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SUMMARY To combat infectious diseases, it is important to understand how host
cells interact with bacterial pathogens. Signals conveyed from pathogen to host, and
vice versa, may be either chemical or mechanical. While the molecular and biochemical
basis of host-pathogen interactions has been extensively explored, relatively less is
known about mechanical signals and responses in the context of those interactions.
Nevertheless, a wide variety of bacterial pathogens appear to have developed mecha-
nisms to alter the cellular biomechanics of their hosts in order to promote their survival
and dissemination, and in turn many host responses to infection rely on mechanical
alterations in host cells and tissues to limit the spread of infection. In this review, we
present recent findings on how mechanical forces generated by host cells can promote
or obstruct the dissemination of intracellular bacterial pathogens. In addition, we dis-
cuss how in vivo extracellular mechanical signals influence interactions between host
cells and intracellular bacterial pathogens. Examples of such signals include shear
stresses caused by fluid flow over the surface of cells and variable stiffness of the
extracellular matrix on which cells are anchored. We highlight bioengineering-inspired
tools and techniques that can be used to measure host cell mechanics during infection.
These allow for the interrogation of how mechanical signals can modulate infection
alongside biochemical signals. We hope that this review will inspire the microbiology
community to embrace those tools in future studies so that host cell biomechanics can
be more readily explored in the context of infection studies.

KEYWORDS cellular biomechanics, cytoskeletal mechanics, extracellular matrix
mechanics, intracellular bacterial pathogens

INTRODUCTION

ells in our body are constantly sensing and responding to a variety of biochemical

and mechanical cues from their environment (1). Examples of the latter include
variations in shear fluid flow (2) and in the stiffness of the extracellular matrix (ECM) on
which cells are anchored (3, 4). Cells are also continuously generating and transducing
forces to each other and to their extracellular surroundings. Collectively, this active me-
chanical behavior allows for the maintenance of barrier function and tissue integrity (5,
6). Appreciation of biomechanics as being central to cell function and human health
has grown significantly over the past few decades and has lent key insights into the
fields of cancer pathogenesis, stem cell biology, and developmental biology (7, 8).
However, the importance of mechanics in governing how host cells interact with bac-
terial pathogens is only beginning to be uncovered (9-12). Recent studies reveal that
bacterial pathogens have evolved sophisticated ways of hijacking host cell forces to
propagate through their host. At the same time, host cells are able to respond to infec-
tion by altering their mechanics and physical characteristics to limit systemic spread.
Interestingly, such paradigms are not limited to human cells and tissues but are also
observed in other multicellular organisms (13) and unicellular amoebae (14), arguing
that many of these biomechanical processes might be generalizable or even universal
in nature.

In light of these discoveries, there has been a shift toward developing assays and orga-
notypic models that enable the study of infection in vitro with host cells and pathogens
subject to physiologically relevant mechanical cues (12, 15). The precision built into these
devices allows for the modulation of one parameter at a time, which cannot be achieved
in vivo (16, 17). Moreover, it is now possible to conduct biomechanical measurements in
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FIG 1 Biomechanical characterization of host-pathogen interactions. (A) Traction force microscopy (TFM)
to measure cellular traction stresses on 2D elastic planar matrices; (B) micropillar array for measuring
cellular forces; (C) monolayer stress microscopy for inferring intracellular tensions; (D) FRET-based force
sensors; (E) laser ablation wounding for monolayer tension estimation; (F) atomic force microscopy (AFM)
to measure cellular stiffness; (G) live-cell monolayer rheometer to measure adhesion strength between
bacteria and the apical surface of cells.

real time and in multiple parallel assays to witness the cross talk between host cells and
their surroundings. Misregulation of this biomechanical cross talk during bacterial infec-
tions can reveal mechanisms by which pathogens and host cells manipulate physical
forces to modulate the infection process.

Several quantitative biomechanical measurement methods that were originally
developed to address other questions can be directly adapted for the study of host-
pathogen interactions. For example, traction force microscopy (TFM) enables the direct
measurement of forces that adherent cells exert on their ECM through the engage-
ment of their focal (cell-ECM) adhesions and cytoskeletal actomyosin-driven contractil-
ity (18, 19) (Fig. 1A). The elastic matrices to which cells adhere in vitro are microfabri-
cated using two-dimensional (2D) polymer gels whose elasticity can be tuned to
match native cellular (patho)physiological conditions. Alternatively, cells can be seeded
on micropillar arrays and cellular forces can be calculated that cause these arrays to
deflect when cells engage their focal adhesions (Fig. 1B). Monolayer stress microscopy
(MSM) facilitates indirect calculation of the forces that cells in confluent monolayers
exert on one another, shedding light on the regulation of intercellular communication
and barrier integrity (Fig. 1C) (20). Forster resonance energy transfer (FRET)-based force
sensors constitute an alternative technique for measuring cell-matrix and intercellular
forces with increased spatial resolution at the single-molecule level (Fig. 1D) (21). At
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the multicellular level, measuring the recoil that cells experience upon laser wounding
can reveal the intercellular tension built within a monolayer of cells (Fig. 1E) (22).
Atomic force microscopy (AFM) is often used to measure changes in cell stiffness in liv-
ing cells, which can provide key insights into the organization of load-bearing struc-
tures of the cell cytoskeleton (Fig. 1F) (23, 24). Live-cell monolayer rheometry allows for
the measurement of the strength of adhesion between host cells and attached bacteria
(Fig. 1G) (25). These are just a few examples of existing biomechanical techniques
that could be used to study the mechanics of host-pathogen interactions. Readers
are directed to recent extensive reviews on additional ways of measuring cell-gener-
ated mechanical forces and evaluating the physical characteristics of cells and tissues
(26-28).

In this review, we present emerging paradigms that demonstrate the importance of
mechanics in governing how intracellular bacterial pathogens interact with human
host cells. We first discuss strategies that bacteria employ to hijack host cellular forces
to facilitate their own spread. In the second section, we address complementary para-
digms, where host cells obstruct bacterial dissemination by actively changing their bio-
mechanics in response to infection. Finally, in the third section of this review, we focus
on how extracellular mechanical signals guide the interaction of host cells with intra-
cellular bacterial pathogens. We have decided to focus our attention on intracellular
bacterial pathogens (obligate and facultative) for two reasons. First, due to their intra-
cellular nature, they have developed sophisticated strategies for manipulating their
hosts, including modulating the mechanics of different host cell types to spread sys-
temically. Second, since they survive within a host cell, they are invested in keeping it
alive and hence can serve as valuable tools for probing host cell and tissue mechanobi-
ology over long periods of time.

INTRACELLULAR BACTERIA HIJACK HOST CELL MECHANICS

Intracellular bacterial pathogens rely on their host cells to support different stages
of their intracellular life cycle, including invasion, immune evasion, and spread. In
many cases, the pathogens employ sophisticated strategies of host manipulation to
facilitate these processes, and studying them can shed light on fundamental host cell
biology as well as on bacterial pathogenesis. Previous reviews have focused on mecha-
nisms by which intracellular bacteria modify host cell signaling pathways and cytos-
keletal components to promote their survival and spread (29, 30). Here, we discuss
recent studies that illustrate how pathogens subvert host cell mechanics and force
transduction to achieve similar ends. With that focus, we highlight instances where
bacterial pathogens employ diverse strategies to modulate host cell biomechanics to
benefit their own dissemination.

Manipulation of Intercellular Forces Promotes Bacterial Cell-to-Cell Spread

Intracellular bacterial pathogens such as Listeria monocytogenes, Shigella flexneri,
and Rickettsia parkeri hijack host cell actin to form “comet tails” that enable the bacte-
rium to propel itself through the host cell cytoplasm. Using actin-based motility (ABM),
the bacterium reaches the donor cell membrane, where it forms a protrusion that is
engulfed by the recipient cell (29) (Fig. 2). This process of cell-to-cell spread allows for
bacterial dissemination through cell monolayers and evasion of the humoral immune
response (31). Although protrusion formation and cell-to-cell spread were initially
thought to be solely dependent on force generated via ABM (32), recent studies sug-
gest that modulation of mechanics at cell-cell interfaces (i.e., intercellular forces, corti-
cal tension, membrane flexibility) also facilitates spread (9, 10, 33). Interestingly, all
three pathogens weaken tension at the donor cell membrane to promote their inter-
cellular spread, although the molecular mechanisms they employ are distinct and are
discussed below.

L. monocytogenes relieves tension at the donor side of cell contacts. L. monocyto-
genes enhances host cell membrane flexibility by relieving tension at the donor side of
cell contacts to facilitate its intercellular spread (Fig. 2A). It does so by secreting the
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FIG 2 Intracellular bacterial pathogens hijack host cell mechanics to spread from cell to cell. (A) L. monocytogenes InlC
interacts with host cell Tuba to reduce cortical tension and with components of the exocyst pathway to reduce
plasma membrane tension at cell-cell interfaces, facilitating bacterial cell-to-cell spread. Inspired by reference 11. (B) S.
flexneri IpaC interacts with B-catenin at cell-cell junctions, loosening them to facilitate bacterial intercellular spread. (C)
R. parkeri Sca4d competes with a-catenin for vinculin binding to reduce mechanotransduction at the cell-cell junction,
thus promoting bacterial intercellular spread. Inspired by reference 9. Note that drawings are not to scale.

virulence factor internalin C (InlC), which competes at cell-cell junctions with the
Wiskott-Aldrich syndrome protein (N-WASP) for Tuba binding (11). Tuba is an activator
of the small GTPase Cdc42 (34), which, like the GTPases Rho and Rac, regulates the ac-
tomyosin cytoskeleton by interacting with actin nucleators (35). One such nucleator is
N-WASP, which regulates the nucleation activity of the actin related protein 2/3 com-
plex (Arp2/3), which in turn promotes the assembly of branched actin filament net-
works (36). In uninfected settings, N-WASP enhances junctional tension by stabilizing
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actin filaments, which would otherwise undergo stress-induced turnover, and promot-
ing their incorporation into the apical actin rings of the adherens junctions (protein
complexes at cell-cell junctions) (37, 38). Tuba assists N-WASP in fulfilling this role by
destabilizing its autoinhibited closed state and may also participate in the recruitment
of N-WASP to cell junctions (39). Infection with L. monocytogenes or expression of InIC
displaces N-WASP from Tuba and renders epithelial cell boundaries curvy and cell-cell
junctions slack, facilitating bacterial spread (11).

In contrast, during infection with AinIC L. monocytogenes, cell-cell interfaces are
more linear and taut. Possibly due to elevated tension at host cell junctions, bacteria
produce fewer protrusions and are less effective at spreading from cell to cell (11).
Consistent with this hypothesis, the spread defect of this mutant strain is rescued by
pharmacologically reducing actomyosin contractility in the host cells. These results
suggest that secretion of InlC allows L. monocytogenes to overcome tension faced at
sites of protrusion formation and therefore spread more easily to a recipient cell.

L. monocytogenes also downregulates Cdc42 activity to reduce tension at the cell-
cell interface (40). Like Tuba, Cdc42 enhances N-WASP function by destabilizing its
closed state and recruiting N-WASP to cell-cell junctions (41). Expression of a dominant
negative Cdc42 in epithelial cells produces curved junctions and restores levels of pro-
trusion formation in AinlIC L. monocytogenes infections that are comparable to those in
the wild-type (WT) bacterium. This further supports the proposition that intercellular
spread of L. monocytogenes is facilitated by relieving tension at the host cell boundary,
although biophysical measurements of tension at cell boundaries were not conducted.
Although there is a correlative relationship between membrane curvature and mem-
brane or cortical tension, deduction of causal relationships between these physical pa-
rameters is more complex (42, 43).

A complex formed by Cdc42, the polarity protein 6 (Par6), and atypical protein ki-
nase 6 (aPKC) has been shown to participate in local adherens junction remodeling by
controlling endocytosis that occurs in an Arp2/3-dependent fashion (44). Not only
does L. monocytogenes reduce endocytosis of adherens junctions by diminishing
Cdc42 activity (40), but it also antagonizes this role of Cdc42 by promoting exocytosis
at sites of protrusion formation, which often coincide with adherens junctions (45).
InIC recruits an exocyst component, Exo70, to the plasma membrane, which leads to
an enrichment of exocytosis at L. monocytogenes-generated membrane protrusions. By
delivering additional membrane to protrusions, exocytosis might relieve the tension
faced by L. monocytogenes at the plasma membrane (Fig. 2A). Alternatively, this pro-
cess might transport a tension-modulating protein to the site of protrusion formation
(45). The full rescue of the AinIC L. monocytogenes defect in protrusion formation upon
inhibition of actomyosin contractility increases the likelihood of these possibilities (11),
but direct measurement of intercellular tension in control and Exo70 knockdown
monolayers could further support this hypothesis. Intercellular tension could be meas-
ured indirectly via laser ablation wounding (Fig. 1E) (46) or monolayer stress micros-
copy (MSM), techniques which can be used to deduce intercellular tension within a
monolayer based on measurements of cell-ECM traction forces (Fig. 1C) (20). Direct
measurements of intercellular tension can also be performed using FRET-based force
sensors, which are preferred for measuring those forces at the cellular rather than
supracellular scale (Fig. 1D) (47).

S. flexneri reduces tension at the boundary of the infected donor cell. S. flexneri
also alleviates tension at the donor cell to promote efficient cell-to-cell spread, using
molecular mechanisms that are distinct from those employed by L. monocytogenes to
achieve similar ends. Once in the host cell cytoplasm, S. flexneri secretes the virulence
factor invasion plasmid antigen C (IpaC), which competes with E-cadherin at cell-cell
junctions for a-catenin binding (Fig. 2B) (33). a-Catenin is a key mechanosensor that
couples the “E-cadherin—-a-catenin” complex to the actin cytoskeleton in a force-de-
pendent manner (48, 49). Thus, in uninfected cells, a-catenin transduces tension at
adherens junctions (48, 49). IpaC-mediated disruption of the interaction between
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a-catenin and E-cadherin could reduce cortical tension (the sustained contraction of
the cortical cytoskeleton) to promote protrusion formation and subsequent cell-to-cell
spread. Indeed, the junctions of host cells infected with AipaC S. flexneri are quite taut,
while bacteria are less likely to be found in protrusions and show a defect in spread
(33). Similar to AinIC L. monocytogenes, the protrusion formation defect of AipaC S. flex-
neri is rescued by inhibition of host cell actomyosin contractility, further supporting
the idea that tension alleviation at cell-cell interfaces is important for intercellular bac-
terial spread. It is worth noting that S. flexneri could also alleviate host cell tension to
promote its initial uptake into host cells, in addition to reducing intercellular tension at
cell-cell interfaces (50, 51). S. flexneri secretes the virulence factor invasion plasmid anti-
gen A (IpaA) upon host cell contact, which interacts with focal adhesion proteins vincu-
lin (50) and talin (51) to cause local depolymerization of F-actin filaments. The resulting
depolymerization of F-actin is expected to alleviate host cell tension to facilitate bacte-
rial uptake, although tension measurements have not yet been performed.

R. parkeri hijacks intercellular force transduction to spread. Similar to S. flexneri, R.
parkeri also disrupts the donor cell’s adherens junctions to achieve efficient cell-to-cell
spread, again using a distinct molecular mechanism (Fig. 2C). Specifically, R. parkeri
secretes surface cell antigen 4 (Sca4), which competes with adherens junction compo-
nent a-catenin for vinculin binding (9). In uninfected cells, a-catenin recruits vinculin
to stabilize and strengthen cell-cell adhesions and allow for intercellular force trans-
duction. By preventing this recruitment, R. parkeri reduces intercellular tension at the
donor side of cell contacts as measured indirectly via MSM. This leads to an increase in
membrane curvature that allows the recipient cell to engulf the protrusion at a higher
rate. Interestingly, while L. monocytogenes, S. flexneri, and R. parkeri all weaken tension
at the donor cell membrane to promote spread, L. monocytogenes and S. flexneri do so
to enhance protrusion initiation while R. parkeri does so to promote protrusion resolu-
tion. Moreover, unlike L. monocytogenes and S. flexneri, R. parkeri appears to be tail-less
at protrusion sites, suggesting that the force exerted by ABM at the donor cell mem-
brane is not required for cell-to-cell spread (9). Thus, R. parkeri enables spread by solely
manipulating host cell tension through secretion of Sca4, although additional bacterial
effectors (yet to be identified) might also contribute to this process. It is worth noting
that R. parkeri generates shorter protrusions in A549 lung epithelial cells (up to
~3 um) than those created by L. monocytogenes (up to ~17 um) and S. flexneri (no
precise measurements available for A549 cells but generally comparable to L. monocy-
togenes protrusions in other host cell types), which implies that R. parkeri might not
need to exert as much force on the cell boundary as the other two pathogens (9, 52). It
would be interesting to investigate why L. monocytogenes and S. flexneri form longer
protrusions than R. parkeri and if the mechanism by which R. parkeri resolves protru-
sions could explain this difference in protrusion length. In fact, protrusion elongation
appears to promote intercellular spread of L. monocytogenes and S. flexneri, as perturba-
tions which decrease protrusion length all impair spread (53-55), including knockdown
of diaphanous formins (proteins that nucleate the formation of long, unbranched F-actin
filaments [56]), Myosin-X (a molecular motor that acts on actin filaments where actin is
bundled, such as at filopodia or tails of intracellular pathogens [57]), cyclophilin A (CypA,
a cytosolic protein required for stabilizing N-WASP to allow for actin filament nucleation
and initiation of actin polymerization [58]), and inactivation of ERM proteins (namely,
ezrin, radixin, and moesin, which play an important role in organizing the cellular mem-
brane since they interact both with transmembrane proteins and the underlying cyto-
skeleton [59]).

Bacterial actin tails generate force during cell-to-cell spread. Successful spread
requires that L. monocytogenes and S. flexneri form rigid actin tails behind them, by
inducing polymerization of host cell actin monomers at the bacterial surface. These actin
comet tails are able to generate enough force to overcome the tension they face at the
membrane to produce protrusions. In the cytoplasm, these pathogens have tails made
of branched actin filaments nucleated by Arp2/3 (60). However, within protrusions, their
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tails are composed primarily of parallel formin-nucleated actin filaments (61, 62), which
do not generate as much propulsive force as filaments that are oriented obliquely with
respect to the pathogen (63). Nevertheless, these parallel formin-nucleated actin fila-
ments form a more rigid bundle than branched actin filaments and are thus less likely to
buckle in response to the tension faced at the membrane (64). Actin tails within protru-
sions, but not actin tails in the bulk cytoplasm, are also able to recruit the actin-stabiliz-
ing protein calponin-2 and the ERM proteins, which confer stability by linking the actin
comet tail to the plasma membrane (49, 65). Inactivation of ERM proteins results in the
formation of short, collapsed protrusions (54). It is not yet clear whether these two
pathogens use secreted virulence factors to induce these adaptations of actin comet tails
in protrusions, or whether these might simply be consequences of assembling dense
actin structures adjacent to the plasma membrane that are completely mediated by nor-
mal host cell mechanisms. Either way, they do confer additional tail rigidity at the mem-
brane, which R. parkeri, being tail-less, does not require.

Manipulation of Host Cell Mechanics Facilitates Bacterial Transcellular or Paracellular
Translocation

In addition to spreading laterally between neighboring cells in an epithelium, many
intracellular pathogens travel vertically, following either a transcellular route (through
host cells) or a paracellular route (between host cells). Why pathogens might opt for
an intercellular, transcellular, or paracellular route of spread and whether they are
guided by biochemical and/or mechanical signals are very interesting but still open
questions. Many of the facultative intracellular pathogens mentioned in the above sec-
tions have been shown to undergo both transcellular and paracellular translocation.
For example, foodborne pathogens like L. monocytogenes, which initially occupy the
gut lumen, translocate across the intestinal barrier to infect intestinal epithelial cells at
their basolateral surface (66, 67) or to access the underlying tissue and spread systemi-
cally (68, 69). To do so, they often commandeer host cell mechanics by subverting traf-
ficking (i.e., endocytosis, intracellular vesicle transport, and trans-endocytosis proc-
esses) within host cells (70, 71), compromising barrier integrity between neighboring
host cells (69), decreasing tension at the basal surface of host cells (10), or altering host
cell morphology (68). Along with enabling bacterial spread, these changes can increase
barrier permeability, resulting in dysregulation of ion and fluid flow (72) and in
increased immune cell transmigration (70).

L. monocytogenes weakens host cell traction stresses to transmigrate from the
epithelial layer across the basement membrane. L. monocytogenes has the ability to
cross the placental barrier when it infects pregnant women, which is the origin of one
of the most serious sequelae of L. monocytogenes infection, late-stage fetal death. At
the feto-maternal barrier, L. monocytogenes modulates host cell mechanics to traverse
the basement membrane of placental cells (73). After entry into syncytial trophoblasts
in the placenta, the bacterium escapes from the endocytic vacuole and utilizes ABM to
eventually cross through to the underlying tissue. Successful translocation in this con-
text depends on the virulence factor internalin P (InIP) (74). InIP binds to the cytos-
keletal protein afadin, leading to a decrease in the traction (cell-ECM) stresses that host
cells exert onto soft elastic hydrogels as measured by traction force microscopy (TFM),
suggesting that they may similarly decrease traction stress on their basement mem-
brane in vivo (10). To conduct TFM, cells are placed on protein-coated hydrogels em-
bedded with fluorescent tracer beads (Fig. 1B). Cells pull on their matrix, displacing the
tracer beads in the process, to an extent that depends on how well organized cell-ECM
adhesions are and how strongly they are connected to the underlying cytoskeleton.
Based on those displacements, one can calculate traction stresses exerted by the cells
on their ECM. The findings of this study suggest that InIP acts analogously to InIC but
in a different subcellular location, allowing L. monocytogenes to more easily form pro-
trusions at the base of the host cell by reducing tension at the cell-ECM interface. This
is expected to facilitate bacterial transfer from placental cytotrophoblasts to the
fetal stroma underneath. Though InIP expression was shown to increase bacterial
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transmigration from the epithelial layer across the underlying basement matrix by
reducing the traction stresses exerted by host cells on the matrix, basal protrusions
were not directly observed in this study. The fact that mutants lacking the ActA protein
(which are unable to form actin tails) were very inefficient in transmigrating hints at a
possible role for actin tails produced by bacteria in this process. Visualizing bacteria
within protrusions and determining whether they maintain their actin comet tails at
this site would help us understand which forces the pathogen usurps to achieve this
type of transmigration.

Elevated host cell contractility disrupts cell-cell junctions to aid paracellular translocation
of bacteria. L. monocytogenes can also increase epithelial permeability to translocate
across the intestine using a paracellular route (69). Here, the interaction between a
bacterial virulence factor, Listeria adhesion protein (LAP), and the host cell surface re-
ceptor, Hsp60, activates NF-«B innate immune signaling, which leads to an increase in
the myosin Il-dependent contractile force generated by the circumferential actomyosin
belt (F-actin-myosin Il bundles located along the apical cell-cell junctions of an epithe-
lial monolayer). An increase in cellular contractility leads to a decrease in transepithelial
electrical resistance, an indication that barrier integrity of the epithelium is compro-
mised (69, 75). Salmonella enterica serovar Typhimurium and S. flexneri employ similar
strategies to travel paracellularly between epithelial cells to infect intestinal cells at
their base, thereby avoiding apical microvilli (66, 76, 77). In both cases, infection results
in enhanced actomyosin contractility of the apical epithelial belt, which alters both
intercellular force propagation and protein localization at cell-cell junctions.

Pathogenic tick-borne Rickettsia also disrupts the barrier integrity of endothelial cell
monolayers by attenuating the forces between cell-cell junctions (78). In vivo, this can
lead to fluid accumulation in unwanted locations such as alveolar spaces and can cul-
minate in serious diseases like vasogenic cerebral edema. Specifically, R. rickettsii dis-
rupts cell-cell junctions of endothelial cells by inducing the mislocalization of a-catenin
and promoting the redistribution of p120 catenin, which normally stabilizes VE-cad-
herin at the plasma membrane in uninfected cells (72). A 2012 study used AFM to mea-
sure forces at VE-cadherin-based cell-cell junctions in uninfected and R. rickettsia-
infected endothelial cells (78). This was achieved by coating the cantilever tip of the
AFM with VE-cadherin. The tip was then brought toward the host cells until contact
was established and adhesions formed between the VE-cadherin-functionalized canti-
lever and the VE-cadherin receptors on the host cell surface. Then, the AFM tip was
moved away from the cells, and the force to break the established bonds was meas-
ured. This study showed that infected endothelial cells exhibited reduced binding af-
finity to the VE-cadherin-functionalized cantilever, since the work that was required to
break bonds between the two was 80% less in the infected condition than in unin-
fected cells (78). Therefore, reduction of force transduction due to weakening of the
VE-cadherin homotypic interaction is an effective strategy to increase endothelial per-
meability. Interestingly, this strategy is also imitated by other pathogens like L. pneu-
mophila (79).

Intracellular Bacteria Hijack Host Cell Extrusion To Enhance Dissemination
Bacterial infection often stimulates intestinal epithelial cell extrusion (shedding)
(80-82). To extrude a single cell from a cell monolayer, its neighbor cells first form a
ring composed of F-actin and myosin Il around it. These surrounding neighbors con-
tract the actomyosin ring, which squeezes the infected cell until it is expelled into the
lumenal space (83). This “purse-string” mechanism is often used to extrude unfit or
damaged cells, or to eliminate excess cells from a crowded monolayer (84, 85). Some
pathogenic bacteria hijack cell extrusion to invade intestinal cells or disseminate
widely through the host (86, 87). Other intracellular bacteria suppress extrusion to pre-
vent the removal of infected cells from an intact monolayer and enhance intercellular
spread (88). Below, we discuss studies that highlight how bacteria modulate cellular
forces to promote or obstruct host cell extrusion, ultimately favoring bacterial spread.
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S. enterica promotes host cell extrusion to get released into the lumen. Salmonella
enterica is an intracellular bacterial pathogen that induces cell extrusion to disseminate
through its host. Enterocytes containing cytosolic S. enterica extrude more frequently
than uninfected cells or cells with vacuolar S. enterica. This is caused by cytosolic S.
enterica inducing pyroptosis, a class of programmed cell death (86). Epithelial cells in
the gut are programmed to push out dying cells, such as the S. enterica-infected cell,
and to do so via the “purse-string” mechanism (86, 89). S. enterica remains invasion
competent in the cytoplasm of extruded cells and can escape to infect another cell. As
it cannot spread laterally within the monolayer via ABM, S. enterica might benefit more
from host cell extrusion than other intracellular pathogens (86).

L. monocytogenes benefits from homeostatic host cell extrusion to invade intestinal
cells. Intracellular pathogens can hijack host cell extrusion to promote invasion as well
as dissemination. L. monocytogenes mediates bacterial entry into enterocytes by
expressing the surface protein internalin A (InlA), which binds to E-cadherin and trig-
gers bacterial uptake (90). As E-cadherin is located below tight junctions on the lateral
surface of host cells, it is inaccessible to L. monocytogenes under normal conditions.
However, during homeostatic “purse-string”-driven cell extrusion, tight junctions are
remodeled in a manner that exposes E-cadherin, which can now act as a receptor for
InlA (87). Because L. monocytogenes coopts cell extrusion to invade intestinal cells, it
preferentially infects the tips of intestinal villi, where extrusion is upregulated. The ex-
planation for why intestinal epithelial cell extrusion occurs primarily at the tips of villi is
still obscure and might involve extracellular mechanics (e.g., differential fluid shear
stresses or ECM stiffness experienced by the cells on the villi versus the crypts) (91).
While L. monocytogenes benefits from extrusion to enter intestinal cells, its infectious
cycle can also be hindered by extrusion if the bacterium does not spread to a neigh-
boring cell before its initial host cell is expelled (92). The bacterium overcomes this
challenge by spreading in a heterogenous manner, where it undergoes smaller dis-
placements to reach immediate neighbors and larger ones to reach cells that are far-
ther away. In this way, rather than choosing between extrusion and lateral cell-to-cell
spread, the bacterium strikes an optimal balance (92).

S. flexneri limits host cell extrusion by reinforcing host cell adhesions. Host cell
extrusion can also be an innate immune mechanism utilized by the host to prevent
pathogens from effectively colonizing epithelial tissues. S. flexneri, which uses ABM to
spread between adjacent cells, downregulates extrusion by blocking host cell detach-
ment from the basement membrane of the intestinal epithelium (93). Here, the bacte-
rial virulence factor, outer surface protein E (OspE), interacts with integrin-linked ki-
nase, a protein that couples the ECM to the host cell actin cytoskeleton, to increase the
number of cell-ECM adhesions, inhibit their disassembly, and delay turnover. Although
not measured in this study, the magnitude and the dynamics of traction stresses
exerted by infected host cells on their ECM are expected to increase and slow down,
respectively, in comparison to uninfected cells. This would result in attenuation of cell
movement and detachment. Indeed, a scratch-wound assay to interrogate how OspE
alters the behavior of epithelial cells revealed that OspE blocks host cell motility, a con-
sequence of the cell’s inability to detach from the basement membrane, which is
required for forward motion (93, 94).

Infection with WT S. flexneri also reduced cell rounding compared to AospE S. flex-
neri, once again linking OspE'’s role at cell-ECM adhesions to the functional conse-
quence of extrusion suppression. By suppressing host cell extrusion through expres-
sion of OspE, S. flexneri can more efficiently spread between neighboring cells than the
AospE mutant (93). Though S. flexneri differs from S. enterica in favoring lateral cell-
to-cell spread over extrusion, the strategies employed by both pathogens result in
enhanced dissemination. Other intracellular bacterial pathogens, like Neisseria gonor-
rhoeae, also achieve efficient spread via suppression of host cell extrusion, although
the mechanical changes that host cells experience require further investigation (95).
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Intracellular Bacteria Alter Host Cell Motility To Enable Greater Spread

In addition to inducing host cell extrusion, intracellular pathogens can increase the
motility of their host cells (96) or alter the directionality of their movement (97) to pro-
mote greater dissemination. Furthermore, certain pathogens induce angiogenesis (for-
mation of new blood vessels), which requires increased host endothelial cell migration
and proliferation (98). Angiogenesis expands the reservoir of cells the bacterium can
inhabit (98) and enables bacteria to travel farther within the host organism and estab-
lish a larger number of colonies (99). To enhance host cell migration, pathogens induce
formation of host cell lamellipodia (100, 101), modulate host cell-ECM adhesion (96,
101), and stimulate secretion of ECM-degrading enzymes to clear the path forward for
the moving host cell (102).

Yersinia enhances T-cell motility via alterations in cell-ECM adhesion. Yersinia
pseudotuberculosis initially infects the intestine but can travel to secondary sites to
cause diseases such as reactive arthritis (103). Its strategy for systemic spread involves
hitching a ride in motile cells of the immune system, including T cells. The Yersinia viru-
lence factor invasin (Inv), which binds B, integrins, weakens adhesion of T lymphocytes
to their ECM and induces formation of pseudopodia, leading to a more migratory host
cell phenotype (96). In addition, Inv mimics the activity of other 3, integrin ligands like
fibronectin and collagen IV, inducing host cell haptotaxis (migration toward a gradient
of immobilized ECM ligands) (98). In fact, Inv is a potent haptotactic trigger, since more
cells migrate directionally in response to Inv than to fibronectin or collagen IV gra-
dients. Addition of soluble Inv also enhances migration of T cells already seeded on
collagen IV and fibronectin matrices (96). This in vitro finding could be furthered by
interrogating Inv’s effect on T cell migration in a more physiological context, particu-
larly in the presence of shear flow. In the absence of shear flow, chemokines that have
been immobilized onto adhesive matrices behave similarly to Inv and induce T cell
migration. Under conditions of high shear, the same chemokines activate integrins to
increase cell-ECM adhesion and arrest motility (104). As Inv can activate 3, integrin, it
would be interesting to study whether it can also trigger arrest (105). When T cells
migrate across the endothelium, they arrest in areas of high shear prior to transmigrat-
ing through the endothelium (106). Leukocytes typically follow both chemotactic and
haptotactic gradients to transmigrate across epithelial monolayers. In this scenario, not
only could Inv increase the speed of T cells crawling on ECM or other cell types, but it
could also promote traversal across the intestine’s basement membrane, leading to
the establishment of secondary infection sites (107).

S. Typhimurium infection alters electric fields in tissues to guide macrophages.
One way in which S. Typhimurium directs infected macrophages away from the
infected intestine to spread infection systemically is by altering their electrical proper-
ties (Fig. 3A). When S. Typhimurium infects microfold or M cells of the follicle-associ-
ated epithelium, it compromises their barrier integrity, as measured through reduced
transepithelial resistance (97, 108). The resulting change in transepithelial potential
generates directional electric fields which induce the persistent migration of macro-
phages toward the intestine to help clear infection. Directional cell migration in
response to chemical signals (i.e., electrotaxis or galvanotaxis) has been studied exten-
sively in other contexts, e.g., during wound healing (109). In the context of infection
with S. Typhimurium, the authors show that once macrophages take up bacteria at the
site of infection, they often switch their direction of migration away from the intestine.
Charged macromolecules at the surface of cells have long been known to be involved
in electrotaxis (110). Accordingly, in this study, authors attribute this unexpected
switch in migration direction to be caused by an S. Typhimurium-induced decrease of
sialic acid, a negatively charged sugar present on the macrophage surface, which they
find to be involved in driving galvanotaxis. The reversal in infected macrophage polar-
ity and directionality to move away from the epithelium is proposed to assist the
pathogen in disseminating more widely through the host (97).
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FIG 3 Changes in host cell motility promote bacterial dissemination. (A) Macrophages’ migration toward and away
from the infected epithelium is driven by electrical signals. S. enterica hijacks the galvanotaxis-mediated response of
macrophages to better disseminate. The color gradient represents the gradient in the electric field. Adapted from
reference 97. (B) B. bacilliformis promotes angiogenesis and enhanced endothelial cell sprouting and migration in part
through ECM remodeling.

Angiogenesis promotes bacterial dissemination. Another strategy intracellular
pathogens can employ to propagate through their host is angiogenesis, particularly in
the context of chronic infection. For example, persistent infection with Chlamydia pneu-
moniae causes age-related macular degeneration (AMD) (111), with choroidal blood ves-
sels invading the retina (111, 112), and atherosclerosis, which is characterized by blood
vessel stiffening and neovascularization in plaques (113, 114). In vitro too, infection with
C. pneumoniae promotes angiogenesis of vascular endothelial cells (VECs) (Fig. 3B). Here,
the bacterium increases actin polymerization at the leading edge of infected VECs, giving
rise to lamellipodial protrusions (100). As a result, VECs exhibit enhanced migration and
sprout into new blood vessels (115). In vascular smooth muscle cells (VSMCs) located in
the middle layer (tunica media) of the blood vessel, C. pneumoniae infection can cause
atherosclerosis and neovascularization. Not only are C. pneumoniae-infected VSMCs
more adept at migration, but they also exhibit increased cell-ECM adhesion which allows
for persistent migration (116). Moreover, C. pneumoniae induces host cell expression of
the metalloproteinases MMP3 and MMP9, matrix-degrading enzymes which remodel the
ECM to change its stiffness and porosity (117). This is a well-known strategy used by met-
astatic cells to facilitate their dissemination through the ECM (118). MMP-driven changes
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in ECM mechanics could thus open a path for VSMCs to form new blood vessels, thus en-
abling greater dissemination of the intracellular pathogen (102).

Bartonella is another genus of intracellular bacteria that induce angiogenesis in vivo
(119). Clinical samples infected with Bartonella bacilliformis revealed high levels of
VEGFR1, VEGFR2, and angiopoietin-2, proteins known to stimulate angiogenesis by
promoting the assembly of cell-ECM adhesions and the formation of filipodia and
lamellipodia, structures which enhance host cell motility (120). Angiogenesis, as
approximated by capillary-like tubes in vitro, was observed upon infection of human
umbilical vein endothelial cells (HUVEC) with B. bacilliformis, as was secretion of EGF
(121), which could stimulate endothelial cell motility by inducing an endothelial-to-
mesenchymal transition (122). Moreover, Bartonella henselae secretes BadA to activate
Hif-1, a transcription factor that coordinates angiogenesis and mediates the binding of
VECs to ECM components, possibly via B, integrins (123). As binding to B, integrin
allows Yersinia Inv to enhance the migratory behavior of its host cell (96), it would be
interesting to compare the kinematics (e.g., speed, directionality) and dynamics (e.g.,
traction stresses) of VECs infected with B. henselae that do or do not express BadA.
Further studies on the biomechanics of B. henselae-infected host cells could reveal the
mechanisms driving their highly migratory phenotype.

Intracellular Bacteria Dampen Adaptive Imnmune Responses by Changing Host Cell
Cortical Stiffness, Motility, and Adhesion Forces

Adaptive immunity provides long-term protection against specific pathogens and
involves the participation of T cells and antigen-presenting cells (APCs). APCs engulf a
pathogen, degrade it, and present an antigen at their cell surface. These antigens are
then recognized by T cells, which are activated to secrete cytokines, stimulate immune
cells, or kill cells infected with the specific pathogen (124). Intracellular pathogens can
alter the motility of both T cells and APCs to lower the frequency with which they inter-
act to form T cell-APC conjugate pairs, thereby disarming the adaptive immune
response. They do so by decreasing host cell migratory speed (125-127), preventing
cell polarization to impede directional movement (128-131), impairing adhesion to
prohibit persistent migration (14, 131), and reducing the cell’s ability to sense a chemo-
kine gradient and migrate directionally toward infected regions (130, 131). Intracellular
pathogens can further hamper the adaptive immune response by changing host cell
stiffness to reduce the efficiency with which T cells and APCs engage upon establish-
ment of contact (127).

Intracellular bacteria impair the kinematics of infected immune cells. S. flexneri
dampens the host’s adaptive immune response such that immunity is established only
after multiple reinfections and is short-lived (132). In mice, S. flexneri infects T cells in
the lymph nodes, where adaptive immunity is initiated (125). T cells exhibit impaired
motility in comparison to uninfected cells, which reduces their proficiency in scanning
for APCs and forming T cell-APC conjugate pairs (127). This is achieved through the
type 3 secretion system effector, IpgD which inactivates host cell ERM proteins, cross-
linkers of the plasma membrane cortical actin network. As only activated ERM proteins
redistribute in response to a chemoattractant, S. flexneri obstructs plasticity and polar-
ization of infected T cells, hindering their chemokine-directed migration (126) (Fig. 4A).

Another pathogen that reduces the formation of conjugate pairs is Legionella pneu-
mophila, which impairs the motility of macrophages (class of APCs) (129). In response
to the quorum sensing signal LAI-1, L. pneumophila inactivates host cell Cdc42, leading
to a reduction of microtubules in the host cell and a dissipation of actin from the cell
cortex (129) (Fig. 4B). These changes in cytoskeletal organization and possibly in cell
mechanics could explain the altered kinematics of host cells, including their decreased
migration directionality.

Dendritic cells (class of APCs) infected with S. Typhimurium also exhibit impaired
directionality without a loss of speed (Fig. 4B) (130). Cells infected with the wild-type
bacterium make more frequent turns than uninfected cells or cells lacking the virulence
factor Salmonella secreted effector | (Ssel). The host scaffold protein IQGAP-1, which

June 2022 Volume 86 Issue 2

Microbiology and Molecular Biology Reviews

10.1128/mmbr.00094-20

13


https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00094-20

Infection Biomechanics Microbiology and Molecular Biology Reviews

>

infected APC

soft T cell

Infection

S. flexneri infection

— celldisplacement ~ mmssm cortical actin
[ chemokine gradient microtubules

XK ECM ©" bacteria

No infection oo

L. pneumophila infection

FIG 4 Bacteria hijack host cell mechanics during adaptive immune responses. (A) S. flexneri-infected T cells
stiffen and migrate slower and with less persistence toward APCs. (B) L. pneumophila-infected macrophages
soften, weaken matrix adhesion, and lose migration directionality when performing chemotaxis.

normally localizes to lamellipodial protrusions, binds to Ssel, and this interaction plays a
role in hindering cell migration (131). In addition, Ssel causes the persistent activation of
heterotrimeric G; proteins, which can suppress the activity of the signaling GTPase Rac
and prevent the accumulation of PIP; at the leading edge of the host cell. In this way, S.
Typhimurium behaves similarly to S. flexneri and L. pneumophila, blocking cell polariza-
tion to impede chemokine-directed migration; however, S. Typhimurium employs an
additional strategy. As most chemokine receptors are coupled to heterotrimeric G; pro-
teins, constitutive activation of G, proteins prohibits sensing of the chemokine gradient
(133). The number of CD4* T and dendritic cells found in the spleen are reduced when
mice are infected with WT rather than Assel S. Typhimurium, suggesting that these strat-
egies of impairing host cell kinematics prevent T cells from reaching extraintestinal
organs where adaptive immune response processes take place and lessen the aggres-
siveness of the humoral response (131).

Stiffening of S. flexneri-infected T cells obstructs interactions with APCs. Unlike L.
pneumophila-infected macrophages, which lose cortical actin relative to uninfected macro-
phages, S. flexneri-infected CD4* T cells show a 2-fold increase in their F-actin content
compared to uninfected cells. As a result, their cortical stiffness increases significantly com-
pared to uninfected cells (probed through microindentation) (127). This increased stiffness
causes infected CD4" T cells to resemble naive T cells and to form small immunological
synapses that are not very responsive to antigenic stimulation (127). Activated T cells are
generally softer than naive T cells and therefore more capable of spreading onto APCs.
Upon contact, they soften further due to the role of cofilin in severing actin filaments. In
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naive T cells, enhanced Rho-associated protein kinase (ROCK) activity inactivates cofilin to
prevent softening upon formation of the conjugate pair (134). It would be valuable to
study whether S. flexneri-infected T cells are also prevented from altering their stiffness
upon contacting their target APCs. Since dephosphorylation of ERM proteins is another
mechanism through which activated T cells deform upon antigen recognition (135), one
might hypothesize that ERM proteins, which are already dephosphorylated during infec-
tion, prevent efficient engagement of T cells with APCs.

Decreased cell-ECM adhesion impairs kinematics of infected immune cells.
Macrophages infected with S. Typhimurium and dendritic cells infected with Yersinia
pestis are more likely to detach from the surface on which they are migrating than
uninfected cells (131, 136). Similarly, when L. pneumophila infects the protozoan
Acanthamoeba castellani, it causes its host to round up, become less adherent, and
lower its migration speed. In particular, infection decreases the formation of acantha-
podia, spine-like structures that allow for greater surface adhesion (14). By removing
Ras homology family member A (RhoA, a GTPase that regulates critically the actin cyto-
skeleton [137]) from the membrane of infected macrophages, Y. enterocolitica also pre-
vents the formation of adhesive structures, in this case, podosomes (138). It would be
interesting to know how much the increase in cortical stiffness of S. flexneri-infected
CD4* T cells prevents the formation of similar protrusive structures that might aid in
both the crawling movement of T cells during the scanning phase and their ability to
spread onto the surface of an APC.

HOST CELLS CHANGE THEIR MECHANICS TO LIMIT BACTERIAL SPREAD

Bacterial pathogens often manipulate host cell mechanics (e.g., their migration
speed, persistence, traction forces, intercellular forces, and cellular stiffness, etc.) to effi-
ciently spread through tissues, but host cells themselves can also alter their mechanics
in response to infection to impede the spread of pathogens. These biomechanical
changes are often driven by innate immune signaling and are beneficial for the host in
limiting bacterial spread, as discussed below (139, 140).

Host Cell Mechanics Drives Bacterial Phagocytosis

Phagocytes are best known for their ability to recognize and eliminate bacterial
pathogens. As with many other aspects of bacterial pathogenesis, a great deal of work
has gone into identifying the molecular pathways associated with pathogen recognition
and downstream signaling for successful uptake, but relatively less is known about the
mechanical forces that bacteria use to elicit their uptake and, conversely, the forces that
host cells use to promote bacterial engulfment (141, 142). Typically, bacteria first engage
and cluster host cell receptors, which leads to a remodeling of the cellular actin cytoskel-
eton. This actin reorganization presumably provides the necessary mechanical force for
the creation of membrane protrusions or ruffles, which allow the membrane to wrap
around the phagocytic target (143). Indeed, macrophages have been reported to employ
a mechanobiological process that resembles a “hook and shovel” mechanism, where
they use actin-driven membrane extensions to lift bacteria from underneath and build a
phagocytic cup to engulf them (127). The protrusive force of these membrane exten-
sions, such as filopodia, membrane ruffles, and podosomes, has been measured though
protrusion force microscopy, which consists of measuring by AFM the deformation
induced by these cell structures onto compliant Formvar sheets (polymer elastic porous
membranes inert to chemicals [144, 145). These forces range from 3 to 100 pN and are
similar to those that facilitate the engagement of phagocytic targets, including patho-
gens like Escherichia coli, that adhere strongly to the ECM (125). Recent technical
advancements such as microparticle TFM have enabled measurement of subcellular
force exertion patterns when immune cells interact with and ingest polyacrylamide
beads (146). While this technique has increased our understanding of the forces required
to engulf soft elastic deformable polyacrylamide-based targets, it is unclear how comple-
mentary forces involved in the engulfment of much stiffer bacterial pathogens would be
measured. Technical advancements in this area would enable us to infer what forces
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host cells must exert to efficiently engulf bacterial targets and how these forces change
depending on the shape and morphology of the bacterial target and on the receptors
engaged. It could also inform us on how these host cell forces that promote bacterial
engulfment are modulated when host cells encounter a dynamic extracellular mechani-
cal environment where shear flow and ECM stiffness vary.

Inflammasome Activation Drives Stiffening of Host Cells to Limit Infection

Inflammasomes are multimeric protein complexes that assemble in the cytoplasm of
infected cells and provide innate immune protection by activating caspase-1 (147). This
leads to the secretion of proinflammatory cytokines and sometimes causes pyroptotic cell
death. When these processes are regulated, they function to protect the host by restricting
the bacterial burden in host cells (147). For example, inflammasome activation is critical in
limiting S. enterica infection in macrophages (140). Here, actin polymerization in response
to S. enterica infection activates the NLRC4 inflammasome, which induces a 2-fold increase
in cellular stiffness as measured by a cell optical stretcher. As stiffer cells are less adept at
engulfing bacteria, the inflammasome prevents further bacterial uptake by infected mac-
rophages. Moreover, the increase in cellular stiffness might impede bacterial dissemination
by limiting macrophage moatility, although this was not examined explicitly. Overall, this
work suggests that innate immunity can alter the cytoskeletal mechanics and motility of
macrophages to restrict spread of S. enterica infection (140).

Further studies support a link between inflammasome activation and cytoskeletal dy-
namics in infection, although explicit measurements of cell or cytoskeletal mechanics are
lacking (148, 149). For example, the pyrin inflammasome is often initiated in response to
fluctuations in cytoskeletal dynamics and acts as an immune sensor to detect pathogen-
induced changes in Rho GTPase activity (148). Various intracellular bacterial pathogens
(e.g., Burkholderia cenocepacia, Clostridium difficile) modulate Rho GTPase activity to cause
actin cytoskeletal defects that suppress host immune responses such as phagocytosis
(150-152). Pyrin specifically senses modifications in RhoA GTPase activity and protects
against infection by activating caspase-1. Accordingly, loss of the pyrin inflammasome ele-
vates intracellular bacterial growth (153). Moreover, components of the inflammasome
including caspase-1 modulate the actin machinery that promotes fusion of the phago-
some with the lysosome, a key host defense mechanism against many bacterial patho-
gens, including L. pneumophila (154). In response to caspase-1 activation, the ratio of fila-
mentous to monomeric actin increases in infected macrophages, and this probably also
augments cell stiffness, which helps to constrain bacterial infection. While the role of
inflammasome activation in altering host cell mechanics is beginning to be understood,
the mechanisms by which cytoplasmic and cytoskeletal mechanics and dynamics lead to
inflammasome activation are still to be uncovered.

Antimicrobial Peptides, Commensal Bacteria, and Probiotics Alter Cell Mechanics
and Barrier Function

Host cell-produced antimicrobial peptides (AMPs), also known as host defense pep-
tides, are short peptides often produced in response to infection. Most AMPs kill micro-
bial pathogens directly, whereas others act indirectly by modulating various host cell
processes, including cell mechanics and barrier function. Antimicrobial agents pro-
duced by commensal bacteria and probiotics can also participate in the maintenance
and strengthening of the epithelial barrier by acting as key defenders against infec-
tions by intracellular bacteria (155-157).

LL-37 increases stiffness and barrier function of cells restricting infection. The LL-
37 cathelicidin is a human AMP that exhibits antibacterial activity (158) and induces
actin polymerization to modify the host cell cortex in lung epithelial and endothelial
cells (159). This increase in cortical actin polymerization leads to cellular stiffening
(measured by AFM) and decreases epithelial permeability by strengthening cell-cell
junctions. This combination of cellular stiffening and increased barrier function has
been shown to obstruct Pseudomonas aeruginosa internalization and spread (159).
Thus, AMPs not only kill bacteria but also limit bacterial spread by changing host cell
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mechanics. Further studies suggest that AMPs regulate the barrier function of epithe-
lial cells in additional tissues, such as the skin (160). For instance, disruption of the cuta-
neous physical barrier leads to induction of the murine ortholog of LL-37 (CRAMP),
which restores tissue integrity (161). However, the dynamic interplay between AMP
production and modulation of intercellular forces necessary for proper barrier function
of epithelia is still to be uncovered.

AMPs enhance cell motility and reepithelization in response to infection. Not only
do AMPs promote restoration of the physical barrier of epithelial tissues, but they can
also contribute to wound healing in response to injury or infection (162, 163). For
example, when infection with P. aeruginosa damages the airway epithelium, creating
wounds, certain AMPs can enhance epithelial cell migration to accelerate the healing
of these wounds (163). This process is mediated in part by epidermal growth factor re-
ceptor (EGFR)-driven enhancement of epithelial cell migration and increased produc-
tion of metalloproteases (MMPs). Specifically, MMP9, a matrix-degrading enzyme previ-
ously linked to ECM remodeling and changes in ECM stiffness, is upregulated (117). If
MMP9 drives changes in ECM stiffness during infection, it might also play a role in pro-
moting the epithelial-to-mesenchymal transition, which gives rise to an increase in the
collective motility of epithelial cells (164, 165). A more detailed mechanistic under-
standing is still pending. Given the increasing development of microbial resistance to
conventional antibiotics worldwide, multiple efforts are focused on the potential clini-
cal usage of AMPs to fight infection. As such, it is pertinent to study the effect of AMPs
on the mechanics and motility of host cells and on restoring barrier function.

Host cell mechanics are modulated in the presence of commensal bacteria and
probiotics. Probiotics, commensal microbial populations, and their metabolites can
regulate the physical properties and reinforce the barrier function of epithelial tissues,
ultimately defending the host against infection (157, 158, 166). For example, urolithin
A is a gut microbiota-generated metabolite that both reduces inflammation and
enhances barrier function (166). Lactobacillus and Bifidobacterium genera and other
probiotics enhance intestinal barrier function by increasing expression of epithelial
tight junction proteins, possibly strengthening intercellular force transduction (167-
169). This effect has been attributed to production of specific bacterial metabolites
(e.g., secreted extracellular proteins, organic acids) and to bacterial surface layer pro-
teins (e.g., flagellin, pili) that can directly modulate host cell signaling, impacting bar-
rier function (170). Bacterial sphingolipids can also affect host cell mechanics and regu-
late barrier integrity (171). Studies have shown that the host cell’'s plasma membrane is
highly packed with sphingolipids that allow host cells to resist mechanical stress
through signaling orchestrated by sphingosine 1-phosphate (S1P), S1P receptor (S1PR),
and Rho-associated protein kinase (ROCK). Together, their activity helps increase acto-
myosin contractility (172, 173). It is still not well understood how sphingolipids pro-
duced by the microbiota might alter host cell mechanics and provide additional resist-
ance to mechanical stress, thus potentially protecting against bacterial pathogens.

Changes in Cell Contractility, Adhesion, and Motility Lead to the Elimination of Infected
Cells and Epithelial Remodeling

As we discussed in an earlier section, pathogenic bacteria can hijack intestinal
extrusion to promote their own dissemination. However, in some cases, cell extrusion
can also act as a host defense mechanism. For example, in the intestine, bacterial infec-
tion often stimulates the shedding of infected cells en masse, which is followed by
stem cell proliferation and migration of surrounding uninfected cells to restore epithe-
lial homeostasis (13). The mechanics driving this process are distinct from those of sin-
gle-cell extrusion and do not involve the classical actomyosin purse-string contraction
(139). Below, we discuss recent studies that showcase infected cell extrusion as a
defense mechanism to eject infected cells from host tissue and restore homeostasis.

Infected cell extrusion and cell motility restore epithelial homeostasis. A 2010
study revealed that infection of Drosophila melanogaster with bacterial pathogen
Erwinia carotovora leads to a large-scale epithelial remodeling in the gut that is
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FIG 5 Innate immunity-driven changes in host cell mechanics limit bacterial spread. Innate immune
signaling drives a mechanical competition between uninfected and L. monocytogenes-infected cells. Softer
and less contractile infected cells get extruded en masse out of the cellular monolayer due to the active
migration and squeezing triggered by surrounding uninfected cells. Adapted from reference 139.

followed by restoration of gut homeostasis (13). At early time points postinfection,
roughly half of the enterocytes present in the gut are extruded en masse, shortening
the gut to 60% of its initial length. As the infection proceeds, the gut elongates due to
increased proliferation of enteroblasts, differentiation of enteroblasts into enterocytes,
and enhanced collective motility of these enterocytes. These processes allow the gut
to return to its original dimensions 2 days postinfection, preventing excessive extru-
sion from leading to loss of barrier function. Here, the EGFR pathway promotes both
infected cell extrusion and wound healing-driven restoration of epithelial homeostasis
(174). Enterocytes in the fruit fly’'s midgut employ similar mechanisms when infected
with Pseudomonas entomophila (175). These studies demonstrate that extrusion of
infected cells accompanied by collective migration and proliferation of uninfected cells
following infection can restore gut homeostasis in the fruit fly. What the precise me-
chanical events might be that facilitate infected cell extrusion in this context and the
restoration of gut homeostasis are still open questions.

Innate immunity-driven mechanical competition drives extrusion of infected cells. A
more recent 2021 in vitro study on L. monocytogenes-infected epithelial cells led to sim-
ilar observations of infected cell extrusion en masse, driven by collective migration of
uninfected bystander cells surrounding the infected domains (139). This study added
to previous works by showing that this process results from a mechanical battle
between uninfected bystanders and infected cells, where the former win and the latter
lose and, therefore, get extruded (Fig. 5). To come to this conclusion, epithelial cell
monolayers sparsely infected with L. monocytogenes were monitored over the course
of several days. Using TFM and AFM, it was discovered that infected host cells become
softer over time and exert less traction on the deformable matrices underneath them.
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In contrast, the uninfected cells surrounding the infection focus become stiffer and
actively move toward the site of infection, collectively squeezing the infected cells up
into an extruding mound over the course of a day. Bacteria in mounds are less able to
spread laterally in the monolayer, potentially just due to geometry (i.e., because most
bacteria are contained in the extruded cells and thus are no longer in close physical
proximity to cells still attached to the substratum), limiting the growth of the infection
focus. Meanwhile, mounded cells die over time and no longer serve as viable hosts for
the bacteria. Both in vitro and in silico (finite element analysis) experiments indicate
that the driving forces of this mechanical battle are directional migration of highly con-
tractile surrounding uninfected cells, the presence of intact cell-cell junctions, and
innate immune signaling through NF-«B activation. It is worth noting that infection
mounds were observed in infected animal cells (MDCK, Vero) and human epithelial
cells (A431D, human ileum-derived intestinal epithelial cells). Moreover, infection
mounds occurred in response to infection by L. monocytogenes and R. parkeri mutants
that lack the outer membrane protein B (OmpB), both of which activate NF-«B signal-
ing, but extrusion was not observed with WT R. parkeri, which does not activate NF-«B.
These findings suggest that the mechanical competition that leads to infected cell
extrusion en masse is triggered by NF-«B activation and is not specific to L. monocyto-
genes infection. In addition, they underline the dynamic capability of epithelial tissue
to remodel in response to infection and also propose a mechanical mechanism driven
by innate immunity signals that leads to infected cell extrusion, quickly limiting the
local spread of infection (139). This strategy appears to be employed broadly to defend
against pathogens that activate NF-«xB, while some pathogens (e.g., WT R. parkeri)
might trick the host by suppressing NF-«B activation to avoid the mechanical battle
that leads to extrusion of infected cells.

NF-«B activation facilitates rapid remodeling of E-cadherin cell-cell junctions and
uniform collective migration of epithelial cells in response to injury or damage induced
by infection (176). In mice infected intragastrically with S. flexneri, L. monocytogenes,
and S. Typhimurium, waves of NF-«B and MAPK/ERK signals that propagated from
infected cells to uninfected bystanders rendered mice resistant to infection (177). At
early time points, autophagy-induced shedding of infected cells repressed subsequent
bacterial invasion and pathological inflammation (178). Within the course of a day, the
whole intestinal epithelium was regenerated as a result of these propagating signaling
waves. The precise cellular dynamics leading to reepithelization have not yet been
characterized. It would be interesting to study how these waves of NF-«B and MAPK/
ERK signaling are correlated with changes in cell mechanics and cell-cell communica-
tion and how they give rise to mechanical competition between infected cells and
bystanders. Recent work during wound healing of epithelial cells revealed ERK-medi-
ated mechanochemical waves to emerge during collective cell migration of epithelial
sheets. These waves are generated by the stretching of leading cells, which elevates
ERK activity and leads to contraction of those cells and extension of the cells just
behind them (179, 180). Hence, a mechanical stimulus (cell strain) leads to a biochemi-
cal response (increase in ERK activity), which leads to a mechanical response (contrac-
tion of cell). Strain rate and ERK activity oscillate with the same frequency but are
slightly out of phase, with the strain rate preceding. These waves allow for long-range
cell communication. Whether such waves arise during infection and what is the precise
stimulus are still to be uncovered.

EXTRACELLULAR MECHANICS INFLUENCES INFECTION

A central element in mechanobiology is cellular “mechanosensing” (181). Cells
actively probe the stiffness of the ECM on which they reside by exerting stresses on it
via transmembrane proteins named integrins (1). The mechanism by which cells sense
matrix stiffness is an active area of investigation. Likewise, cells often experience fluid
shear flows at their apical surface which they can sense through specialized receptors,
leading to changes in gene expression and morphological organization (182).
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FIG 6 Host cells experience extracellular mechanical cues during infection. Extracellular mechanical
cues (input, left) imposed on host cells (system, middle) by their environment and the different host
cell-pathogen interaction processes they could modulate (output, right). Extracellular mechanical cues
include (1) ECM stiffness, (2) luminal shear flows, (3) cellular deformation due to ECM stretch, and (4)
pressure-driven cellular compression. Host-pathogen interactions that could be modulated by
extracellular mechanics include (i) adhesion of bacteria onto the host cell surface, (ii) uptake of
bacteria within host cells (internalization), (iii) intracellular bacteria cell-to-cell spread, (iv) bacterial
transmigration from the epithelial layer across the basement membrane, and (v) heterotypic bacterial
spread from infected immune cells and infected immune cell transmigration through epithelia or
endothelia.

Additional mechanical cues that cells experience include pressure-driven cellular com-
pressions (e.g., epithelial cells in the lungs) and peristalsis-driven cellular stretching
(e.g., epithelial cells in the intestine). Transduction of this mechanical information typi-
cally produces a cellular response that involves alterations in cell functions and fate,
including motility (18), differentiation (183), gene expression, and protein activity
(184). Recently, many studies have focused on the effect of these forces in the interac-
tion of host cells with bacterial pathogens.

Stiffness of Extracellular Matrix Affects Infection

ECM stiffness varies in different parts of the body and over time due to aging and
(patho)physiological conditions (e.g., arteriosclerosis, hypertension, fibrotic diseases,
cancer) (185-187). Clinical in vivo studies show a positive correlation between athero-
genesis and susceptibility to bacterial infection (188, 189), yet it is unclear if infections
lead to atherosclerosis (190, 191) or if endothelial cells in stiff atherosclerotic regions
are more prone to infection (192). The importance of ECM stiffness on altering host cell
behavior and interaction with bacterial pathogens is just beginning to be considered,
and novel mechanisms of action are being discovered (Fig. 6) (193). In the sections
below, we discuss findings that illustrate how ECM stiffness can modulate host-patho-
gen interactions. However, additional properties of the ECM, such as ECM porosity, pro-
tein tethering, surface tension, and creep compliance, have recently emerged as im-
portant mechano-regulators of cell function as well (194, 195). Due to the absence of
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FIG 7 Extracellular mechanics rule interaction of host cells with bacterial pathogens. (A) Sketch
depicting how increased ECM matrix (black mesh) stiffness augments FAK phosphorylation (purple
circles) and levels of surface vimentin (blue receptors), thus increasing the adhesion of L. monocytogenes
(red rods) to host cells. Panels on the right depict additional ECM stiffness-sensitive processes that could
regulate bacterial adhesion onto host cells, including variations of the host cell glycocalyx (gray) and
surface roughness. (B) Cartoon depicting how catch bonds between host cell receptors and bacterial
surface proteins function. Green arrows indicate the direction of applied force. (C) S. flexneri-infected
epithelial cells on a gut-on-chip device compared to cells residing on static Transwells reveal that
mechanical deformations and shear flows as well as ECM topography critically impact infection. Adapted
from reference 12 with permission from Elsevier.

studies assessing the role of these mechanical cues in infection, they are not discussed
below but are likely to contribute to the outcome of infection.

ECM stiffening enhances L. monocytogenes uptake by host cells. A 2018 study
showed that L. monocytogenes is twice as likely to infect endothelial cells residing on
stiff matrices than on softer ECM (Fig. 7A) (193). This finding suggests that ECM stiff-
ness impacts infection of host cells and calls into question the physiological relevance
of in vitro infection assays, which are performed on glass coverslips that are ~6 orders
of magnitude stiffer than most tissues (3 GPa versus ~10 kPa). This study showed that
elevated subendothelial matrix stiffness leads to an increase in pFAK3%7, that is,
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phosphorylation at Tyr-397 of focal adhesion kinase (FAK), a known mechano-trans-
ducer present at host cell focal adhesions (196). Higher pFAK37 |evels lead to increased
levels of surface vimentin, a receptor used by L. monocytogenes to adhere to endothe-
lial cells. Additional biochemical or biophysical factors, such as changes in glycocalyx
components or a rougher host cell surface, might also facilitate the increased adhesion
and uptake of bacteria into host cells residing on stiffer matrices (Fig. 7A). Moreover, it
is unknown if the effect of ECM stiffness on infection susceptibility represents a univer-
sal phenomenon suggestive of a generalized phagocytosis-like process or if this rela-
tionship differs depending on host cell type or bacterial species (193).

ECM softening facilitates UPEC endosomal escape. ECM stiffness also impacts
infection of bladder cells by uropathogenic Escherichia coli (UPEC) (197). After UPEC
invades bladder cells in vivo, it escapes the endosome to replicate in the cytoplasm of
its host (198). However, in tissue culture, UPEC is often trapped within Lamp1-positive
endosomes and cannot proliferate efficiently unless the host’s actin cytoskeleton is dis-
rupted, allowing for endosomal escape. Given that ECM stiffness is a critical regulator
of actin cytoskeletal dynamics, a 2019 study examined whether ECM stiffness could
modulate UPEC endosomal escape (197). Indeed, it was found that at a physiological
ECM stiffness (~300 Pa), UPEC escapes the endosome and proliferates rapidly in the
cytoplasm of bladder epithelial cells. Furthermore, decreased levels of RhoB (a Rho
GTPase) or RhoB effector PRK1 in cells seeded on soft ECM (as opposed to stiffer ECM
or plastic) was responsible for the increase in endosomal escape (197). It would be
interesting to examine the contribution of additional relevant mechanical cues, such as
apically exposed fluid shear flow, on endosomal escape of UPEC from bladder cells.
Shear flow could both enhance adhesion of UPEC to the surface of host bladder cells
(199) and promote endosomal escape following uptake, as flow is known to alter cytos-
keletal organization and dynamics in various cell types (200, 201).

ECM stiffness can affect uptake and intercellular spread of bacteria. ECM stiffness
can mediate the production of proinflammatory cytokines by immune cells (202-204). In
response to lipopolysaccharide (a bacterial proinflammatory agent), macrophages residing
on soft ECM produce and secrete lower amounts of proinflammatory mediators than mac-
rophages residing on stiff ECM (205). This might be a consequence of increased Toll-like re-
ceptor 4 activity in macrophages seeded on stiff matrices, which would lead to increased
activation of NF-«B, a transcription factor that induces secretion of proinflammatory cyto-
kines. Interestingly, exposure of macrophages to both lipopolysaccharide and/or to spe-
cific mechanical cues (i.e., increased ECM stiffness) increases macrophage elasticity through
regulation of actin polymerization and Rho GTPase activity. This then augments the macro-
phage’s ability to phagocytose targets (206, 207). However, most studies on phagocytosis
sensitive to ECM stiffness have been performed using IgG opsonized beads as targets, so it
remains unclear whether these findings would also apply during infection of macrophages
with bacterial pathogens.

Other than bacterial uptake, ECM stiffness might also regulate the ability of intracel-
lular bacteria to spread from cell to cell, as when L. monocytogenes spreads among en-
dothelial cells (208). Intracellular bacteria undergoing ABM must overcome the tension
faced at the donor cell membrane to create a protrusion that will be engulfed by a
neighboring cell (209). Preliminary findings suggest that decreasing ECM stiffness
reduces intracellular tension (measured via MSM), which favors L. monocytogenes inter-
cellular spread (208). Moreover, cells residing on softer matrices tend to exhibit
reduced membrane tension, which could also enhance trans-endocytosis (the process
where material created in one cell undergoes endocytosis, entering another cell), thus
enabling more efficient bacterial cell-to-cell spread (210-213). Indeed, evidence sug-
gests that L. monocytogenes and S. flexneri hijack cell-cell junction communication and
caveolin- or clathrin-related endocytic processes, respectively, to spread intercellularly
(213, 214). However, a systematic analysis of the mechanisms by which ECM stiffness
modulates intercellular force transduction and trans-endocytosis, and how they

June 2022 Volume 86 Issue 2

Microbiology and Molecular Biology Reviews

10.1128/mmbr.00094-20

22


https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00094-20

Infection Biomechanics

differentially impact the donor versus the recipient cell during intracellular bacterial
spread, is still pending.

Apically Exposed Fluid Shear Flow Modulates Infection

Endothelial cells are constantly exposed to shear stresses due to blood flow over
their surfaces and respond to these stresses with changes in gene expression and mor-
phological organization (Fig. 6) (182). The magnitude of shear stress experienced by
these cells varies widely (0 to 100 dynes/cm?) depending on the blood vessel type,
size, location, age and (patho)physiological condition. While circulation in capillaries
can reach very low shear stress values (<1 dynes/cm?) and can even stop for short
periods of time, shear stresses in arterioles can reach 100 dynes/cm? (215). Intestinal
epithelial cells are also exposed to luminal shear flows that are much lower in magni-
tude (~0.025 dynes/cm?) than those endured by endothelial cells but still have an
impact on cell polarization, autophagy, villus formation, three-dimensional (3D) mor-
phogenesis (216, 217), and even interactions between intestinal epithelial cells and the
microbiome (218). Interestingly, physiological luminal flow and peristalsis-driven defor-
mation of epithelial cells are severely disrupted in patients exhibiting various types of
inflammatory bowel diseases (IBD) (218). The impact of this disruption on host-patho-
gen interactions has recently become an active area of research.

Bacteria turn on virulence programs upon exposure to shear flow. Dynamic rotat-
ing wall vessel (RWV) bioreactor technology can be used to infer the role of shear
stresses onto the interaction of host cells with bacterial pathogens (219). In an RWV
bioreactor, host cells and/or bacterial pathogens are placed in a cylindrical vessel and
are maintained in suspension by the slow rotation of the vessel. The orientation of the
rotating vessel determines whether cells and/or bacteria are exposed to low or high
shear stresses. This technology was used to show that fluid shear stresses alter gene
expression and virulence of S. enterica grown in these vessels (219, 220). When these
bacteria were then used to infect mice, mice infected with S. enterica grown in a high-
shear-force environment exhibited faster disease progression and death. In another
study examining infection of Hela cells with enterohemorrhagic Escherichia coli (EHEC)
residing within flow cells exposed to varying shear flow, it was also shown that EHEC
responds to shear by increasing virulence through changes in gene expression (221).
Here, increased infection susceptibility of host cells exposed to high shear flow by
EHEC was attributed to increased expression of the locus of enterocyte (LEE) virulence
factor. The magnitude of shear stresses and shear stress gradients dramatically alter
host cell behavior in nonintuitive ways (222, 223). For example, exposure to high shear
flow stalls endothelial cell proliferation but low shear flow augments proliferation com-
pared to static conditions. Cells can also exhibit distinct responses to pulsatile com-
pared to steady flow (224) or gradients of shear stress, which are often present at
blood vessel branches and bifurcations (2). Can bacterial pathogens sense such subtle
variations in shear and reprogram gene expression accordingly to increase efficiency
of infection?

Shear flow drives adhesion of pathogens on the surface of host cells. Shear flow
also modulates the strength with which bacterial pathogens attach to receptors at the sur-
face of host cells (15). Shear force-dependent alterations of bond strength and lifetime
were first characterized in the L-selectin (a transmembrane glycoprotein)-dependent adhe-
sion of lymphocytes to surface receptors of vascular endothelial cells (225). The strength of
interaction between these two receptors increases with increasing shear stress, forming a
catch bond (Fig. 7B). Catch bonds have an optimum shear stress level that leads to the
highest bond lifetime (i.e., neither too low nor too high) (225). Interestingly, the surface
receptors of many bacterial pathogens bond with receptors on the host cell surface, and
the strength and lifetime of these bonds depend on force exertion due to fluid flow, sug-
gesting that they may act as catch bonds (226-229). For example, the interaction between
FimH adhesin found on UPEC and N-glycans on the host cell surface can switch from loose
to firm with the application of a 10-fold increase in shear stress (199). EHEC, Pseudomonas
aeruginosa, Borrelia burgdorferi, Staphylococcus epidermis, and Staphylococcus aureus are
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other bacterial pathogens that exhibit enhanced adhesion to their host cell due to catch
bonds strengthened by fluid shear stresses (226-231). The precise role of shear flow in acti-
vating bacterial ligands and host cell receptors is still unclear, as are the possible effects of
variations in shear stress magnitude and gradients of shear stress on these interactions.
Also, whether shear stress-sensitive catch bonds ultimately increase successful invasion
events of pathogens within the host has not yet been explicitly studied.

Studying infection in the presence of shear flow can reveal additional features that
are not present under static conditions, as in the case of phosphoethanolamine cellu-
lose (pEtN)-driven adhesion of UPEC to bladder epithelial cells (25). When UPEC infects
bladder epithelial cells, it promotes adhesion onto host cells by producing and secret-
ing a variety of polysaccharides, including extracellular fibers located on the surface of
bacteria, such as curli (amyloid extracellular fibers) and a chemically modified form of
cellulose, pEtN. Conventional tissue culture adhesion assays had not revealed a role for
pEtN cellulose in UPEC adhesion to host cells. However, a live-cell monolayer micros-
copy rheometer that was used to measure adhesion strength between UPEC and a
monolayer of bladder epithelial cells revealed that under a high-shear environment,
PEtN cellulose acts as a glue to maintain curli association of bacteria with epithelial
cells (25). Additional pathogens might also turn on distinct programs only when
exposed to shear flows.

The outer surface of human cells is covered by a sugar coating, the glycocalyx, and
with a layer of secreted mucus in the case of cells originating from the gastrointestinal,
respiratory, and urogenital tracts, which are all common sites of pathogen attack. In
most cases, these linings act as protective barriers for the host cells (232), although
pathogens sometimes use components of the glycocalyx to promote their adhesion to
host cells (233, 234). Both the glycocalyx and the mucus linings of host cells are
extremely sensitive to shear flows, with their composition and rheological properties
varying as a function of shear stress magnitude and/or rate of shearing (235-237). At
the macroscale, mucus behaves like a non-Newtonian viscoelastic material containing
both viscous (resistant to flow) and elastic (resistant to deformation) components
(238). When the rate of shear is low, the viscosity of mucus is ~3 orders of magnitude
higher than that of water, while at higher shear rates, its viscosity is comparable to that
of water (that is, mucus is a shear-thinning material). At the microscale relevant to the
transport of pathogens, mucus can be seen as a dense heterogeneous cross-linked
polymer network (237). Changes in the rheological properties of mucus may greatly
affect its ability to function as a lubricant, selective barrier, and first line of defense
against infection (239). The impact of shear stresses on mucus anisotropic organization
and viscoelasticity is broadly unknown, as well as the effect of altering mucus proper-
ties on bacterial adhesion and subsequent uptake by host cells (237). Similarly, while
the role of the host cell glycocalyx in bacterial infections is well documented (240), as
is the sensitivity of glycocalyx to shear flow (235), the impact of shear flow-induced
changes to the glycocalyx on host-pathogen interactions is still to be uncovered.

Shear flow modulation of membrane tension might impact infection. Laminar
shear flow typically increases host cell membrane tension, with it becoming highest
near cell-cell junctions (241, 242). Increased membrane tension limits endocytic cellular
trafficking by inducing rapid disassembly of caveolae (211), which are involved in inter-
cellular bacterial spread (213). Variations in the magnitude of shear stresses and distur-
bances in shear flow significantly alter the cytoskeletal organization of cells, including
the way they transduce forces to each other and to their environment (243, 244). After
long-term exposure to shear stress, cells exhibit increased cortical stiffness, and their
surface is rougher and decorated with more “ridges” (245). Experiments on endothelial
cells that have been exposed to shear flow for a long time show reduced internaliza-
tion of nanoparticles compared to cells under static conditions (246, 247). It is possible
that shear flow could modulate the internalization and intercellular spread of patho-
genic bacteria through its effect on host cell tension and intercellular force
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transduction, the latter of which could be evaluated using FRET-based force sensors
and MSM (248).

Tensions and Compressions Experienced by Host Cells Impact Infection

Mechanical strains imposed on cells (i.e, compressions and tensions) have also
emerged as key extracellular mechanical cues modulating bacterial infection. For
example, intestinal epithelial cells deform in response to peristaltic waves of pressure
(16). Airway epithelial cells are also exposed to mechanical compressions during nor-
mal breathing and can experience compressive stresses that are an order of magnitude
higher in pathologies such as asthma-induced bronchospasm (249, 250). RNA sequenc-
ing showed that extracellular environment-triggered cellular deformations can alter
gene expression (251). In this study, gene expression of duodenal organoids in tissue
culture, duodenal cells placed on an organ-on-chip device (where cells are exposed to
peristaltic waves of pressure), and human adult duodenal cells was compared. Gene
expression of duodenal organoids in tissue culture showed considerable differences
from that of the other two conditions, underlining the importance of peristalsis-driven
deformations in determining the epithelial cell genotype (251). Below, we discuss
recent studies on organ-on-chip devices highlighting the importance of considering
these mechanical cues when performing infection assays in vitro.

Gut-on-chip devices enable observation of infection by bacterial pathogens.
Organ-on-chip microfluidic technologies have enabled scientists to conduct infection
assays under conditions that more closely mimic in vivo settings than traditional tissue
culture methods can provide (12, 252). For example, the organ-on-chip intestinal epi-
thelium (gut-on-chip) enables exposure of host epithelial cells to shear flow and peri-
stalsis-driven deformations and also takes into account the 3D topography of the intes-
tine (16). Interestingly, this technology supports culturing commensal bacteria with
intestinal cells (16). It is impossible to expose cells to a living microbiome in traditional
Transwells, since bacterial overgrowth compromises the epithelium (253). However,
exposing intestinal epithelial cells to physiological levels of fluid shear stresses (~0.02
dynes/cm?) and exerting cyclic strains (10%, 0.15 Hz) that mimic peristaltic motions
lead to the formation of a polarized epithelial monolayer that is rich in intestinal villi
and exhibits barrier integrity. These cells can be cocultured with intestinal microbes for
long periods of time (more than 1 week) (253). Moreover, by applying the two forces
separately, the authors of this study discovered that peristaltic deformations rather
than luminal fluid flow prevent the uncontrolled growth of commensal bacteria. This is
consistent with clinical data from patients with IBD, where peristalsis is often
obstructed and bacterial overgrowth has been observed (254). When intracellular
enteroinvasive E. coli (EIEC) was then introduced to the gut-on-chip, the presence of
probiotic bacteria protected the epithelium against infection and subsequent injury.
Further study is required to understand the precise contributions and dynamics of indi-
vidual species and the mechanisms they employ to regulate infection (253). It would
also be interesting to decouple the impact of extracellular mechanical cues and of the
microbiome from each other to directly examine the contribution of each one.

Using a similar organ-on-chip technology, a different study examined S. flexneri
infection of intestinal epithelial cells under shear flow (~0.001 dynes/cm?), in the pres-
ence of peristaltic deformations (10% at 0.15 Hz) and with 3D intestinal topography
(Fig. 7C) (12). In static in vitro assays, a very high load of bacteria is required to achieve
host cell infection. However, both adhesion and invasion of S. flexneri into host cells
are several orders of magnitude higher in the chip than in Transwells. This is partially
attributed to the fact that physiological levels of shear flow encourage bacterial adhe-
sion to or colonization of the host cell surface and that both 3D topography and peri-
staltic deformations enrich bacterial invasion. The efficiency of lateral cell-to-cell and
transcellular spread is also enhanced by the 3D topography and the addition of flow
and/or stretch. Although this work underlines the impact of mechanical forces on epi-
thelial cell morphology and the infection of these cells, it does not describe the molec-
ular players that regulate these changes, which could be the focus of future studies. It
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is worth noting that similar to S. flexneri, when L. monocytogenes infects 2D cultures of
epithelial cells that have been stretched, more bacteria adhere to host cells than to
cells that have not been stretched (255). Here, cell stretching exposes E-cadherin,
which the L. monocytogenes surface receptor, InlA, can more easily bind (90).

Mechanical compressions alter susceptibility of airway epithelium to infection.
The bronchial epithelium is exposed to compressive stresses during the normal respiratory
cycle and experiences mechanical deformations as a result (250). Under normal conditions,
bronchial epithelial cells form a physical barrier comprised of robust cell-cell adhesions
that protect pulmonary airways from inhaled irritants and invading pathogens (256).
Interestingly, allergens, viruses, and bacterial pathogens (e.g., Chlamydia pneumoniae,
Mycoplasma pneumoniae) can induce constriction of the airways (257-259) and expose
the epithelium to mechanical stresses that are up to an order of magnitude higher than
they would have been otherwise (250). These stresses then induce structural, biophysical,
and molecular changes in the epithelium and can lead to remodeling of the ECM and loss
of barrier integrity (249). A 2016 study showed that mechanical compressive stresses
increase the activity of bacterial collagenase to cause an irreversible decline in the stiffness
of lung epithelial tissues, which impacts cellular behavior (260). Here, stiffness of lung epi-
thelial tissue was measured under both uniaxial strain and cyclic mechanical loading.
Interestingly, static strain of 20% is protective against ECM digestion (260), but acute me-
chanical forces cause deterioration in lung structure (261).

Similar to the intestinal epithelium, the lung epithelium is rich in commensal patho-
gens. Interestingly, pathologies like asthma or chronic obstructive pulmonary disease not
only expose lung epithelia to altered mechanical cues but also lead to changes in the lung
microbiome (262, 263). Clinical studies have shown that changes in both tissue mechanics
and microbiome composition are correlated with the presence of bacterial infection in the
lungs (264). It would be interesting to use lung-on-chip devices to study the synergistic
roles of mechanical stresses and lung microbiota in protecting from or promoting bacterial
infections of the lung. In particular, in vitro lung-on-chip models that take into account
extracellular and intracellular mechanics might increase our understanding of how bacte-
rial pathogens interact with lung epithelial cells (265-267). Indeed, a recent study probing
how the intracellular bacterial pathogen Mycobacterium tuberculosis interacts with epithe-
lia was conducted on a lung-on-chip device, although the contribution of extracellular
mechanics to the progress of the infection was not assessed (268).

CONCLUSIONS

There are various sophisticated ways in which host cells can interact with intracellu-
lar bacterial pathogens, and these interactions can accrue either to the benefit of the
pathogen (i.e., facilitate infection dissemination) or to the benefit of the host (i.e.,
obstruct infection spread). Bacterial pathogens can hijack host cell processes to pro-
mote their spread, and, conversely, host cells can detect infection and take action to
limit it. Numerous studies on host-pathogen interactions have focused on the molecu-
lar processes governing these interactions. More recently, the importance of cellular
forces and mechanics in dictating how pathogens interact with host cells has become
apparent. In many cases, different intracellular bacterial species employ different bac-
terial effectors that target distinct host cell proteins to change a given mechanical
property (e.g., to reduce host intercellular tension) to facilitate propagation through
the host. For instance, reducing host intercellular tension manifests as a generalizable
mechanism employed by bacteria to achieve better spread, while the molecular play-
ers involved might differ depending on the specific bacterial species or host cell type.
Similarly, catch bonds strengthened by shear flow can assist many bacterial species in
adhering strongly to host cells in the presence of shear flows. What all the paradigms
mentioned above suggest is that it is important and pertinent to consider the role of
mechanics in governing host-pathogen interactions and that it is possible that the me-
chanical strategies mentioned herein employed by specific bacteria or host cell types
might be applicable to more systems.
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In this review, we have discussed novel findings which support a critical role for cel-

lular biomechanics in infection. Many of these studies took advantage of established
techniques to measure cellular forces and quantify changes in physical characteristics
during infection. However, there are various other techniques that have not been
broadly used in the microbiology field but which could lend key insights into host-
pathogen interactions. For instance, FRET-based force sensors could be used to charac-
terize adhesion strength between host cell surface receptors and bacterial surface pro-
teins. They could also be used to determine how cell-cell force transduction is locally
perturbed during bacterial intercellular spread, specifically at sites of bacterial protru-
sions, as other tools to measure tension like MSM cannot be used to make local tension
estimations. Lastly, processes involved in host-pathogen interactions can inspire the
development of novel techniques in cell biomechanics. For example, the desire to
learn more about the mechanics of bacterial uptake into host cells might drive the de-
velopment of a novel technique to measure cellular forces and patterns during bacte-
rial phagocytosis. Finally, the complexity of the system is further increased when one
takes into account the environment in which host-pathogen interactions take place.
This environment is rich in both chemical and mechanical cues. Organ-on-chip tech-
nologies have enabled recapitulation of organ-level (patho)physiology, and the per-
formance of infection assays on such platforms has added to our understanding of
how pathogenesis might occur in vivo. Further development of these platforms would
enable us to make quantitative biomechanical measurements that could help identify
mechanisms of action (e.g., TFM on an organ-on-chip). More recent advancements that
enable fluidic coupling of multiple organs-on-chip are also expected to bring to light
routes by which pathogens colonize distinct organs (269). In this way, a dialogue
between different disciplines (microbiologists, bioengineers, biophysicists) and the en-
thusiastic adoption of interdisciplinary approaches can be very productive.
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