will focus on in

vitro methods, standing out the advantages that microfluidics offer.

Traditional in vitro Microfluidic models  In vivo models Human
models clinical trial
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Figure 1.7. Experimental stages in clinical trials.

The experimental part of clinical trials start with the use of traditional in vitro methods, until
reaching in vivo models, and finally human trials. Microfluidic models provide an intermediate in
vitro strategy between traditional methods and animal models. Adapted from [48].

* This section of chapter 1.2 is an adaptation from the article already published as: Pérez-
Rodriguez, S.; Garcia-Aznar, JM.; Gonzalo-Asensio, J. Microfluidic devices for studying bacterial
taxis, drug testing and biofilm formation. Microbial Biotechnology. 2021. doi: 10.1111/1751-
7915.13775.
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1.1.2.1. Traditional methods

Understanding bacterial interactions with cells under physiological conditions is
essential to study certain bacterial phenotypes. Traditional microbiological in vitro
techniques include microscopy, cell infection models and recent molecular, cellular and
immunological assays [49,50]. Microscopy has advanced over the years, allowing at first,
the testing of the effect of different bactericides and bacteriostats of intracellular infections
through quantification by fluorescent microscopy [51], to being able to visualize the
composition of the internal and external membranes of bacteria at high resolution with
expansion microcopy [52]. In vitro co-culture of bacteria with host and immune system cells
has enabled the development of numerous intracellular infection models [53,54]. Finally,
there are numerous molecular approaches, such as mass spectrometry to determine cell-
bacteria protein interactions [55], or the use of microarrays to analyze gene expression
changes that bacteria undergo in response to different stimuli [56]. These methods have
provided and continue to provide inestimable information, contributing to gaining insight

into the molecular and cellular microbiology of the host-bacteria interplay.

However, traditional methodologies have some limitations. On the one hand,
although culture procedures have improved with time, bacteria still exist that cannot be
cultured under in vitro conditions [57,58]. On the other hand, in vitro and ex vivo models
are not able to fully recreate the physiological environment, such as gastric acidity, whose
pH increases while digestion occurs [59]. Consequently, in vitro and in vivo results do not
always correlate. In addition, some phenotypes, such as biofilm formation, are traditionally
studied under simplistic environments that do not mimic complex physiological scenarios
[60]. Nevertheless, the recent advent of microfluidics can help to solve some of these
limitations, to not only advance fundamental microbiological research but also help in the

development of therapeutic interventions.
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1.1.2.2. Microfluidics

Microfluidics is known as the technique that handles microscale fluid flows [61],
allowing the integration, miniaturization and automation of several processes [62]. Working
with manufactured microdevices involves the use of small volumes (on the microliter scale),
assuring better control of environmental conditions and saving reagents, biological
material, residues and space [63]. However, the main advantage of these microfluidic
devices is the possibility of recreating biological environments more realistically than
traditional macroscopic cultures in flasks, well plates or dishes [62]. This approximation can
be implemented by three-dimensional (3D) cultures of microorganisms embedded in
hydrogels that simulate the ECM, or by introducing a flow to mimic interstitial fluid flow
that transports nutrients and other microorganisms [64]. In addition, the physical (rigidity,
pressure forces, fluid flows, etc.) and chemical (pH, attraction and repulsion factors, etc.)

conditions can be modified to study adaptations to the changing environment [65].

The materials used in the pioneering microfluidic devices were silicon and glass.
Nevertheless, the opacity of silicon makes it incompatible with microscopy studies.
Moreover, both glass and silicon are characterized by their fragility, difficult bonding
protocols and high cost. Altogether, their use has been limited, paving the way for the use
of new materials [61]. Since the 90s, the most utilized material has been
polydimethylsiloxane (PDMS), a mineral-organic polymer from the siloxane family [66].
PDMS presents numerous beneficial properties: optical transparency, gas permeability,
flexibility, chemical inertness, biocompatibility, ease of bonding and unbonding to other
materials, the possibility of making its surface more hydrophilic and low cost [67]. Thus,
PDMS has been considered a great candidate for microfluidics studies. Other materials used

for this application are thermoplastics, paper and wax [61].

1.1.2.3. Bacteria in microfluidics

There are numerous researches in which microfluidics has been applied to the study

of bacterial phenotypes, mainly encompassing three approaches: bacterial taxis, drug
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testing and biofilm formation ( ). Taxis processes are defined as directed bacterial
movement towards or away from an external stimulus or gradient [68]. Depending on the
external stimulus, different taxis can be stimulated. If there is a chemical compound, it is
chemotaxis; an oxygen gradient, aerotaxis; a flow current, rheotaxis; a light stimulus,
phototaxis; a magnetic field, magnetotaxis; a temperature stimulus, themotaxis; and a pH
stimulus, pH taxis. Drug testing studies consist of bacterial growth assays under different
environments, in the presence of diverse compounds. Finally, biofilms are known as

microbial communities established in the self-produced extracellular substances [69].

The versatility offered by microfluidics in terms of design provides different device
configurations. Each of them is useful for the recreation of specific environments and the
study of different phenotypes. The diverse patterns found in the literature have been
divided into six groups: a) devices with linear channels, subdividing for one, two and three
parallel channels; b) devices with mixing channels; c) devices with multiple floors; d) porous

devices; e) topographic devices; and f) droplet microfluidics ( ).
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Table 1.1. Summary of different articles that used microfluidics-based approaches to study

different phenomena.

Research topic icons were constructed by Freepik (chemotaxis, aerotaxis, magnetotaxis, pH taxis,

growth tests and biofilm formation), Good Ware (rheotaxis) and fps web agency (thermotaxis) from

www.flaticon.com
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i.  Device with linear channels

Devices with linear channels are the most basic design and consist of straight
channels, connected or separated from each other, and with openings at each end. Multiple
channels can be added in parallel to create more versatile devices. Different conditions are
used to study a behavioral comparison. This difference in environments can occur in the
same channel, with different conditions at each end, or with homogeneity within the
channel, but different conditions between channels. Thanks to this strategy, multiple
gradients have been generated in order to study migratory responses in response to
chemical molecules [74—-77], oxygen availability [81-83], fluid flow [92,93], magnetic fields
[95-97] or temperature [100-102], pH [103,104]. For example, when confronted with E.
coli to the chemoattractants a-methylaspartate and L-serine, it was determined that their
speed increased by 35% [74]. These devices also allows to study the growth ration in
presence of antibiotics and toxic substances [111-118]. For instance, Pseudomonas
ageruginosa was cultured inside four independent channels, each containing different
dilutions of an antimicrobial compound. The results correlated with standard antimicrobial
susceptibility tests and produced results within 3 hours. Finally, biofilm formation was also
studied in two connected channels device with two inputs that converge into only one
outlet. Gashti et al. entered Streptococcus salivarius through a single inlet, managing to
develop a biofilm only at the upper part of the central channel. The channels contained
fluorescein, a pH indicator that showed a decrease in environmental pH in the biofilm area

[102].

i. Devices with mixing channels

Microfluidic devices with mixing channels are more complex than those explained
above since they require a network of channels, which is challenging in terms of both device
design and fabrication. They consist of a series of interconnected microchannels that allow
diffusive mixing. This channel network is used to generate a linear concentration gradient

and has been used to determine that E. coli was attracted to low concentrations of L-
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aspartate and deterred from high concentrations of L-aspartate and Ni+2 [72]. With an
oxygen mixture, these devices have been also used to recreate specific microenvironments
whose conditions require precise control to grow several bacteria, such as Streptococcus

mutans (anaerobe) and Fusobacterium nucleatum (anaerobe) [80].

iii.  Devices with multiple floors

Different layers of PDMS, with the same or distinct designs, can be successively
bonded to create a microfluidic device with more than one floor. This allows the study of
the relationship between two conditions at the same time or to recreate 3D conditions
between different tissues. These devices have been used to generate temperature [98,99]
or oxygen [78] circuits in a different plane than that of the bacterial culture, to study their
migration and behavior under these conditions. This configuration also allows the
arrangement of independent culture chambers on one floor, connected by a permeable
membrane to a common chamber on another floor, allowing the study of intercellular
communication. For example, Azotobacter vinelandii, Bacillus licheniformis
and Paenibacillus curdlanolyticus colonies were unstable, and their population size
decreased or were maintained at the initial levels over time when grown individually, but
when they were connected, these colonies were stable with increasing population sizes

[110].

iv.  Porous devices

The versatility of microfluidics designs permits the use of non-flat surfaces,
increasing the scope of studies and allowing the possibility to recreate more realistic
environments. For example, porous devices are characterized by a surface full of tiny holes
on which bacteria adapt to grow or migrate. These designs are typically utilized to evaluate
chemo- [70,71] and rheotaxis [90]. Hole distribution can be homogenous (same diameter
and same separation distance), the microfluidic device simulates ideal flows in porous
surfaces [90], or heterogenous (pore sizes and distances vary), recreating more realistic

environment, such as soil surroundings [91,124].
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v. Topographic devices

Topographic devices are characterized as showing an irregular design. Using a non-
linear channel, Rusconi et al. evaluated Pseudomonas aeruginosa biofilm formation.
Bacterial aggregation tended to be the more linear possibility, occupying the center of the
channels and touching only the inner corners, without distinguishing between round or
sharp corners [85]. These devices have also been used to observe how bacteria avoid
obstacles to move forward. Yazdi et al. printed different flat and curved patterns on the
surface of a device. They observed that against curved obstacles, Magnetospirillum
magneticum maintained its axial direction, whereas when it faced flat obstacles, it switched

its direction to backwards until it overcame the obstacle [94].

vi.  Droplet microfluidics

Droplet-based microfluidics are characterized for their isolation and confinement of
a single bacteria or small populations into individual droplets. These devices include an
immiscible two-phase system: an organic liquid, usually oil, that fills the channel, and an
aqueous liquid that breaks intro droplets when it is introduced into the system [125].
Poisson statistics govern the ratio of organism encapsulation, determining the probability
of isolating one or more cells per drop as a function of the starting concentration and
occupied fraction of the droplets [126]. Droplet-based microfluidics is the most recent and
innovative approach among microfluidic devices, still in an optimization phase, with several
studies determining the optimal parameters for growing bacteria. The predominant assays
are oriented to grow tests and biofilm formation. Kaushik et al. designed a device to
determine antibiotic effects on bacteria. It consisted of two inlets to generate drops with a
single bacterium, followed by a serpentine where bacteria reproduced a couple of times
and a camera for fluorescence detection at the end. Through fluorescence analysis, the
droplets were characterized as positive or negative depending on the presence or absence
of bacteria, respectively. E. coli was tested with 4 pug/ml gentamycin, and the positive

droplet ratio significantly decreased [106]. On the other hand, biofilm formation has been

19



studied inside droplets using B. subtilis as a model bacterium. It was described that these
bacteria first swam individually, started to aggregate in 12 hours around the drop edges,

and finally sporulated in 48 or 72 hours [119].
1.1.2.4. Comparison between traditional methods and microfluidics

Both the use of traditional methods and microfluidic techniques provide a great
contribution to scientific knowledge. However, microfluidics has a number of advantages
over traditional methods ( ), which will be the reason why we have opted for this

technique in this thesis.

Advantages Limitations
Reproducibility of results obtained with )
. PDMS absorption
traditional methods
Calculation of new data: migration rates Absence of standardized protocols

Great variety of materials and designs:
i , ) Absence of cell cocultures
three dimensionality

Small size and volume: high control and
money savings

Integration of processes in a single

platform: times shortened
Table 1.2. Summary of microfluidic advantages and limitations

i. Reproducibility of results

Microfluidics is a versatile technique that is gaining momentum in the field of
microbiological research. The reproducibility of results previously obtained by traditional
methods provides confidence and robustness to this tool. A clear example of this fact is the
migration assays in which the chemotactic response of E. coli to different compounds is
studied. Traditional methods are based on inoculating bacteria onto agar plates to analyze
the kinetics of colony formation over time. The chemoattractant may be contained in the
agar plate itself or may have been used to pretreat the bacterial sample following the

method proposed by Adler [127]. This method consists of introducing a capillary with
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chemoattractant into a bacterial solution that is subsequently deposited on an agar plate,
and after its incubation, the number of colonies is quantified. By means of this
methodology, Mesibov and Adler demonstrated that E. coli was attracted to several amino
acids, including L-aspartate, showing a peak at a concentration of 10 mM [128]. Wolfe and
Berg used the strategy of incorporating L-aspartate into agar plates and determined that E.
coli shows maximum attraction at 10 uM [129]. On the other hand, through the individual
monitoring of bacteria grown in microcapillaries, both Roggo's and Cheng's teams
corroborated the attraction of E. coli to L-aspartate at such concentrations, also highlighting
migratory responses at intermediate concentrations such as 0.1 and 1 mM [76,77]. Thus,
the similarity and reproducibility of the results obtained by both methods make

microfluidics a reliable tool.

ii. Calculating migration rates

However, although both methods are capable of determining optimal
concentrations of chemoattractant, agar methods have limitations, such as the impossibility
of calculating migration rates. This calculation is unfeasible since individual cells cannot be
followed; instead, colony growth is evaluated. Partridge et al. decided to transfer colonies
on agar plates to liquid cultures. They inoculated part of the cultures in small crystal
chambers in order to monitor the bacteria individually, determining a migration speed of
approximately 20-25 um/s [130]. Nevertheless, this approach is incompatible with the
generation of chemical gradients. Therefore, it was necessary to rely on microfluidic
techniques, such as a single-channel device designed by Ahmed and Stocker, with which
they created gradients of a-methylaspartate in a range of concentrations between 0.1 and

1 mM and obtained migration speeds between 0.6 and 13.8 um/s [74].

iii. Versatility of materials and designs

While traditional methods are limited to working on flat two-dimensional (2D)
surfaces, such as culture flasks, Petri dishes or well plates, microfluidics offers a new variety

of materials with promising properties, among which PDMS stands out. Due to its

21



biocompatibility and gas permeability, it is ideal for cellular and microbiological cultures,
but in addition, its optical transparency allows visualization and analysis by microscopy.
However, its major advantage is the possibility of combining it with other materials,
resulting in great versatility in device design. Thus, microfluidics offers the option of working
in heterogeneous or even three-dimensional conditions, on which different stimuli, such as
fluid flow or tactic gradients, can be applied. This advantage in culture conditions has been
exposed by comparing two strategies to grow bacteria. On the one hand, following a
traditional method, Bible et al. isolated Pantoea sp. from the rhizosphere of Populus
deltoides and grew it on an agar plate [131]. On the other hand, Aufrecht et al., after
isolating Pantoea sp., cultured it on a surface with heterogeneous pores that simulate a
more realistic soil distribution [124]. In addition, Aufretch applied a flow stream over the
system to recreate rainwater filtration. While Pantoea sp. grew homogeneously on the agar
plate and formed colonies [131], in the microfluidic device, it tended to grow by selecting
preferential routes depending on the availability of nutrients provided by the stream flows
[124]. Altogether, it is tempting to conclude that microfluidics offers the possibility of

replicating more realistic environments than those offered by traditional methods.

iv. Small size and volume

The difference in volume and bacterial numbers used in microfluidics as opposed to
conventional methods is also an aspect to consider. Microfluidics uses volumes in the
microliter range, while traditional methods usually use volumes in the milliliter range. This
small size turns microfluidic devices into portable tools and offers a number of advantages,
such as economic savings in reagents, materials and space or a more accurate control of the
biological and physical conditions of the study. From a biological perspective, macroscopic
cultures contain a high number of bacteria, in the thousands or millions, giving rise to
inevitable heterogeneity in the study population. In microfluidic assays, the number of
bacteria is reduced to hundreds or even individual bacteria, achieving results that are more
precise on the single-cell scale. In the physical environment, specific conditions can be

achieved, making the growth of several bacteria possible, including oligotrophic bacteria,
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which are still a challenge for traditional 2D cultures [132]. In addition, microfluidics allows
almost instantaneous changes in environmental conditions within the device, allowing the
study of bacterial adaptation. Lambert and Kussel designed a microfluidic device composed
of a central channel and lateral culture chambers of 25 um?3. By adding a flow current
through the main channel, they were able to generate transitions in the media conditions
in less than 250 milliseconds. As a result, they studied the adaptive response of E. coli to
fluctuating changes in glucose- or lactose-enriched broth media on a time scale of 1 to 10
generations [117]. On the other hand, Phillips et al. studied the same adaptive response in
1 ml of E. coli cultures, making daily inoculations to perform the media changes. They
conducted these experiments over approximately 3,000 generations [133]. In this way, the
greater control over the studied condition results is reflected in the reduced duration of the

experiments.

V. Single platform

Experimental times can also be shortened by integrating several experimental
processes into a single platform, thus also reducing the number of manipulations by
researchers and therefore the risk of contamination and technical variability [62]. A clear
example of the power of integration from microfluidics is droplet-based devices. This can
be demonstrated by comparing the approach of these devices to traditional methods in the
study of antimicrobial susceptibility. In 1966, the antibiotic susceptibility test was
established by means of the standardized disk diffusion method [134], colloquially named
the antibiogram, which is still used today [135]. This method consists of inoculating a
bacterial culture onto an agar plate and placing it on a paper disk containing antibiotics that
radially diffuse in the agar. After an incubation period, in the case where the bacteria are
susceptible to the antibiotic, a growth inhibition zone appears whose diameter correlates
with the antimicrobial power of the antibiotic tested. Kaushik et al. proposed a droplet-
based microfluidic device in which they integrated the incubation of the bacteria in contact
with the antibiotic in microdrops with the detection and analysis of its susceptibility (figure

8b) through the fluorescence produced by resazurin when reduced by the bacterial
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metabolic activity [106]. While the standardized method requires several manipulations,
including inoculation, deposition of the antibiotic disk or measurement of the diameter of
the inhibition zone, the microfluidic device integrates all steps in a continuous flow system
where the only manipulation is the initial load of the components to be studied. In addition,
the antibiogram requires at least 24 hours of incubation, while microfluidic devices allow
testing of antimicrobial susceptibility after 1 hour. Undoubtedly, this time-saving and
minimal technical manipulation are valuable considerations for the use of microfluidic
devices in a clinical context, where proper treatment of infected patients requires reliable

and instant results.

Vi. PDMS absorption

Nevertheless, microfluidics still has a long way to go to overcome several of the
challenges it presents. For example, despite the numerous advantages described above for
PDMS, we also have also found some drawbacks. Its major limitation in the cellular field is
its capacity to absorb small hydrophobic molecules or biomolecules, such as proteins,
interfering with the results of the assays. This demonstration was performed by van Meer
et al., comparing the absorption of four cardiac drugs when incubated in standard tissue
culture grade polystyrene (TCPS) 96-well and PDMS wells. While the adsorption in the TCPS
wells was negligible, PDMS adsorbed between 20 and 80% of the compounds within 3 hours
[136]. PDMS is a porous material that not only absorbs molecules but also allows the
passage of organic solvents that can modify the dimensions of the channels. Dangla et al.
observed that when filling 50 um-high channels with the solvent hexadecane, the channels
were deformed by sinking the ceiling parabolically by approximately 7 um [137]. As a result,
protocols are being developed that modify the surface of PDMS to avoid these phenomena

[138-140].

vii.  Absence of standardized protocols

Due to its recent appearance, the absence of standardized protocols in

microfluidics-based research is evident. Bacteria are mainly visualized using microscopy
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techniques, which require reporter-labeled bacteria and/or specialized microscopy facilities
[141]. This restricts microfluidics assays to visual analysis and model microorganisms, which
frequently do not reflect the virulent traits of pathogenic species. The assays carried out are
mostly focused on the study of migration trajectories and growth rates, and it is clear that
there is a lack of molecular characterization. The development of devices based on droplets
has led to a great advance in this field, giving the possibility of studying bacteria at a single
cell level. In addition, some protocols for the extraction of nucleic acids and proteins from
samples confined within microfluidic devices have been published [142-145]. Nevertheless,
microfluidics is far from assessing molecular changes at the intracellular level, and new
techniques have to be improved to allow genomic, transcriptomic, proteomic and
metabolomic research at the same level as established methods. Once these limitations are
overcome, microfluidics might become an indispensable technique for research and

commercial applications.

viii.  Absence of cell cocultures

Most microfluidic studies involving bacteria have been performed using
environmental or nonpathogenic species. This fact shows a knowledge gap in the
biomedical field regarding the interaction between host cells and bacteria, both symbiotic
and pathogenic. Some researchers have developed more complex microfluidic devices,
integrating several tissues to mimic organs, which is known as organ-on-a-chip. Some of the
organs that have been simulated thanks to microfluidics are the gut [146], lung [147], liver
[148], endothelial vessels [149] and brain [150]. The application of bacteria in these systems
would not only result in a more complete and realistic approach to recreate complex
bacterial interactions with some human organs, but would also allow for a more detailed

study of the host-bacterial interplay in vitro.
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1.2. Objectives

The main objective of this thesis is to apply microfluidic devices to recreate bacterial
infection processes more realistically than traditional methods. Specifically, stages involving
macrophages and their interaction with pathogens. For this purpose, a series of sub-targets
were proposed, focusing on two processes under study: monocyte extravasation and

macrophage migration in response to bacterial stimuli.
Regarding monocyte extravasation, the following subobjectives were proposed:

- Develop a functional endothelial vessel that allows quantification of
extravasation.

- Determine the effect of oscillatory flow on the process of monocyte
extravasation.

- Determine the effect of environmental stiffness on the process of monocyte

extravasation.

Regarding macrophage migration in response to bacterial stimuli, these other

subobjectives were proposed:

- Determine the optimal conditions for macrophage tracking.

- Analyze changes in macrophage migration patterns in the presence of
pathogenic bacteria

- Analyze changes in macrophage migration patterns in the presence of non-

pathogenic bacteria.
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1.3. Thesis overview

This thesis is structured in 6 chapters. This initial chapter is dedicated to a basic
explanation of the immune system and the infections produced by the bacteria of interest,
Salmonella typhimurium and Mycobacterium tuberculosis. In addition, a review of the state
of the art is presented on bacterial behavior studies with traditional methods and
microfluidic techniques, offering a comparison of the advantages and limitations of both.

Then, chapters 2 and 3 are focused on two different stages of infection.

In chapter 2, we show a microfluidic device that allows the study of monocyte
extravasation. In addition, the effect of oscillatory flow and environmental stiffness on the

extravasation process is determined.

In chapter 3, the migration of macrophages in response to a gradient of molecules
obtained from bacterial fractions is studied. The bacteria studied were Salmonella
typhimurium, Mycobacterium tuberculosis, Escherichia coli and Mycobacterium smegmatis.
The macrophage tracking during 24 h allows us to deduce the presence of immunogenic

and attractant molecules.

Chapter 4 contains the global conclusions of the thesis, both in English and Spanish,

future work and contributions from this PhD Dissertations.

The PhD dissertation finishes with two chapters that include future work and
contributions from this PhD Dissertations, an appendix with methodology developed from

future work, and references.
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2. MONOCYTE EXTRAVASATION
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2.1. Abstract *

Extravasation of circulating cells is an essential process that governs tissue
inflammation and the body’s response to pathogenic infection. To initiate anti-
inflammatory and phagocytic functions within tissues, immune cells must cross the vascular
endothelial barrier from the vessel lumen to the subluminal extracellular matrix. In this
work, we present a microfluidic approach that enables the recreation of a three-
dimensional, perfused endothelial vessel formed by human endothelial cells embedded
within in a collagen-rich matrix. Monocytes are introduced into the vessel perfusate, and
we investigate the role of luminal flow and collagen concentration on extravasation. In
vessels conditioned with flow, increased monocyte adhesion to the vascular wall was
observed, though fewer monocytes extravasated to the collagen hydrogel. Our results
suggest the lower rates of extravasation are due to the increased vessel integrity and
reduced permeability of the endothelial monolayer. We further demonstrate that vascular
permeability is a function of collagen hydrogel mass concentration, with increased collagen
concentrations leading to elevated vascular permeability and increased extravasation.
Collectively, our results demonstrate that extravasation of monocytes is highly regulated by
the structural integrity of the endothelial monolayer. The microfluidic approach developed
here allows for the dissection of the relative contributions of these cues to further
understand the key governing processes that regulate circulating cell extravasation and

inflammation.

* This chapter 1 correspond to the article already published as: Pérez-Rodriguez, S.; Huang,
S.A.; Borau, C.; Garcia-Aznar, JM.; Polacheck, W.J. Microfluidic model of monocyte extravasation
reveals the role of hemodynamics and subendothelial matrix mechanics in regulating endothelial

integrity. Biomicrofluidics. 2021, 15(5):054102. doi: 10.1063/5.0061997.
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2.2. Introduction

2.2.1. Monocyte extravasation

Extravasation is the process by which cells and proteins traverse the endothelial
barrier from the intravascular cannula into surrounding tissue [151]. During an
inflammatory injury or bacterial infection, immune cells extravasate in response to
mechanical and chemical stimuli secreted by damaged tissues [152]. In this work, we focus
specifically on monocyte extravasation due to its essential role in homeostasis and the
development of innate and adaptive immune responses to pathogens [153]. While a
number of cellular and molecular regulators of extravasation have been identified using
conventional in vitro approaches [154], interpreting these results in the context of the
native microenvironment is challenging due to limitations to in vitro culture systems,
including the lack of physiologic tissue architecture and mechanics. Here, we seek to
address these shortcomings through the implementation of a microfluidic multi-cell culture
system that more closely mimics the native architecture and mechanics of the

microvasculature.

Monocyte extravasation is initiated through the coordination of receptor-mediated
interactions between the apical surface of vascular endothelial cells and monocytes (

). First, immune cells from damaged tissue secrete inflammatory cytokines that induce
the expression of adhesion molecules in endothelial cells. E- and P-selectin, intercellular
adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) have been
specifically implicated in monocyte-endothelial interactions [155]. ICAM-1 and VCAM-1
contribute to monocyte adhesion [156], and VCAM-1 reduces rolling speed and enhances
firm arrest [157]. Additionally, monocytes have basal expression of P-selectin Glycoprotein
Ligand 1 (PSGL-1), which interacts with endothelial selectins, allowing for the attachment
and rolling of monocytes [158]. Once monocytes attach to the endothelial wall, an increase
in endothelial RhoA GTPase-mediated actomyosin contractility in endothelial cells induces

intercellular junction disassembly and the formation of transient gaps in the monolayer
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[159]. Finally, monocytes generate protrusions to probe the endothelial surface and cross

the endothelial barrier [160,161].
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Figure 2.1. Stages of leukocyte extravasation and the molecules involved.

Leukocytes (pink cells) circulating in the blood system come into contact with endothelial cells (blue
cells) and slow down until they adhere to them. They then generate a series of protrusions that
allow them to sense the environment and cross the barrier between the endothelial cell junctions
until they reach the basal lamina (red) and the extracellular matrix (yellow). Numerous molecules
are involved in this process, such as P- and E-selectins, or the adhesins VCAM-1 and ICAM-1, on the
part of the endothelial cells, or PSLG-1 on the part of the leukocytes. Taken from [162].

2.2.2. Role of hemodynamics in extravasation

Hemodynamics play a critical role in extravasation through modulating protein
expression and signaling in endothelial cells. Fluid shear stress between 2 and 10 dynes/cm?
upregulates the expression of E-selectin, P-selectin, ICAM-1 and VCAM-1 on endothelial
cells, leading to an increase in monocyte arrest at the endothelial wall [163—-165].
Conversely, endothelial cells exposed to physiological shear stress, in a range between 3
and 5 dynes/cm?, suppress RhoA signaling and upregulate Racl signaling, resulting in
adherens junction assembly and cytoskeletal alignment [166-168]. Therefore,
hemodynamic shear stress imparts competing signals on the extravasation process by
increasing monocyte arrest to the endothelium, but strengthening the vascular barrier.

Further dissection of these mechanisms necessitates the development of a platform in

33



which vascular endothelial cells and monocytes can be cultured in a hemodynamic

environment and observed in real time.

2.2.3. Role of surrounding stiffness in extravasation

Signals from the basal surface of the endothelium, including the perivascular
extracellular matrix, have also been shown to play a role in extravasation. Vascular
endothelial cells are highly sensitive to the stiffness of the underlying matrix [169], and
pathologically increased matrix stiffness drives increases in vascular permeability [170].
Substrate mechanics also play a role in monocyte adhesion. For example, Mackay and
Hammer observed increased monocyte attachment to hydrogels coated with E-selection as
a function of stiffness, but they found no stiffness-dependence for gels coated with P-
selectin [171], highlighting the complex interplay between biochemical and biophysical cues
in extravasation. Moreover, stiffer substrates are required to properly recruit and stabilize
ICAM-1 on endothelial cells [172]. Collectively, these studies demonstrate that investigation
of the key factors and molecular mediators that govern extravasation requires

recapitulation of native perivascular matrix mechanics.

2.2.4. Models to study extravasation

A variety of model systems have been developed to investigate the key molecular
mechanisms that govern extravasation. Key chemokines secreted by monocytes, including
IL-8 and monocyte chemoattractant protein-1 (MCP-1) which regulate firm monocyte
adhesion and extravasation from the vascular endothelium, have been identified by
molecular binding assays [173,174]. Electrophoresis, microarrays, and polymerase chain
reaction (PCR) techniques have allowed for the evaluation of monocyte and endothelial
gene and protein expression that correlate with extravasation events in response to
inflammatory factors. For example, lipopolysaccharides (LPS) induce E-selectin, VCAM-1
and ICAM-1 gene expression [175], whereas interferon gamma (INF-y) and IL-4 upregulate
MCP-1 mRNA and protein expression [176,177]. In addition, electron microscopy has

provided spatial resolution for key signaling pathways including IL-8, which, after being
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secreted by monocytes, is concentrated at the apical surface of endothelial cells prior to
internalizations [178]. Furthermore, the combination of these data with animal models and
computational simulations has elucidated possible models of paracellular and transcellular
migration of leukocytes across endothelial barriers [179], [180,181]. Despite enabling
significant progress in identifying key governing pathways, these approaches have
limitations, including a lack of physiological architecture and mechanics in in vitro systems
[182], and divergent mechanisms in mouse and human models [183], [184]. For example,
the commonly used mice strain C57B1/6 exhibits cell-mediated immunity and Natural Killer
(NK) cell activity that is significantly higher than other mice strains [185], and which is not

representative of humans [186].

Microfluidic systems address some of these key limitations, particularly the need for
more physiologic, three dimensional microenvironments in vitro [187], [61]. Recently, a
number of microfluidic approaches have been developed for the study of extravasation
[188-190], as recently reviewed Ma et. a/ [191]. However, the majority of these approaches
are used to study cancer cell extravasation during metastasis, while the study of leukocytes
and immune cell extravasation has received less attention. A few experimental approaches
have been developed to study leukocyte extravasation in microfluidic devices, including
endothelial cells cultured as a monolayer on a porous membrane [183,192,193], vascular
networks embedded within collagen hydrogels [189], and endothelial monolayers attached
to a rectangular PDMS channel [194]. Studies using these platforms have contributed to a
fundamental and critical understanding of the mechanisms of extravasation, such as the
relation between cancer cell extravasation and the expression of adenosine receptors [189]
and late metastatic markers [194] or the inability of leukocytes to extravasate when treated
with pertussis toxin [183]. However, there exist significant limitations in the physiological
relevance of these approaches, including the lack of three-dimensional native architecture

and/or physiologic substrate mechanics and hemodynamics.

Here, we present a microfluidic device and an approach that allows the formation
of a continuous, lumenized, cylindrical monolayer of endothelial cells embedded within a

collagen type-l matrix [195]. The diameter of this vessel varies between 150-250 pm,
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resembling physiological arterioles and venules [196,197]. In vessels of this size,
mechanotransduction of hemodynamic shear stresses facilitate interactions between
immune and endothelial cells and immune cell extravasation [186,198]. Using this platform,
we demonstrate key aspects of physiological monocyte extravasation, including arrest to
the apical vascular endothelial surface, crossing of the vascular endothelial barrier, and 3D
migration through the hydrogel matrix. We further investigate the effect of hemodynamic
shear stress and perivascular collagen concentration on extravasation, and the results of

these studies demonstrate a critical role for biophysical stimuli in extravasation.

2.3. Methods

2.3.1. Cell Culture

Human umbilical vein endothelial cells (HUVECs) were grown in EGM-2 medium
supplemented with 2% of fetal bovine serum (FBS), hydrocortisone, vascular endothelial
growth factor (VEGF), R3 insulin-like growth factor 1 (R3 IGF-1), ascorbic acid, human
epidermal growth factor (hEGF), gentamicin sulfate/amphotericin (GA-1000) and heparin
(medium EGM-2, Lonza, Basel, Switzerland). Cells were used from passage number 2 to 10,
consistent with manufacturer recommendations to assure the viability and an adequate

metabolism of cells.

THP-1 is a commercial cell line of monocytes isolated from peripheral blood from
the American Type Cell Culture (ATCC TIB202™, Manassas, VA, Unites States). THP-1 were
grown in suspension in RPMI-1640 media supplemented with L-glutamine, 2% of FBS and
ampicillin/streptomycin (RPMI-1640, Gibco, Gaithersburg, MD, United States), and THP-1

were used from passage number 0 to 7.

2.3.2. Fabrication of Microfluidic Devices

Microfluidic devices ( ) were prepared following the protocol developed by
Polacheck et al. [167], with minor modifications. Briefly, PDMS molds were generated by

the mixture and degasification of the curing agent of Sylgard 184 silicone elastomer and the
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base in a 1:10 ratio, poured onto plastic molds replica molded from silicon master molds
patterned by photolithography, and incubated at 60 2C for 24 h. Next, PDMS mold was
separated from the plastic molds, and devices were individually cut and autoclaved. PDMS
devices and glass coverslips (22 x 40 mm cover slips, Menzel-Gladser, Brunswick, Alemania),
pretreated with iso-2-propanol, were treated with oxygen plasma for 30 s to surface
activate the PDMS and promote glass-PDMS bonding. Sealed devices were incubated at 100
oC for 10 minutes then treated with 1 mg/ml poly-D-lysine (PDL) (Sigma, St Louis, MO,
United States) for one-channel devices or 0.01% w/v poly-L-lysine (PLL) (Sigma, St Louis,
MO, United States) for two-channel devices, for at least 1 hour at room temperature. Then,
washed with deionized water, treated with 1% glutaraldehyde for 15 min, and washed with
deionized water for 24 hours on a shaker. For faster device turnaround, the PDMS can be
treated with 2 mg/ml dopamine hydrochloride (Millipore Sigma) in 10 mM Tris buffer pH
8.5 (bioWORLD, Dublin, OH) for two hours, followed by a wash with deionized water [199].

2.3.3. Formation of the Endothelial Vessel

After fabrication, bonding, and surface treatment, the devices were sterilized in a
70% ethanol solution for 30 minutes. A 0.16 mm diameter acupuncture needle (0 0.16 x 40
mm, Seirin, Shizuoka, Japan), pretreated with 0.01% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) for 30 min, was inserted into the device and sterilized with
ultra violet light for 15 min. Subsequently, reconstituted type-I collagen derived from rat
tail (Corning, Glendale, AZ, United States), was buffered to a pH of 7.5 with 1 N NaOH in
sterile H20, 10x dPBS with phenol (Euroclone, Milan, Italy) and EGM-2 medium, was
introduced in the central region of the device. Two different collagen concentrations were
tested, 2.5 and 6 mg/ml, starting from stock concentrations at 4.33 and 9.44 mg/ml,
respectively. Devices were moved to a humidified incubator at 37 2C for at least 2 h, and
device reservoirs were filled of EGM-2 media to avoid dehydration of the hydrogel. Next,
the needle was removed, and the device was sealed with vacuum grease (Millipore Sigma,
Saint Louis, MO, United States). For two-channel devices, the same procedure was

performed with two needles inserted into each device.
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Fresh EGM-2 was introduced into devices, and devices were moved to a laboratory
rocker within a humidified incubator to wash devices for 24 hrs. The next day, a HUVECs
suspension with a final concentration of 2 - 10° cells/ml in EGM-2 was introduced into the
device reservoirs, and cell adherence to the central channel in the collagen gel was observed
by phase contrast microscopy (Nikon D-Eclipse C1 Confocal Microscope, 10x lens, Nikon
Instruments, Tokyo, Japan). As previously described, when the cylindrical space was
covered by an adequate density of HUVECs [167], cell-containing media was replaces with
fresh media and devices were incubated at 37 2C for 24 hours on a rocker at 30 degrees and

5 cycles/min to introduce oscillatory, reciprocating flow through the vessel lumen.

2.3.4. Extravasation Assays

For the extravasation assays, a solution of 7.5 - 10° cell/ml of THP-1 monocytes were
resuspended in EGM-2 media and introduced into device ports. Devices were incubated at
37 °oC for 24 hours prior to analysis (Figure 2.2). To study the influence of flow in the
extravasation process, devices were pretreated with oscillating flow for 24 hours before
adding the monocytes, while static devices were maintained on a shelf of the same
incubator for 24 hours too. To analyze the role of collagen density, extravasation assays

were conducted with 2.5 and 6 mg/ml collagen hydrogels as described above.

Media ports

ECM ports
Collagen gel
Endothelial vessel
Needle guide

Monocytes

Figure 2.2. Microfluidic platform for investigating monocyte extravasation.

A) Photograph of device bonded to (24 mm x 40 mm coverslip). B) Graphical representation of the
device (not to scale) that consists of a central chamber with two ports (dark green) through which
the collagen gel (light green) is introduced and polymerized. A channel formed by an acupuncture
needle connects two reservoirs filled with medium (bright pink) to the collagen gel region. HUVECs
line the channel in the collagen gel (pink), and hydrostatic pressure gradients induced by the rocker
induce flow through the channel. Monocytes (blue) are flowed through the vessel, and
extravasation from the lumen into the collagen hydrogel is investigated using light microscopy.
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2.3.5. Inmunofluorescence

Devices were washed with PBS + 0.5 mM MgCl, + 1 mM CaCl; (PBS++), fixed with 4%
paraformaldehyde (PFA) at 37 2C for 20 min on the oscillatory rocker, and washed again
with PBS++. Samples were permeabilized with 0.1% Triton X (Calbiochem, Darmstadt,
Alemania) for 20 minutes and washed with PBS++. Subsequently, devices were rocked with
4’,6-diamino-2-fenilindol (DAPI) (1:1000) (Invitrogen, Carlsbad, CA, United States) and
rhodamine phalloidin (1:200) (Thermo Fisher Scientific, Madrid, Spain) in 2% BSA in PBS++
at room temperature for 20 min. After washing with 2% BSA, devices were incubated with
primary antibody against VE-cadherin (1:200) (Santa Cruz Biotechnology, Santa Cruz, CA,
Unites States) in 2% BSA in PBS++ at 4 oC overnight. Next, anti-goat Alexa Fluor 647
secondary antibody (1:250) (Thermo Fisher Scientific, Madrid, Spain) in 2% BSA in PBS++
was added at room temperature for 2 hours while protected from light. Finally, devices
were washed with 2% BSA and stored at 4 2C. Maximum intensity projections were
synthesized from Z-stack series obtained with a laser scanning confocal microscopy

(FV3000, Olympus) at 20x magnification (20x C Plan fluor 0.7 NA air objective, Olympus).

2.3.6. Image acquisition and analysis

Data for extravasation assays were obtained from the analysis of fixed
immunofluorescence images taken as described above with a 20x objective. The number of
extravasated and adhered monocytes, the monocyte migration distance, and diameters
were measured manually using Fiji [200]. Monocytes were identified and differentiated
from HUVECs by their small size, rounded shape and different cell refractive index, which

gave them a different shade of gray under the bright-field microscope [201,202].

Alignment of phalloidin and VE-cadherin networks was determined by analyzing the
maximum intensity projection of seven independent assays. After the projection, vessel
images were split in square patches and their walls were removed to avoid bias in the main

direction of the vessel ( ). The alignment index (a) was estimated using a discrete
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Fourier Transform (FT) method as described previously [203,204]. This index ranges from 0

to 1, with 1 meaning a complete alignment of the network and 0 a random orientation.

Figure 2.3. Image processing.

Sample images demonstrating the process by which a maximum intensity project was processed to
measure an alignment index parameter. Projections were split in square blocks to perform the
alignment analysis to ensure lateral vessel boundaries did not contribute to alignment index
calculations.

2.3.7. Permeability assays

Diffusive permeability (Pq4) of vessels was quantified as previously described [167].
Briefly, EGM-2 supplemented with 70-kDa fluorescent dextran TexasRed (200 pg/ml)
(Sigma-Aldrich, Saint Louis, MO, United States) was introduced into the vessel, and images
were taken at 10x magnification every 5 s for 50 cycles at the median transversal plane of
the vessel. Total flux of dextran transported across the vascular wall was quantified by
measuring the total intensity within the vessel for each time point (lp), and the total
intensity outside of the vessel (1) as a function of time. The radius of the vessel (r), intensity
within the vessel (lo), and rate of change of intensity outside of the vessel (61/6t) were used

to determine P4 through the following relation:

p _(Zr)(SI
47N, N6t
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2.3.8. Collagen hydrogel characterization

Collagen hydrogels at mass concentrations of 2.5 and 6 mg/ml were prepared as
described above and frozen in liquid nitrogen overnight prior to lyophilization (ScanVac
CoolSafe 110-4, Labogene, Lynge, Denmark) for 44 hours. Samples were then deposited in
holders on carbon tape and coated with a 14 nm layer of palladium to increase conductivity.
The gels were visualized and photographed using a field scanning electron microscope
(CSEM-FEG INSPECT F50, FEI Company, Hillboro, OR, United States) at resolutions of 10, 20,
50 and 100K.

2.3.9. Determination of hydraulic permeability

Following removal of needles in a two-channel device, all device reservoirs were
emptied and filled with 70-kDa fluorescent dextran fluorescein (FITC) (200 pg/ml) (Sigma-
Aldrich, Saint Louis, MO, United States) in PBS. These devices were then incubated
overnight at 37 2C to allow the dextran to permeate the collagen hydrogel. The reservoirs
were then emptied, and glass capillary tubes were inserted into the reservoirs of one
channel. Any gaps between the PDMS and glass were sealed using vacuum grease, and the
70-kDa FITC solution was added to the glass reservoirs to apply a hydrostatic pressure of 5,
10, or 20 mmH0. Fluorescence recovery after photobleaching (FRAP) was performed by
finding the median transversal plane of the vessel and photobleaching a 50 pixel circle in
the collagen gel between the two channels for 3 seconds, followed by continuous imaging
of the bleached circle every second for 30 seconds. The velocity of the interstitial flow
induced by the hydrostatic pressure was calculated using a custom Matlab code
(Mathworks, Natick, CA, USA) that fit a circle to the bleached region and determined circle

displacement across the time series.
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2.4. Results

2.4.1. Microfabricated blood vessels that mimic physiologic vasculature.

We fabricated a microfluidic cell culture system to develop microfabricated blood
vessels, consisting of a perfusable channel lined with HUVECs embedded in 3D collagen
hydrogel ( ). After seeding with endothelial cells, these devices were cultured with
oscillatory flow or under static conditions for 24 hours. To characterize endothelial cell
distribution within devices, we fixed the devices, stained them with DAPI, and performed a
three-dimensional reconstruction of the spatial arrangement of the nuclei of endothelial
cells forming the vessel ( ). These reconstructions reveal a continuous cylindrical
endothelial monolayer embedded within the collagen type | hydrogel. It has been shown
previously that application of physiologic hemodynamic shear stress leads to alignment of
the actin cytoskeleton [205]. To measure the alignment of filamentous actin fibers, we
stained fixed devices with rhodamine phalloidin and anti-VE-cadherin antibodies. VE-
cadherin is an adherent junction protein that in part regulates endothelial permeability
[206], and assembly of VE-cadherin-containing junctions indicates the establishment of

endothelial barrier function [207].

By performing a simple threshold segmentation of the VE-cadherin staining, we
observed that all pixels were connected in a lattice of cell-cell junctions as a single object
( ). This suggests that there are no gaps between the HUVECs forming the vessel
and that it is in fact composed by a continuous monolayer of endothelial cells. We then
computed an alignment index using a Fourier transform analysis of max intensity
projections from z-stacks acquired with confocal microscopy. With this approach, we
observed that the cytoskeleton presents an alignment index slightly greater than 0.5, and
that VE-cadherin alignment was approximately 0.5. In both cases, there were no significant
differences between vessels cultured under static and flow conditions ( ). This
index value indicates that the fibers are aligned mostly parallel to the vessel, in the same

direction as flow. We further used devices stained with phalloidin to measure vessel

42



diameter, which ranged from 125 to 250 um ( ) and is comparable to the

diameter of human arterioles and venules [196], [197].
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Figure 2.4. Endothelial vessels embedded in 2.5 and 6 mg/ml collagen gels within the microfluidic
device.

A) Three-dimensional reconstruction from nuclei staining with DAPI, showing a longitudinal (upper)
and transverse (lower) view from a static and a flow vessel. B) First row shows a grayscale example
of the VE-cadherin staining of a vessel (maximum intensity projection) while second row shows,
superimposed in cyan, the segmentation of the former performed by simple thresholding. C)
Phalloidin and VE-cadherin alignment index (alpha) of the maximum fluorescence projection of an
endothelial vessel, with 1 being the complete alignment parallel to the vessel. D) Diameters of each
static and flow endothelial vessel. For all plots, each data point represents data from an individual
device, and solid and dashed red lines represent the median and mean values, respectively. ANOVA
tests were performed to determine statistical significance. *p < 0.05.

2.4.2. Fluid shear stress increases monocytes adherence to the vessel wall but

decreases extravasation

Physiologically, fluid shear stresses stimulate monocytes and endothelial cells by
increasing their expression of adhesion proteins, including E-selectin and ICAM-1, and by
reorganizing the cytoskeleton of endothelial cells [163,193]. To investigate the role of

endothelial response to hemodynamic shear stress on monocyte attachment and
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extravasation, endothelial vessels were pretreated with 24 hours of oscillatory flow or were
cultured in static conditions. After this differential treatment, monocytes were added to
one of the reservoirs to introduce a hydrostatic pressure gradient resulting in flow of

monocytes through the endothelial lumen for 24 hours.

Treatment of vessels with flow resulted an increase in adherent monocytes and a
decrease in extravasated monocytes ( ). To quantify this observation, monocyte
nuclei stained with DAPI were counted in image stacks acquired with a laser-scanning
confocal. Vessels pretreated with flow demonstrated between 5 and 20 adherent
leukocytes per vessel (counted along the entire vessel), while static vessels did not exceed
10 monocytes per vessel ( ). This statistically significant effect of flow is
supported by previous work demonstrating that flow increases expression of proteins
involved in monocyte adherence, including E-selectin and ICAM-1, in vascular endothelial
cells [163]. Despite the increase in monocyte adherence to the lumen of flow-stimulated
vessels, we found a decrease in the number of monocytes that traversed the endothelial
barrier and migrated into the collagen hydrogel. As quantified from confocal z-stacks,
extravasated monocytes in static vessels ranged from 5 to 20 per vessel, whereas when
treated with flow, the range is reduced to 1 to 10 ( ). We hypothesized that the
decreased rate of extravasation could be due to the effects of flow on vascular endothelial
barrier integrity, as permeability of endothelial cell monolayers decreases with applied flow

[193].

To test this hypothesis and to determine whether flow impacts barrier function of
the vascular endothelial monolayer, we quantified the diffusive flux of fluorescently tagged
70 kDa dextran from the vessel lumen into the hydrogel using time lapse confocal
microscopy. After 100 seconds of dextran perfusion, we observed a stark difference
between the distribution of dextran throughout the hydrogels, with the levels of dextran
within the subluminal matrix nearly equivalent to those in the lumen for vessels cultured in
static conditions ( ). To quantify this observation, we measured the diffusive
permeability of vessels, a measure of the barrier to diffusive flux in response to discrete

changes in concentration across a membrane, in this case the endothelial monolayer. We

44



found a significant difference in the diffusive permeability of vessels cultured in static vs.
flow conditions, with the mean permeability more than 10 times higher in static vessels
(mean = 1.45 um/s) than in flow-treated vessels (mean = 0.10 um/s) ( ),
consistent with previous observations [208]. Previous work has demonstrated that a flow-
mediated reduction in vascular permeability is driven by the assembly of VE-cadherin-
containing adherens junction complexes [168], and we hypothesize that this junctional
assembly presents a barrier to monocyte migration and extravasation. This hypothesis is
further supported by work demonstrating that VE-cadherin expression levels are increased
with flow [209] and is an essential part of a mechanosensory complex that plays a role in
the establishment and maturation of tight junctions [210], [211], and that mature adherens

junctions present a barrier to monocyte extravasation [153].

Interestingly, once monocytes have crossed the endothelial barrier, there is no
difference in the total migration distance through the collagen gel. In both conditions,
monocytes travel around 20 um from the vessel wall ( ). These results are similar
to previously published data by Boussommier-Calleja et al., which indicated that after
extravasation, monocytes tended to migrate between 10-20 um [212]. Our longer migration
distances might be explained by differences in the hydrogels used. Boussommier-Calleja
worked with 3 mg/ml fibrin collagens, whereas we use 2.5 mg/ml collagen gels. In addition,
fibrin gels present different fiber organization, with smaller pore sizes [213]. It has also been
demonstrated that cells encounter greater steric hindrance in their advance and migrate

shorter distances when traversing fibrin gels compared to collagen gels [214].
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Figure 2.5. Effect of the fluid flow stimulation on extravasation.

A) Endothelial vessels in 2.5 mg/ml hydrogels in static (left) and flow-pretreated (right) conditions.
Vessels are stained for actin (red), VE-cadherin (green) and nucleus (blue). Extravasated monocytes
are indicated with white arrows. B) Number of monocytes adhered to the endothelial lumen in static
(white) and flow-pretreated (black) vessels. C) Number of monocytes extravasated from the lumen
to the surrounding hydrogel in static (white) and flow-pretreated (black) vessels. D) Permeability
assay with 70 kDa fluorescent dextran (red) added to the endothelial lumen. Images are single
confocal slices taken after the addition of dextran in a static (upper) and a flow-pretreated (lower)
vessel. E) Permeability of static (white) and flow-pretreated (black) vessels. F) Distance migrated by
monocytes from the endothelial wall to the collagen gel in static (white) and flow-pretreated (black)
vessels. For all plots, each data point represents data from an individual device, solid and dashed
red lines represent the median and mean values, respectively. Red crosses represent outliers.
ANOVA tests were performed to determine statistical significance. *p < 0.05.

The diameter of vessels formed in microfluidic devices was variable and appeared
to be weakly a function of flow. In Figure 2.4D, it is shown that flow-conditioned vessels
have slightly larger diameters, though differences are not statistically significant. To
determine whether vessel diameter has an effect on monocyte adherence or extravasation,
a correlation analysis was run to determine the number of monocytes that adhered or

extravasated correlated with the magnitude of vessel diameter. The results demonstrate a
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positive correlation between monocyte adherence and vessel diameter (Figure 2.6), and a
negative correlation between extravasation and diameter (Figure 2.7). However, these data

are still no significant.
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Figure 2.6. Correlation of the diameter of each vessel and the number of monocytes adhered to
the endothelial lumen.

Each data point represents data from an individual device. Data from static and flow experiments
are included. Red lines represent the trend line of the data associated with a linear equation, and
the red number indicates the slope.
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Figure 2.7. Correlation of the diameter of each vessel and the number of monocytes extravasated
from the endothelial lumen into the surrounding matrix.

Each data point represents data from an individual device. Data from static and flow experiments
are included. Red lines represent the trend line of the data associated with a linear equation, and
the black number indicates the slope.
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2.4.3. Increased collagen matrix concentration decreases vascular barrier integrity and

increases extravasation

The physical properties of the endothelial basement membrane and intimal tissue
are known to modulate vascular barrier function and inflammation [215]. Previous work
demonstrated that increased intimal stiffness results in increased vascular permeability and
immune cell extravasation through activation of Rho-mediated contractility in endothelial
cells [216]. To elucidate the role of collagen matrix concentration on permeability and
extravasation in our microfluidic model, we synthesized vessels in 2.5 and 6 mg/ml collagen
type | hydrogels. It has been previously demonstrated that a change in collagen
concentration impacts the biophysical properties of hydrogels. Our group previously
analyzed the storage shear modulus (G'), which indicates the elastic response of a material
to shear stress, as a function of collagen mass concentration. We found that 2.5 mg/ml
hydrogels were characterized by a G' of 62.14 + 4.87 Pa, while 6 mg/ml hydrogels were
characterized by a G' of 254.05 + 29.06 Pa ( ) [217]. Oliveros et al. performed a
computational spatial characterization of the collagen fibers that comprise the solid phase
of the hydrogel, and determined that increasing collagen concentration resulted in a
decrease in pore size and porosity of the material. In addition, they found that increasing
collagen concentration resulted in an increase in the number of fibers, while the length and
radius of the fibers decreased [218]. We examined the structure of collagen hydrogels with
SEM ( ). Consistent with previous results, at lower magnifications, we found that
the 2.5 mg/ml hydrogels by increased void space when compared to the 6 mg/ml hydrogels,
and increased suggests the 6 mg/ml gels are comprised of thicker fibers with more junctions
between fibers ( ). Together these data indicate that the increase in collagen
concentration results in changes in the spatial distribution of collagen fibers, which we
expect to impact mechanical properties. To determine whether these structural differences
presented differential functional barriers to migration, in collaboration with Polacheck’s
group, we determined the hydraulic permeability, which is related to the effective pore size.
The hydraulic permeability of the different collagen compositions was determined by

applying a hydrostatic pressure of 5, 10, or 20 mmH0 using 70-kDa FITC dextran across a
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two-channel device and measuring the resulting velocity across the collagen between the
two channels ( ). FRAP was performed by photobleaching a spot between the
channels and imaging the displacement of the circle over time ( ). This
displacement was used to calculate the velocity of fluid ( ) due to the applied
hydrostatic pressures and used to calculate the hydraulic permeability in each condition,

and statistically significant decreases in hydraulic permeability were found between the two

hydrogel compositions ( ).
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Figure 2.8. Storage shear modulus of 2.5 (white) and 6 mg/ml (black) collagen hydrogels.

The graph has been plotted from the results obtained by Valero et al. in rheology assays [217]. The
higher concentration collagen hydrogels are characterized by increased stiffness and variability in
effective modulus.
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Figure 2.9. 3D structure and hydraulic permeability of 2.5 and 6 mg/ml collagen gels.

A) Scanning electron microscope (SEM) images of 2.5 mg/ml and 6 mg/ml gels at resolutions of 10,
20, 50 and 100K. B) Diagram of two-channel device used to measure hydraulic permeability.
Reservoirs are connected to the media ports to allow application of a defined pressure gradient
across the collagen hydrogel. C) Experimental setup of fluorescence recovery after photobleaching
(FRAP) method used to measure the hydraulic permeability. A known pressure gradient is applied
to hydrogels immersed in dextran-containing medium, and the velocity magnitude of a
photobleached circle is measured with timelapse fluorescence microscopy. D) Sample FRAP data
demonstrating spot displacement in response to an applied hydrostatic pressure gradient. E)
Measured velocity of fluid flow between two channels. F) Hydraulic permeability of collagen
hydrogels as a function of applied pressure gradient calculated from Darcy’s law. For all plots, each
data point represents data from an individual device, solid and dashed red lines represent the
median and mean values, respectively. ANOVA tests were performed to determine statistical
significance. ***p < 0.001.
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To determine the impact of collagen concentration on vascular barrier function and
monocyte extravasation, we repeated the diffusive permeability assay in vessels
synthesized in 2.5 mg/ml vs. 6 mg/ml collagen hydrogels and exposed to flow. Increased
collagen concentration resulted in significant increases in vascular permeability (

). Quantitatively, the average permeability in high collagen concentration gels (mean
= 0.60 um/s) is six times higher than the mean obtained in lower collagen concentration
gels (mean = 0.10 um/s). In 2.5 mg/ml gels, the permeability ranges from 0 to 0.2 um/s,
while in 6 mg/ml gels, it ranges from 0.1 to almost 0.9 um/s ( ). Interestingly,
despite the decreased pore size of the 6 mg/ml collagen gels, there were nearly twice as
many extravasated monocytes in the 6 mg/ml hydrogels compared to the 2.5 mg/ml
hydrogels. ( ). Our data suggest that the integrity of endothelial vessels plays an
essential role in monocyte extravasation, and is more impactful than the steric hindrance

caused by the higher collagen concentrations.
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Figure 2.10. Effect of the collagen concentration on vascular permeability and monocyte
extravasation.

A) Diffusive permeability assay with fluorescent dextran (red) diffusing from the vessel lumen
through the endothelial monolayer at different times (t= 0, 33, 66, and 100 seconds) in vessels
formed in 2.5 mg/ml (upper) and 6 mg/ml collagen hydrogels (lower). B) Diffusive permeability of
vessels embedded in 2.5 mg/ml (white) and 6 mg/ml collagen hydrogels (black). C) Number of
monocytes extravasated from the lumen into the surrounding hydrogel in 2.5 mg/ml (white) 6
mg/ml collagen hydrogels (black). For all plots, each data point represents data from an individual
device, solid and dashed red lines represent the median and mean values, respectively. ANOVA tests
were performed to determine statistical significance. * *p < 0.01; *p < 0.05.

2.5. Discussion
Here, we introduce a microfluidic model of a monocyte-laden perfusable 3D blood
vessel and demonstrate the ability to recapitulate monocyte arrest, extravasation, and 3D

migration through a subluminal matrix. Importantly, this model system improves upon

traditional assays by allowing for modulation of key hemodynamic parameters, including
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pressure and flow, for vessels embedded within a 3D extracellular matrix with varying
density. We demonstrate that both flow and matrix density play key roles in adhesion,
extravasation, and migration, and interestingly, our data demonstrate a complex interplay
among biophysical parameters that govern monocyte-endothelial interactions. While flow
promotes adhesion of monocytes to the vascular wall, the number of cells that extravasate
into the subluminal matrix decreases with flow, suggesting that extravasation, rather than
adhesion, is the rate limiting step for immune cell trafficking in the presence of flow. This
idea is supported by vascular permeability data, which demonstrates increased barrier to
diffusion of 70 kDa dextran in the presence of flow, and further suggests that targeting
vascular permeability could be an effective strategy for screening the passage of molecules
or other cells through the endothelial wall, such as drugs that must diffuse to their target

organ or pathogen, or metastatic cells in cancer progression.

Devices fabricated in a similar manner, by casting a hydrogel around a needle to
ultimately form a perfusable vessel embedded within a 3D hydrogel, have been used for
numerous applications to study the impact of the biochemical and biophysical
microenvironment on microvascular morphogenesis and function. Such devices have been
implemented to screen the effects of pro-angiogenic cocktails on neovascularization [219],
to define the role of matrix degradability in angiogenesis [220], and to determine the role
of inflammatory factors in governing lymphatic drainage [221]. Yet, in most of these studies
(reviewed in [222]), cell culture media is used as a blood surrogate, and the contributions
of circulating cells towards microvessel function are not considered, despite increasing
evidence that leukocytes and immune cells play critical roles in microvascular development,
homeostasis, and dysfunction [223]. Our results demonstrate that such platforms are
compatible with circulating cells and suggest that mechanistic studies enabled by these
devices could allow for dissection of key signals involved in pathologies such as fibrosis and
cancer, where changes in ECM composition and mechanics occur concomitantly with

changes in hemodynamics, to identify and screen therapeutic interventions.

While the application of flow impacted the rate of monocyte adherence and

extravasation, the migration distance of monocytes into the collagen hydrogel was not
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dependent on the application of flow. Given that tissues demonstrate varying degrees of
infiltration by monocytes and other circulating cells in vivo, it is likely that the platform
described here does not recapitulate sufficient complexity to investigate mechanisms that
lead to differences in cell migration behaviors beyond extravasation. By focusing only on
the extravasation process, we neglect the events that occur before and after the
extravasation and that may influence the final outcome. The addition of external chemical
and biological stimuli, such as chemokines or molecules derived from microorganisms,
would allow us to include in the study the recruitment of monocytes to the damaged tissue
[158] and their subsequent differentiation into macrophages in the ECM [224,225]. In this
way, a more complete and realistic model would be optimized and achieved. Recent work
introducing epithelial ducts into lumenized vascular devices [226] and coculturing diverse
bacterial colonies on chip [227] together illustrate the potential to recapitulate complex

inflammatory responses in vitro through the integration of these approaches.
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3. MACROPHAGE MIGRATION
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3.1. Abstract *

Macrophages play an essential role in the process of recognition and containment
of microbial infections. These immune cells are responsible for migrating to infectious sites
to reach and phagocytose pathogens. Specifically, in this article, bacteria from the genus
Mycobacterium, Salmonella and Escherichia, were selected to study directional
macrophage migration towards different bacterial fractions. We recreated a three-
dimensional environment in a microfluidic device, using a collagen-based hydrogel that
simulates the mechanical microarchitecture associated to the ECM. First, we showed that
macrophage migration is affected by the collagen concentration of their environment,
migrating greater distances at higher velocities with decreasing collagen concentrations. To
recreate the infectious microenvironment, macrophages were exposed to lateral gradients
of bacterial fractions obtained from the intracellular pathogens S. typhimurium and M.
tuberculosis. Our results showed that macrophages migrated directionally towards the sites
where bacterial fractions are located, suggesting the presence of attractants molecules in
all the samples. Finally, we also observed that macrophages migrate towards fractions
obtained from non-pathogenic bacteria, such as Escherichia coli and M. smegmatis. In
conclusion, our microfluidic device represents a useful tool to study directional macrophage
migration towards different stimuli, and opens new perspectives to study the recognition

of specific antigens by innate immune cells.

* This chapter 3 correspond to an adaptation of the article under review as: Pérez-
Rodriguez, S.; Borau, C.; Garcia-Aznar, JM.; Gonzalo-Asencio, J. A microfluidic-based analysis of 3D
macrophage migration after stimulation by Mycobacterium, Salmonella and Escherichia.
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3.2. Introduction

The latest World Health Organization (WHO) report indicates that lower respiratory
infections and diarrheal diseases remain one of the top 10 causes of death globally, and
people living in low-income countries are far more likely to die from these diseases [14].
Both diseases are frequently caused by microorganisms. Specifically, according to the WHO,
more than 420.000 people die annually from foodborne, with bacteria such as Salmonella
typhimurium or Escherichia coli, being the most typical causative agents. These pathogens
contaminate spoiled food which, when ingested, lead to the development of diarrheal
diseases. These infections lead to more than half of the global deaths from foodborne,
reaching 550 million affected and 230.000 deaths [13]. Among respiratory infections,
Tuberculosis, which is mainly caused by Mycobacterium tuberculosis remains today as the
deadliest bacterial disease accounting for more than 1.5 million deaths in 2020, having
higher prevalence in low-income countries. Tuberculosis is aggravated by the alarming
emergence of drug resistant strains, and co-infection with Human Immunodeficiency Virus

[15].

Both in the intestine and in the lungs there are innate immune cells, as
macrophages, responsible for containing bacterial infections. Macrophages possess a series
of receptors that allow them to sense their environment and recognize the presence of
pathogens. These receptors interact with the pathogens themselves or their secreted
products [228], and activate a series of signaling cascades that generate changes in the
cytoskeleton, so that the macrophage migrates towards the invading microorganism and is

able to phagocytize it [229].

Therefore, since the outcome of the infection is strongly determined by the interplay
between macrophages and bacteria, in this article we have focused on the study of the
macrophage migration towards different bacterial stimuli. For this purpose, we have used
3D cultures on microfluidic devices. In this case, we used a three-channel device, in which
we embedded macrophages in a collagen hydrogel in the central channel. In this way, we

recreated a more realistic physiological situation as the hydrogel mimics the ECM through
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which these innate cells must migrate to interact with pathogens. The side channels allow
the generation of chemical gradients by adding different conditions in each of them [230].
Therefore, here we generated a chemotactic gradient by means of adding different
bacterial fractions in different spatial locations. In this way, we were able to quantify the
directional migration of macrophages to assess whether they were attracted to different

fractions from representative bacteria.

3.3. Methods

3.3.1. Cell culture

We used THP-1 monocytes from the ATCC that came from peripheral blood of one
year infant human. THP-1 were cultured in suspension in RMPI-1640 supplemented with L-
glutamine, 2% FBS and Ampicillin/Streptomycin. For monocyte differentiation to
macrophages, THP-1 were resuspended at 6.5x10° cell/ml in RPMI medium and 100 ng/ml
phorbol 12-myristate-13-acetate (PMA) for 24 hours. Macrophage became adherent,

facilitating their distinction from undifferentiated monocytes.
3.3.2. Bacteria culture and fractions preparation

We used these bacterial strains: E. coli DH5a, Salmonella enterica serovar
typhimurium SV501 [231], M. tuberculosis H37Rv [232] and M. smegmatis mc?155 [233]. E.
coli and S. typhimurium was grown in Luria-Bertani (LB) broth; and M. tuberculosis and M.
smegmatis in Middlebrook 7H9 broth supplemented with 10% (vol/vol) of ADC (0.5% bovine
serum albumin, 0.2% dextrose, 0.085% NaCl and 0.0003% beef catalase) and 0.05% (vol/vol)

Tween-80.

Four bacterial fractions were prepared for the migration assays: secreted protein,
bacteria inactivated by PFA treatment, bacterial lysate and bacteria inactivated by heat. For
their preparation, bacteria were grown at a concentration of 10° cfu/ml and then separated
in four tubes used for the different treatments. To obtain the secreted protein, a

trichloroacetic acid (TCA) precipitation was performed. Briefly, the sample was centrifuged
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and the bacterial pellet was discarded. The supernatant was incubated with 10% TCA for 1
hour onice and centrifuged. The pellet containing secreted proteins was washed in acetone,
and the pellet was resuspended in distilled water. To inactivate bacteria by PFA treatment,
the bacterial pellet was washed twice with PBS to remove extracellular components,
resuspended in 4% PFA, and incubated for 1 hour at room temperature. To obtain bacterial
lysates, bacterial pellets were washed twice with PBS and then resuspended in 1 ml of cold
PBS. Bacterial suspensions were disrupted by sonication using the BioRuptor (Diagenode,
Belgium) for 15 min (30 s pulse at high power), allowing cooling in an ice-water bath for 30
s between pulses. The samples were centrifuged at 4.000 g for 10 min at 4 °C, and the
supernatant containing whole-cell bacterial extracts was filtered through a 0.22 um-pore-
size low protein-binding filter (Pall, New York, NY, United Stated). For inactivating bacteria
by heat treatment, bacterial pellets were washed twice with PBS, and then incubated at

100°C for 10 minutes.

3.3.3. Manufacturing of microfluidic device

Microfluidic devices were fabricated following the protocol published by Shin et al.
in 2012 [63]. A PDMS mixture made of the base and curing agent of Sylgard 184 silicone
elastomer in a 10:1 ratio was poured onto the printed wafer and incubated for 24 hours at
80°C. Then, PDMS molds were cut independently, perforated and autoclaved. Finally, both
PDMS devices and 35 mm diameter glass bottom plates were treated with plasma to
achieve a good seal between them. To increase the adherence of PDMS to the collagen
hydrogel which is subsequently to be introduced, devices were filled with 1 mg/ml PDL for

4 hours at 37°C and the washed with sterile water.

3.3.4. Migration assays

A suspension of THP-1, at a final concentration of 3x10° cell/ml, was embedded in
collagen hydrogels. These hydrogels were made of a predefined concentration of type |
collagen, to obtain the desired matrix stiffness, and an optimal NaOH/H,O balance to

achieve a pH of 7. By working with the most abundant protein of the ECM and a
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physiological pH [234], it was possible to realistically recreate the extracellular environment

in which macrophages migrate.

This hydrogel was introduced into the central channel of the microfluidic device
(Figure 3.1) and polymerized at 37°C for at least 20 minutes in a humid box. Devices were
turned around every 5 minutes to avoid adhesions between the cells and the PDMS or glass
surface and to prevent them from passing into a two-dimensional plane. Subsequently, the
reservoirs and side channels were filled with RPMI culture medium and the devices were
incubated 24 hours at 37°C to let the macrophages to adapt to their three-dimensional

environment before performing the migration assay.

Next day, the medium in the reservoirs was removed and the reservoirs were refilled
differentially. In the case of the upper reservoir and channel, the fraction of bacteria of
study diluted to 10 in medium was added, and the lower one was filled with only RMPI
medium. In this way, a gradient was generated where the stimulus came from the upper
part of the device. The devices were visualized in a phase contrast microscopy which
included an incubation chamber to maintain optimal culture conditions, taking pictures
every 20 minutes for 24 hours with 10x objective lenses. Subsequently, individual cells
migration were analyzed with a custom cell tracker algorithm for use in MatLab [214] and

statistical results were performed with one-way Anova test.

Bacteria fractions

Figure 3.1. Microfluidic device

A) Dimensioned top view of the microfluidic device consisting of a central channel (blue) and two
side channels (gray), each with corresponding loading ports at the ends of the channel. B) Schematic
drawing of the migration experiment design. Macrophages (pink) are embedded in a collagen gel in
the central channel, while a gradient with bacterial fractions (green) is generated in the upper side
channel.
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3.4. Results

3.4.1. Macrophage migration and velocity are inversely proportional to collagen

concentration in the microfluidic device

Macrophages are motile cells that migrate through the ECM to sites of infection and
inflammation. Since previous literature has demonstrated differences between cell
migration in two-dimensional and three-dimensional environments [235], in this study, we
recreated the ECM by confining a hydrogel of collagen I, in which macrophages were
embedded three-dimensionally. In addition, we analyzed macrophage migration in gels of
different collagen concentration, at 2.5, 4 and 6 mg/ml. These concentration changes imply
structural changes in the hydrogel, such as smaller pore size or porosity, higher storage
shear modulus and a decreasing hydraulic permeability with increasing collagen

concentration [236].

As the concentration of collagen in the hydrogels increases, macrophages migrate
shorter total distances (Figure 3.2A). In 2.5 mg/ml gels, some macrophages are able to
overcome total distances of 100 um from their point of origin, whereas as the concentration
increases to 4 mg/ml, macrophages have more difficulty moving forward and their
maximum migration distances are around 50 pum. In the case of the highest collagen
concentration (6 mg/ml), macrophages do not reach distances greater than 25 um. In all
conditions, macrophages migrate radially without observing a directional movement, which

is consistent with the absence of external stimulus (Figure 3.2B).

The analysis of the Mean Squared Displacement (MSD) of the macrophage
trajectories provides information on the persistence of migration, reflected in the diffusive
coefficient (D), and the type of movement that the cells have in this environment depending
on the motion angle (a) that they show (Figure 3.2C). The increase in the concentration of
collagen in the gels implies a decrease in the diffusive coefficient, indicating a lower
persistence in the migration of macrophages. In 2.5 mg/ml gels, macrophages show a

diffusive coefficient of 0.343 um/min?, which decreases to 0.197 um/min? in 4 mg/ml gels,
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and to 0.134 um/min? in higher concentration gels at 6 mg/ml. In addition, in all the
conditions a a value lower than 1 is obtained, indicating that macrophages have a confined-

type subdiffusive movement, whose biological interpretation is continuous-time random

walk [237].
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Figure 3.2. Macrophage migration in collagen gels of different concentrations: 2.5 mg/ml (blue),
4 mg/ml (orange) and 6 mg/ml (yellow).

A) Representation of the relative trajectories of macrophages, each line being the individual
trajectory of a cell. B) Directionality of migration considering the length of the radius as the number
of cells that migrated in that direction. C) Mean squared displacement (MSD) of the tracked
trajectories, where D is the diffusive coefficient and a is the angle of motion. D) Mean and effective
velocity, where mean velocity is the total distance migrated divided by the time spent, and effective
velocity is the distance between the starting and final point of the cell divided by the time spent.
**p < 0.01, ***p < 0.005. n (devices) = 10 (2.5 mg/ml gels), 3 (4 mg/ml gels) and 6 (6 mg/ml gels),
with an average of 25 cells per device.
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As the collagen concentration increases, the mean and effective velocities decrease
significantly (Figure 3.2D). However, comparing the obtained values of mean velocities with
those published in previous literature, we observe that our values are clearly lower. In our
collagen hydrogels, macrophages tend to migrate in a range of 0.05-0.2 um/min, reaching
velocities of 0.5 um/min in the lowest concentration gels. In contrast, in vitro assays where
macrophages migrated on 2D surfaces, velocities around 1 pm/min have been observed
[238]. In vivo fish models, similar results have been obtained, with velocities in the range of

1-2.5 um/min [239], which can increase over 10 pm/min in the presence of a wound [240].

The literature defines two types of macrophage migration movements: amoeboid
and mesenchymal migration. Amoeboid motility is characterized by rounded cell bodies
with short protrusions and high velocities. In contrast, during mesenchymal movement,
macrophages present more elongated shapes stretching their protrusions, but migrating
more slowly. It has been observed that surrounding matrix influence the type of migration
shown by macrophages. In a 3D low-concentration ECM, macrophages tend to migrate in
an amoeboid manner, whereas in denser ECM, they show mesenchymal migration [241]. In
our case, in 2.5 mg/ml gels, greater distances traveled at higher velocities are observed, so
we may be in presence of an amoeboid migration. In contrast, in 6 mg/ml gels, the distance
and speed of migration decreases significantly, characteristic of mesenchymal movement.
However, confirming the type of movement shown by our macrophages would require a
staining and quantification of cell adhesions to the ECM. For subsequent experiments with
bacterial fractions we will work with 2.5 mg/ml collagen gels, because under these
conditions they migrate longer distances and will allow us to follow cell trajectories more

easily and with greater differentiation.

3.4.2. 2.5 mg/ml collagen hydrogels allow gradient of all molecules of the bacterial

fractions

For providing directional migration, a stimulus must first be present. Subsequently,
this stimulus is sensed and a signaling cascade is generated that activates the cytoskeleton

machinery so that the macrophage migrates towards the received signal [242]. Although
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there are numerous stimuli of different nature in cell migration, such as chemical or
mechanical [243], the current literature on macrophage migration has only described
stimuli of biochemical origin. This implies that a physical contact must be established
between the signaling molecule and the sensitive macrophage receptor [244]. The design
of the microfluidic device used in this study allows the generation of a chemical gradient
from the side channel where the molecules of interest are introduced to the central
chamber where the three-dimensional cell culture is located [245]. The diffusive coefficient
of a particle in a hydrogel is defined by the Stokes-Einstein equation modified to take into

account the porosity of the matrix. Thus, the effective diffusion coefficient (D) is calculated
from the following formula:

o [ 45)

Where kg is Boltzmann's constant, T is the absolute temperature, n is the viscosity

of the fluid, r is the radius of the diffusing molecule, ¢ is the void ratio of the matrix and r¢
is the radius of the fiber [245]. Thus, we hypothesize that the components of the bacterial

fractions diffuse into the hydrogel until they come into contact with macrophages.

The bacterial fractions used in the present study consist on a great variety of
molecules of different sizes, which makes it impossible to calculate the diffusion coefficient
of each individual component. However, the size of the largest component, which is the
intact bacterium after fixation with PFA, is known. Typically, a prokaryotic bacteria has an
average length of 1-5 microns [246]. Therefore, for the calculation of the effective diffusive
coefficient we are going to use as study molecule a particle of 3 microns in diameter. The
fractions are dissolved in RPMI medium supplemented with 10% fetal bovine serum, which
assumes a dynamic viscosity of the medium of approximately 0.95 mPa:s [247]. Migration
assays are carried out on 2.5 mg/ml collagen gels, whose three-dimensional structure has
been studied by Olivares et al. determining that the void ratio is 85.01% and the
approximate radius of the collagen fibers is 0.12 um [218]. Applying these data to the
previously described formula, we obtain an effective diffusion coefficient of 1.77-101* m?-s°
1. This indicates that the whole bacterium is able to diffuse through the hydrogel and will
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come into contact with the macrophages, stimulating them. Therefore, we hypothesize that
if the largest component of the fractions is able to diffuse, the remaining molecules, which

are smaller in size, will be also able to diffuse towards the macrophages.

3.4.3. Macrophages show directional migration towards bacterial fractions of S.

typhimurium

Once characterized the optimal conditions for macrophage migration in our
microfluidic device, we prompted to simulate macrophage stimulation with S. typhimurium
bacterial fractions (Figure 3.3A). Each fraction presents a different composition. On the one
hand, the secreted protein exclusively contains those proteins released by the bacteria to
the extracellular milieu. When bacteria are inactivated by PFA, a cross-linking reaction
preserves bacterial surface macrostructures [248]. The cell lysate contains either the
cytosolic components, or the membrane fractions from lysed bacteria, but not the secreted
protein fraction. Finally, when bacteria are inactivated by heat, their composition is similar
to the cell lysate, but protein denaturation is expected as a consequence of the thermal
treatment [249]. A gradient was generated individually with each bacterial fraction in the

microfluidic devices, and the macrophage migration was monitored for 24 h.

Next, we quantified the number of macrophages that migrated in each direction
from their point of origin, and represented this migration in a rosette plot (Figure 3.3B).
Since the gradient with bacterial stimulus is generated in the upper part of the devices, it
provides qualitative information on whether the macrophages have migrated directionally
towards these bacterial extracts. This qualitative information is transformed into
guantitative information enumerating the percentage of macrophages whose final position
was above or below their initial position, normalized by the effective distance traveled

(Figure 3.3C).

Qualitatively, it is observed that macrophages preferentially migrate towards the S.
typhimurium fractions, since the areas of the upper portions in the rosette plot are higher

than in bottom portions. In contrast, in the absence of bacterial stimulus, macrophage
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migrate in the same proportion to the upper or the lower area of the microfluidic device
(Figure 3.3B). Analyzing the quantitative information, the randomness in the migration of
macrophages without the presence of stimulus is demonstrated, since the percentage of
cells migrating towards the top or the bottom of the hydrogel, with respect to their original
position and weighted by the distance traveled, is similar. However, when generating a
gradient with any of the S. typhimurium fractions, the percentage of macrophages that
migrate towards the top of the device, where the stimulus is located, always exceeds the
0.5 baseline. Migration towards secreted protein results in the highest macrophage
migration relative to the remaining fractions, exceeding 0.65 value. Therefore, from these
results it can be deduced that macrophages are attracted to S. typhimurium due to either

their extracellular, superficial or intracellular components (Figure 3.3C).

The bacterial fractions used in our study contains well-known proteins and lipids,
whose interaction with macrophages has been previously described. S. typhimurium is
characterized by a series of virulence-associated genes that are divided into 17
pathogenicity islands (SPI) throughout its genome, with SPI-1 being the most important. The
best-known virulence system of Salmonella is the T3SS, which translocates effector
proteins, both to the ECM and to the cytoplasm of host cells thanks to its needle-like
structure [250]. Among the secreted effectors, flagellin together with the rod component
Prg) is able to interact with the NOD-like receptor 4 of macrophages, activating the
formation of the inflammasome. Inflammasomes are large cytoplasmic complexes that
detect the presence of microbes and induce the activation of caspases and production of
proinflammatory interleukins with a protective effect [251]. Another effector to take into
account is SrfH that interacts with the TRIP6 protein of macrophages stimulating their
migration [252]. Finally, two important families of effector proteins are Salmonella invasive
proteins (Sip A-D) and Salmonella outer proteins (Sop) that regulate host cell adhesion and
invasion by binding to actin and reorganization of the cytoskeleton [253]. Peptidoglycans
and lipopolysaccharides are well-known constituent of the Salmonella cell wall, which
activate TLR and induce macrophage migration via iNOS/Src/FAK [254]. Another surface

component that activates TLR receptors, in this case TLR2 and TLR4, are Omp porins.
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Specifically, OmpC and OmpD that mediate adherence to macrophages, thus considered to

be involved in host-pathogen recognition [255,256].

A Salmonella typhimurium Secreted protein Inactivated by PFA Cell lysate Inactivated by heat
: X LPS OMP
Ny 7 SN o . Intracellular
f 7 components
Flagellin
PrgJ
SrfH
N N Sip family
Sop family
B 50 12 24 C 1
6 12
% o
206 e |,
8 * 7
33 50 gs]
=
16.5 25 [ Control =04
[ Secreted protein
[ Inactivated by PFA 0.2
[ Cell lysate :
[ Inactivated by heat
0

Figure 3.3. Macrophage facing S. typhimurium stimuli.

A) Treatments applied to S. typhimurium in order to obtain the different fractions subsequently
tested. Intact bacteria consist of a gram-negative membrane (green) with superficial components
such as LPS or OMP porines (yellow). Intracellular components are represented in blue, whereas
extracellular secreted protein, like flagellin, PrgJ, SrfH, Sip and Sop family, are indicated in pink. Four
treatments were performed to S. typhimurium: secreted protein where only extracellular molecules
were collected; inactivation by PFA that generates a crosslinking (grey mesh) preserving the
superficial components; a cell lysate to break the cell and release superficial and intracellular
components; and an inactivation by heat that damages the membrane (green) and denatures
proteins (amorphous blue balls). B) Migration of macrophages in 2.5 mg/ml collagen gels towards a
gradient generated at the top with S. typhimurium bacterial fractions: control (gray), secreted
protein (pink), inactivated by PFA (yellow), cell lysate (blue) and inactivated by heat (green).
Directionality of migration, where the radius is the number of cells migrating in each direction. C)
Percentage of macrophages as a function of the verticality of their migration and normalized by the
total distance traveled. Those macrophages whose final position is above their initial position
contribute to the bar graph exceeding the dashed line set at 0.5. The dots in each bar graph
correspond to the percentage of macrophages whose final position is above or below their starting
position, but not weighted by the total distance migrated. n (devices) = 10 (control), 5 (secreted
protein), 5 (inactivated by PFA) and 5 (cell lysate) and 5 (inactivated by heat).
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3.4.4. Macrophages show directional migration towards bacterial fractions of M.

tuberculosis

We applied those conditions tested in S. typhimurium to M. tuberculosis, since both
bacteria are intracellular pathogens targeted by macrophages (Figure 3.4A). Macrophage
migration was analyzed in 2.5 mg/ml collagen gels for 24 hours. When exposing
macrophages to M. tuberculosis fractions, a clear directional migration toward the secreted
protein, its cell lysate, and bacteria inactivated by heat treatment is observed (Figure 3.4B).
By weighting the number of macrophages migrating toward the gradients generated with
the Mycobacterium fractions, it is observed that all M. tuberculosis fractions exert an effect
on macrophages by attracting them directionally (Figure 3.4C). The fractions promoting the
higher migration were the cell lysate and bacterial extracts inactivated by heat, inducing

more than 60% macrophages effectively migrating towards the stimuli.

M. tuberculosis contains in its genome five specialized secretion systems, known as
ESX1-5 [257]. Among them, the ESX-1, which secretes ESAT-6 and CFP-10 is finely
characterized. These genes are found in the RD1 region, which is lacking in the BCG
tuberculosis vaccine, indicating their essentiality in the virulence of this bacterium [258].
ESAT-6 and CFP-10 each contains a dense repertoire of T-cell epitopes and are known for
their immunogenicity; indeed, they are used as vaccine candidates [259]. Both proteins
induce recruitment of macrophages to infected areas by interacting with beta-2-
microglobulin (B2M) and binding to the surface of primary macrophages [260]. ESAT-6 and
CFP-10, also named as EsxA and EsxB, respectively, belong to the Esx family of antigens
known for their immunogenicity and potential as vaccine candidates [261]. EspC, which is
involved in ESAT-6 secretion, also interacts with TLR4 receptors resulting in macrophage
activation [262]. The PP/PPE family of proteins secreted by M. tuberculosis is also
documented to have a role in macrophage surface binding. For example, PE9-10 and PPE39
interact with TLR4, and PE11 and PE_PGR60 bind to fibronectin promoting invasion into
host cells [263]. Finally, another immunologically potent secreted protein is the antigen 85

(Ag85) complex that can bind to ECM fibronectin and elastin [264]. Macrophage TLR also
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recognize lipid and glycoproteins components of the bacterial wall, such as
lipoarabinomannan (LAM), its precursor lipomannan (LM) and the 38-kDa glycoprotein
[265]. However, M. tuberculosis also possesses strategies to mask these PAMPs and go
unnoticed by macrophages, such as the use of cell-surface-associated lipids like
mannoyslated phosphatidylinositol (PIM) and PDIM that negatively regulate TLR receptors
[266,267]. At the intracellular level, heat shock protein 65 and 70 also activate TLR receptors
and induce macrophage recruitment via a host chemokine receptor 2 (CCR2)-mediated

pathway and myeloid differentiation primary response protein 88 (MyD88) [268].
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Figure 3.4. Macrophage facing M. tuberculosis stimuli.

A) Treatments applied to M. tuberculosis in order to obtain the different fractions subsequently
tested. Bacteria components are represented in colors mycobacterial membrane (green) with
superficial components such as DAT, PAT, SL, PDIM, LM and LAM (yellow), intracellular molecules
like Hsp70 and Hsp65 (blue), and extracellular secreted protein, like ESAT-6:CFP-10, Esp, PP and PPE
family and Ag85 (pink). Four treatments were performed to M. tuberculosis: secreted protein;
inactivation by PFA that generates a crosslinking (grey mesh); a cell lysate; and an inactivation by
heat that damages the membrane and denatures proteins (amorphous blue balls). B) Migration of
macrophages in 2.5 mg/ml collagen gels towards a gradient generated at the top with M.
tuberculosis bacterial fractions: control (gray), secreted protein (pink), inactivated by PFA (yellow),
cell lysate (blue) and inactivated by heat (green). Directionality of migration, where the radius is the
number of cells migrating in each direction. C) Percentage of macrophages as a function of the
verticality of their migration and normalized by the total distance traveled. Dashed line set at 0.5.
The dots in each bar graph correspond to the percentage of macrophages migrating above or below
their starting position, but not weighted by the total distance migrated. n (devices) = 10 (control), 8
(secreted protein), 6 (inactivated by PFA), 6 (cell lysate) and 5 (inactivated by heat).
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3.4.5. Macrophages migrate towards fractions of non-pathogenic E. coli and M.

smegmatis

The response of macrophages to E. coli DH5a bacteria was also tested. This E. coli
strain is a non-pathogenic bacterium, routinely used in laboratories as a genetic model.
Qualitatively, macrophages preferentially migrate toward the secreted protein and the PFA-
fixed bacteria (Figure 3.5A). However, quantitatively, it is observed that macrophage, not
only sense attraction to these two fractions, but also to bacteria inactivated by heat (Figure
3.5B). Overall, the chemotactic response generated by the secreted protein fraction results

in up to 70% macrophage recruitment.
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Figure 3.5. Macrophage facing E. coli stimuli.

Migration of macrophages in 2.5 mg/ml collagen gels towards a gradient generated at the top with
E. coli bacterial fractions: control (gray), secreted protein (pink), inactivated by PFA (yellow), cell
lysate (blue) and inactivated by heat (green). A) Directionality of migration, where the radius is the
number of cells migrating in each direction. B) Percentage of macrophages as a function of the
verticality of their migration and normalized by the total distance traveled. Those macrophages
whose final position is above their initial position contribute to the bar graph exceeding the dashed
line set at 0.5. The dots in each bar graph correspond to the percentage of macrophages whose final
position is above or below their starting position, but not weighted by the total distance migrated.
n (devices) = 10 (control), 4 (secreted protein), 5 (inactivated by PFA), 5 (cell lysate) and 5
(inactivated by heat).

Migration assays were also performed in response to stimuli from M. smegmatis, a
mycobacterium commonly used as a non-pathogenic model of M. tuberculosis. Both
gualitatively and quantitatively, a clear directional attraction of macrophages upon

exposure to all bacterial fractions of M. smegmatis was observed (Figure 3.6A and 3.6B).
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Specifically, the fraction that recruits the most macrophages is the heat-inactivated

bacterium, with more than three quarters of the leukocytes migrating towards it.

A 50 55 51

t g ;7.5 25.5

50 64

25 [ Control
[ Secreted protein
[ Inactivated by PFA
[ Cell lysate
[ Inactivated by heat

Figure 3.6. Macrophage facing M. smegmatis stimuli.

Migration of macrophages in 2.5 mg/ml collagen gels towards a gradient generated at the top with
M. smegmatis bacterial fractions: control (gray), secreted protein (pink), inactivated by PFA (yellow),
cell lysate (blue) and inactivated by heat (green). A) Directionality of migration, where the radius is
the number of cells migrating in each direction. B) Percentage of macrophages as a function of the
verticality of their migration and normalized by the total distance traveled. Those macrophages
whose final position is above their initial position contribute to the bar graph exceeding the dashed
line set at 0.5. The dots in each bar graph correspond to the percentage of macrophages whose final
position is above or below their starting position, but not weighted by the total distance migrated.
n (devices) = 10 (control), 5 (secreted protein), 5 (inactivated by PFA), 5 (cell lysate) and 5
(inactivated by heat).

These results confirmed that fractions from non-virulent E. coli and M. smegmatis
bacteria also promote a macrophage migration. These data are in agreement with existing
literature indicating that they are even capable of infecting leukocytes [269,270].However,
it is key to remember that its fate within the macrophage differs from that of pathogenic S.
typhimurium and M. tuberculosis, which unlike E. coli DH5a possess intracellular survival
mechanisms [271,272]. For example, S. typhimurium secretes effector proteins through
T3SS that alter intracellular signaling, prevent fusion of the phagosome with the lysosome
or induce macrophage apoptosis [38]. On the other hand, M. tuberculosis has strategies
that allow it to inhibit of oxidative and nitrosative stresses mediated by Acr chaperones [44],
promote wall integrity thanks to cyclopropane rings [45]. M. tuberculosis can also release
anti-apoptotic factors, like katG and sodA, [46] or arrest the phagosome maturation to

which contributes LAM and GTPase Rabs [273].
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3.5. Discussion

Pathogen-host interaction has been studied by molecular- and cellular-based
methods. However, despite having contributed invaluable knowledge, these methods still
show difficulties in mimicking a physiological infection. For example, in vitro or ex vivo
models do not include the incorporation of realistic flow or biomechanical environments
and culture conditions are sometimes not suitable for the growth of all microorganisms.
This leads to results obtained that do not always correlate with in vivo models [58]. The
emergence of new technologies, such as microfluidics, allows overcoming some of these
limitations [274]. Specifically, the microfluidic device used in this article allows us to
generate a three-dimensional biomechanical environment that recreates the ECM through
which macrophages physiologically migrate. This is of utmost importance, since it has been
shown that the two-dimensional and three-dimensional migration of this cell type presents
differences, such as greater variation in cell dynamics and morphology in 3D environments

[241].

We demonstrated that macrophages recognize proximal stimuli from bacterial
components and migrate towards them. However, they also respond to chemo-attractant
cytokines released at sites of infection [275]. Therefore, macrophages activated by the
initial bacterial stimulus would be able to secrete molecules that induce the recruitment of
neighboring macrophages [16]. For example, C-C motif chemokine ligand 2 (CCL2), also
known as MCP1, is considered the most important anti-inflammatory cytokine in bacterial
infections [276]. Another potent macrophage chemoattractant secreted by macrophages is

colony-stimulating factor 1 (CSF1) [277].

Even if application of microfluidics to microbiology is an emerging field, recent
studies show that this technique is gaining momentum. Kim et al. were able to grow
intestinal microbiota bacteria and intracellular pathogens in a microfluidic device that
recreated the gut. The composition of this device was based on the culture of a monolayer
of intestinal epithelium on a hydrogel that recreates the ECM and the passage of fluid flow

at low rate that mimics peristaltic movements [278,279]. Thacker et al. used a similar, but
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more complex approach in which they co-cultured lung epithelium, along with endothelial
cells and macrophages to recreate lung physiology. In this case, M. tuberculosis was
introduced to mimic a realistic infection situation [280]. It should be also noted that the
mechanical environment, such as stiffness, pH or hydrodynamics, also influences cell
behavior [281]. Our microfluidic device would allow replacing the collagen-based matrix by
other hydrogel options that bring new features to study macrophage motility
characteristics. Scaffolds can be made sensitive to temperature, with polysaccharides such
as hyaluronic acid or cellulose, to electric fields using sulfonated polystyrene, or to pH using
polyacrylamide [282]. These perspectives show the great potential and versatility of the

application of microfluidics in microbiology.
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4. CONCLUSIONS
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4.1. Conclusions

Throughout this PhD dissertation we have demonstrated the versatility of
microfluidics, which has allowed us to introduce in vitro three-dimensionality in the
environment, co-culture with various cell types and the application of biochemical and
mechanical stimuli. As a consequence, we have been able to recreate in vitro different
scenarios very similar to those presented in bacterial infections in vivo. Specifically, we have
focused on two processes of the innate response involving macrophages: the extravasation
of their precursors, the monocytes, into the ECM, and the migration of macrophages in
response to bacterial stimuli. The conclusions obtained in each of the chapters are detailed
below. However, as an overall conclusion of the thesis, | would highlight the potential of
microfluidics as a tool to achieve a better understanding of the interaction between cells,
microorganisms and their environment. In this case, it has allowed us to understand in detail
the endothelium-monocyte interrelationship under the mechanical stimuli of flow and
matrix stiffness, as well as the pattern changes in macrophage migration in the presence of

bacterial molecules.

4.1.1. Monocytes extravasation

The monocyte extravasation assay consists of the development of an endothelial
vessel through which monocytes are passed to study their extravasation. In addition, the
effect of mechanical stimuli is determined: oscillatory flow and environmental stiffness. The

conclusions obtained are presented below:

- The design of the microfluidic device allows the development of a functional
endothelial vessel. We understand as functional a three-dimensional vessel of
cylindrical shape; continuous monolayer with no gaps between cell junctions; and
with actin aligned parallel to the direction of the vessel. In addition, the endothelial
vessel is similar in diameter to venules and arterioles, areas of the circulatory system

where extravasation occurs in vivo.

77



4.1.2.

The endothelial vessel is useful for the study of monocyte extravasation processes,
and adhered and extravasated monocytes can be clearly observed.

The application of oscillatory flow to the endothelial vessel increases its barrier
integrity, reducing its permeability. Therefore, there is greater adherence of
monocytes to the vessel, but less extravasation. This is because monocytes find
more difficulties to cross the endothelial barrier due to the increased integrity.

The concentration of collagen-based hydrogels presents effects on the fiber
distribution and final properties. An increase in collagen concentration leads to an
increase in the number of fibers in the gel, reducing its pores and increasing its
rigidity.

The culture of endothelial vessels in high stiffness gels significantly reduces their
barrier integrity, increasing their permeability and, consequently, the monocyte

extravasation.
Macrophage migration in response to bacterial fractions

The macrophage migration assay tracks the movement of macrophages during 24 h

in response to a gradient of bacterial fractions. It is studied the attracting effect of the

fractions obtained from four bacteria: Salmonella typhimurium, Mycobacterium

tuberculosis, Escherichia coli and Mycobacterium smegmatis. The conclusions of this work

are detailed below:

Macrophages embedded in hydrogels have a three-dimensional migration. In
hydrogels with low collagen concentrations, they migrate longer distances and at
higher speed.

The design of the microfluidic device allows the generation of gradients by
introducing the bacterial fractions through one of the reservoir channels. All
components of these samples are able to diffuse through the pores of 2.5 mg/ml
collagen gels.

Macrophages migrate directionally attracted to the bacterial fractions of the

pathogens Salmonella typhimurium and Mycobacterium tuberculosis. Both bacteria
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possess molecules that interact with macrophage receptors, activating signaling
pathways that modify their migratory behavior.
- Macrophages are also attracted to the bacterial fractions of the environmental and
non-pathogenic Escherichia coli and Mycobacterium smegmatis. However, the final fate
of these bacteria inside macrophages is very different from that of their pathogenic

counterparts, since they do not possess survival mechanisms.
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4.2. Conclusiones

A lo largo de esta tesis se ha demostrado la versatilidad de la microfluidica, que nos
ha permitido introducir tridimensionalidad en el entorno de los experimentos in vitro,
cocultivo con varios tipos celulares y la aplicacién de estimulos bioquimicas y mecanicos.
Como consecuencia, hemos podido recrear in vitro distintos escenarios muy similares a los
presentes en infecciones bacterianas in vivo. En concreto, dos procesos de la respuesta
innata que involucran a los macréfagos se han tenido en cuenta: la extravasacion de sus
precursores, los monocitos, a la matriz extracelular, y la migracién de los macréfagos en
respuesta a fracciones bacterianas. A continuacién, se detallan las conclusiones obtenidas
en cada uno de los trabajos. Sin embargo, como conclusién global de la tesis, destacaria el
potencial de la microfluidica como una herramienta para lograr un mayor entendimiento
de la interaccién entre células, microorganismos y su entorno. En este caso, nos ha
permitido comprender con mayor detalle la interrelacién endotelio-monocito bajo los
estimulos mecénicos de flujo y rigidez de la matriz, asi como los cambios de patrén en la

migracion de los macréfagos en presencia de moléculas bacterianas.

4.2.1. Extravasacion de monocitos

El ensayo de extravasacidn de monocitos consiste en el desarrollo de un vaso
endotelial a través del cual se hacen pasar monocitos para estudiar su extravasacion.
Ademads, se determina el efecto de estimulos mecanicos: flujo oscilatorio y rigidez del

entorno. A continuacidn se exponen las conclusiones obtenidas:

- El disefio del dispositivo microfluidico permite el desarrollo in vitro de un vaso
endotelial funcional. Se entiende como funcional un vaso tridimensional de forma
cilindrica, de monocapa continua sin huecos entre uniones celulares y con la actina
alineada paralelamente a la direccion del vaso. Ademas, el vaso endotelial tiene el
diametro similar a las vénulas y arteriolas, zonas del sistema circulatorio donde

ocurre la extravasacion in vivo.
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4.2.2.

El vaso endotelial es Util para el estudio de procesos de extravasacién de monocitos,
pudiendo observarse con claridad los monocitos adheridos y extravasados a la
matriz extracelular.

La aplicacidn de flujo oscilatorio al vaso endotelial aumenta su integridad de barrera,
haciéndolo menos impermeable. Como consecuencia, hay una mayor adherencia de
los monocitos al vaso, pero una menor extravasacion. Esto se debe a que los
monocitos encuentran mayores dificultades para atravesar la barrera endotelial
debido al aumento de integridad.

La concentracidn de colageno utilizada en el hidrogel tiene efectos en la distribucién
y propiedades del hidrogel formado. Un aumento en la concentracién de colageno
conlleva un aumento en el nimero de fibras del gel, reduciendo sus poros vy
aumentando su rigidez.

El cultivo de vasos endoteliales en geles de alta rigidez reduce significantemente su
integridad, haciéndolos mucha mas permeables y aumentando la extravasaciéon de

monocitos.

Migracidon de macréfagos en respuesta a estimulos bacterianos

El ensayo de migracién de macréfagos sigue el movimiento de los macréfagos

durante 24 h en respuesta a un gradiente de fracciones bacterianas. Se estudia el efecto

atrayente de las fracciones obtenidas por cuatro bacterias: Salmonella typhimurium,

Mycobacterium tuberculosis, Escherichia coli y Mycobacterium smegmatis. A continuacién

se detallan las conclusiones de este trabajo:

Los macrofagos embebidos en hidrogeles tienen una migracién tridimensional. En
hidrogeles con bajas concentraciones de colageno, migran mayores distancias y a
mayor velocidad

El disefo del dispositivo microfluidico permite la generacién de gradientes
introduciendo las fracciones bacterianas por uno de los canales reservorios. Todos
los componentes de estas muestras son capaces de difundir a través de los poros de

geles de 2.5 mg/ml de colageno.
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Los macrofagos migran direccionalmente atraidos hacia las fracciones bacterianas
de los patégenos Salmonella typhimurium y Mycobacterium tuberculosis. Ambas
bacterias posee moléculas que interaccionan con receptores de los macréfagos,
activando rutas de sefializacién que modifican su comportamiento migratorio.

Los macréfagos también se sienten atraidos hacia las fracciones bacterianas de las
bacterias inocuas Escherichia coli y Mycobacterium smegmatis. Sin embargo, el
resultado final de estas bacterias en el interior de los macréfagos serd muy diferente

al de sus similares patdgenas, ya que no poseen mecanismos de supervivencia.

82



5. FUTURE WORK
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This project has demonstrated the versatility of microfluidics and the contribution
that this technique can have in biomedical studies. However, the microfluidic devices used
are still incomplete and do not recreate the complete infection process. The integration of
several stages in the same platform, as well as more cell types, is necessary to achieve a
more realistic model that includes the multiple interactions that occur. Therefore, as future
work, | make a proposal for a microfluidic device in which the two processes discussed in
this thesis are integrated: interaction of monocytes and endothelial cells in extravasation,
and macrophage migration in response to bacterial stimuli. In addition, intestinal and
alveolar epithelia can be also included, allowing the interaction between epithelium and

the pathogens as a route of entry into the body.

The proposed microfluidic device is similar to the one used in , but with
two transversal channels for the insertion of acupuncture needles ( ). In this way,
two cylindrical monolayers embedded in a collagen hydrogel can be developed. In one of
the channels, an endothelial vessel would be generated, through which monocytes would
be passed. In the other channel, an epithelial vessel of intestinal or alveolar cells would be
developed, which would recreate the lumen of the intestine or alveolus, respectively. The

bacterial fractions will be passed through this epithelial channel.

The overall approach of this proposal is to recreate the entry of bacteria via oral and
respiratory, by passing bacterial fractions or live bacteria through the epithelial vessel.
These fractions would interact with the epithelium, activating signaling pathways, which
may affect the nearby endothelial vessel, to induce monocyte recruitment. The monocytes
would extravasate from the endothelial vessel and migrate toward the bacterial fractions.
At some point after their extravasation, the monocytes differentiate into macrophages,
their specialized cell form for phagocytosis. To determine and visualize the time at which
monocytes differentiate into macrophages, a genetic modification would be performed
whereby green fluorescent protein (GFP) will be expressed only in macrophages, but not in

monocytes.

85



99— -

Media ports
ECM ports
Collagen gel
Epithelial vessel

Endothelial vessel

Needle quide
Monocytes

Macrophages
Bacteria

R
L4
L]
¥
=
¥
[
W
s
W
A
w
[
¥
9
¥
K
v
A
L

L ®
o %o
T . .b.l"_l!. b L @ L':l._;.

Figure 5.1. Graphical representation for the device proposed for the study of the monocyte-

bacteria extravasation and interaction.

This device (not to scale) consists of a central chamber confining the collagen gel (light green)
crossed by two transverse channels (gray). The ends of both channels connect with media ports
(purple) that act as reservoirs. In one of these channels an endothelial vessel (light pink) will be
developed and in the other, an epithelial vessel (dark pink). Monocytes (blue) will pass through the
endothelial vessel and bacteria through the epithelial vessel. Both monocytes and bacteria will
interact with their respective vessels and extravasate into the collagen gel. Upon bacterial stimulus,

monocytes will differentiate into macrophages, expressing GFP (green)
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In this appendix it is included certain advances that have been made in the methodology of

the proposal explained in the chapter of

A.1. Selection of cell lines

The human cell lines used so far will be maintained, working with HUVEC endothelial
cells and THP-1 leukocytes. To simulate the intestinal and pulmonary epithelium, the
commercial cells Caco-2 and A549, respectively, have been selected. Both cell lines have

been used as models for the study of intestinal and alveolar functions [283,284].

A.2. Genetic modification

To achieve the genetic modification that would allow the observation of the
differentiation of monocytes to macrophages, we based our strategy on the study
performed by Igbal et al. in mice. In this study, they conducted a genetic construct consisting
of the fusion of the CD68 promoter to the GFP gene. The CD68 gene is a molecular
biomarker that is expressed in macrophages, but not in monocytes. Therefore, by placing
CD68 promoter previous to GFP gene, this protein will be expressed when monocytes
differentiate into macrophages, turning cells fluorescent and allowing their visualization

[285].

As our objective is similar to that of Igbal et al. we decided to perform an equivalent
construction but adapted to human cells. For this purpose, we selected the necessary

plasmids, designed the primers and planned a possible protocol to follow.

A.2.1. Selection of plasmids

Thanks to the addgene tool, the plasmids necessary for this modification were selected. On
the one hand, plasmid 17448 ( ) was selected to express the final construct, since
it contains the SV40 origin for expression in mammalian cells and the GFP gene of interest.
However, the GFP gene is preceded by the constitutive mouse-specific cytomegalovirus

early gene (CMV) promoter. Therefore, for our final construct, we need to replace the
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mouse CMV promoter with the human CD68 promoter. This human CD68 promoter will be

obtained from the pcDNA3-CD68 plasmid (Figure A.1).

A
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Figure A.1. Structure of plasmids 17448 and pcDNA-CD68.

A) Plasmid 17448 has a total length of 8619 bp, in which it integrates the SV40 origin site for
mammalian replication, the EGFP gene (green) preceded by the CMV promoter and surrounded by
the restriction enzymes Sall and Clal and several constructs with selective genes, such as puromycin
(PuroR) to ampicillin (AmpR) resistance. B) The plasmid pcDNA-CD68 has a length of 5424 bp
including the human CD68 promoter (blue) of interest for this project. Images taken from snapgene.

A.2.2. Primers design

The primers design is based on amplifying the CD68 promoter of plasmid pcDNA3-
CD68 and overlapping it with the GFP gene of plasmid 17448. This gene construct will be
introduced into the plasmid 17448 vector, replacing the current CMV promoter + GFP. For
this purpose, the restriction enzymes Sall and Clal are used. The use of these two restriction
enzymes has been decided because they are single-cutting and surround the construct of
interest (Figure A.1). Therefore, the tails of the primers designed for the CD68 + GFP
construct are overlapping the ends of plasmid 17448 after treatment with the restriction

enzymes.

To perform the final construction, four primers have been designed (Figure A.2 and

Table A.1). Primer 1 overlaps the Sall-cut plasmid 17448 with the 3' end of the GFP gene.
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Primers 2 and 3 fuse the CD68 promoter with the GFP gene. Finally, primer 4 overlaps the
Clal-cut plasmid17448 with the 5' end of the CD68 promoter.

7] GFP I CD68 promoter 5’

Primer 1 Primer 2

Primer 3 Primer 4
L

\J I—

Figure A.2. Visual map of primer design.

To achieve the construction of the CD68 promoter (blue) and GPF gene (green) fused to plasmid
17448 cut with Sall and Clal, the design of four primers was proposed. Primer 1 fuses the GFP gene
to plasmid 17448, primers 2 and 3 fuse CD68 promoter and GFP gene, and primer 4 fuses CD68
promoter to plasmid 17448.

The sequences of the four primers are detailed in the following table:

Primer Fusion Sequence
Pri 1 Plasmid17448 | s
Fimer + GFP CACAAATTTTGTAATCCAGAGGTTGATTGTCGACGCGGCCGCTTTACTTGTACAGC-3’

Primer 2 GFP + CD68 5'-CCAGGCGATCTGACGGTTCACTAAACGGGCCGCTGAGTCCCCTGGGC-3’
Primer 3 CD68 + GFP 5'-GCCCAGGGGACTCAGCGGCCCGTTTAGTGAACCGTCAGATCGCCTGG-3’

5'-
Pri 4 Plasmid17448 | AGAATTACAAAAACAAATTACAAAATTCAAAATTTTATGCAGATATCAAACTGCCTGT
rimer +CD68 TTGGGCT-3’

Table A.1. Primers sequences
Sequences of the four designed primers are detailed in this table. Overlapping with plasmid 17448
is shown in black, with GFP in green and with CD68 in blue.

A.2.3. Gibson Assembly Protocol

The primers have been designed to be fused by Gibson assembly. This requires
overlapping DNA fragments and the presence of a DNA polymerase, a T5 exonuclease and
a thermostable DNA ligase. A simplified protocol of the steps to be followed to carry out

this construction has been established:

1. Amplify CD68 promoter using the plasmid pcDNA3-CD68 with oligos 2 and 4 as a
template. Purify it.
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2. Amplify GFP by taking plasmid plasmid 17448 with oligos 1 and 3 as a template.
Purify it.
Cut the plasmid of interest with Sall and Clal. Purify it.

Assemble CD68 promoter and GFP.
Amplify the CD68 + GFP construct with oligos 1 and 4.

SN A B

Assemble the CD68 + GFP construct with the plasmid 17448 cut with Sall and Clal.

The final product we expect to obtain will be plasmid 17448 with the GFP protein

preceded by the CD68 promoter (Figure A.3).
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Figure A.3. Final plasmid after genetic modification
Final construction of plasmid 17448 in which the CMV promoter has been replaced by the CD68

promoter (blue) preceding the GFP gene (green).

A.2.4. Cloningin monocyte

Plasmid 17448 is derived from lentivirus, so a lentivirus transduction protocol would
be used for its incorporation into the monocyte. The selection and purification of modified
cells would be performed by puromycin resistance (PuroR). However, the PGK promoter
that precedes this gene is mouse-specific, so planning a new genetic modification to replace

it with a human promoter would be necessary.
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A.3. Microfluidic device

The microfluidic device was designed by William Polacheck's research group as a
modification of the device used in . The novelty of this device is the addition of a
second channel for vessel formation parallel to the existing one. Different designs were
made that vary in the distance between the two channels. Optimization trials should be
performed to determine which device is suitable for these studies. Their fabrication follows

the same protocol previously applied and established by Polacheck et al. [167].
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