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Abstract

Bacterial pathogens are often classified by their toxicity and invasiveness. The invasiveness of a
given bacterium is determined by how capable the bacterium is at invading a broad range of tissues
in its host. Of mammalian pathogens, some of the most invasive come from a group of bacteria
known as the spirochetes, which cause diseases such as syphilis, Lyme disease, relapsing fever and
leptospirosis. Most of the spirochetes are characterized by their distinct shapes and unique
motility. They are long, thin bacteria that can be shaped like flat-waves, helices, or have more
irregular morphologies. Like many other bacteria, the spirochetes use long, helical appendages
known as flagella to move; however, the spirochetes enclose their flagella in the periplasm, the
narrow space between the inner and outer membranes. Rotation of the flagella in the periplasm
causes the entire cell body to rotate and/or undulate. These deformations of the bacterium produce
the force that drives the motility of these organisms, and it is this unique motility that likely allows
these bacteria to be highly invasive in mammals. This review will describe the current state of
knowledge on the motility and biophysics of these organisms and provide evidence on how this
knowledge can inform our understanding of spirochetal diseases.

1. Introduction

It is hard to build an all-terrain vehicle. Tires that are best on smooth roads don’t fare well
on rough, rocky mountain trails and are useless for driving across deep rivers or oceans. The
structural design that is best for maneuverability and aerodynamics on relatively flat surfaces
is not optimized to prevent tipping on inclines and won’t float. While there are man-made
vehicles that can traverse this range of environments (1), they often utilize multiple force
producing mechanisms (e.g., wheels for roads and propellers for water-based travel) and are
not terribly efficient in any modality.
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Pathogens that invade our bodies often have to be able to survive in and, in many cases,
move through a range of diverse environments. For example, many bacteria are capable of
moving through fluids (swimming) and also along solid or semisolid surfaces (gliding,
twitching, and swarming) (2-4). This transition from swimming to surface-associated
motility can be achieved by transitioning from flagellar-based swimming to pili-driven
gliding or twitching (5), much like the switch from wheels to propellers in man-made all-
terrain vehicles. Likewise, Vibrio parahaemolyticus uses polar flagella to swim and lateral
flagella to swarm (6). Some flagellated bacteria, though, can use their flagella to power
swarming along surfaces (7). In other words, bacteria have out-engineered us by figuring out
how to make a single motility mechanism work in multiple environments.

Indeed, flagellar-based motility can also move bacteria through complicated environments
such as soft agar gels, where the pore-size in the gel is approximately equal to the diameter
of the bacteria (8, 9). However, as the concentration of the polymer in the gel increases, the
motility of most flagellated bacteria becomes greatly inhibited (9), likely due to there being
few holes large enough for the bacteria to squeeze through. This, though, is not true for the
spirochetes, a unique group of bacteria with some highly pathogenic members. One aspect
that makes pathogenic spirochetes so capable of setting up infections in mammals is their
motility. For example, Lyme disease and syphilis are caused by the spirochetes, Borrelia
burgdorferiand Treponema pallidum, respectively, and these bacteria are some of the most
invasive mammalian pathogens (Fig. 1)(10, 11). Both of these bacteria are able to easily
move through our skin, break into and out of blood vessels, and can cross the blood-brain
barrier (12). The syphilis bacterium can even cross the placental barrier, which leads to
infection of the unborn fetus, known as congenital syphilis (12). Truly, these bacteria are
exceptional and efficient all-terrain vehicles for traversing the mammalian body. Why are
they so adept at moving through the broad range of tissues in our bodies?

This review focuses on describing the unique motility of the spirochetes and seeks to use our
current knowledge about how these organisms move to inform some aspects of the
pathogenesis of spirochetal diseases. | begin in Section 2 by describing the more prevalent
diseases that are caused by spirochetes, focusing on the role of motility. Then, I discuss the
current state of our knowledge about the biophysics for how these bacteria create their
unique shapes (Section 3) and movements (Section 4). Though much of the research on
spirochete motility has focused on the swimming of these organisms through liquid media,
recent work has investigated their motility in extracellular matrix-like environments and in
living mammals and ticks. Section 5 will describe how these environments affect motility.
Section 6 discusses how biophysical data on motility can aid our understanding of the early
stages of Lyme disease. Section 7 concludes with a discussion of where the field of
spirochetal matility stands and what major outstanding questions remain.

2. Spirochetal diseases

A vast array of mammalian diseases are caused by spirochetes, including the notorious
human diseases syphilis and Lyme disease. In humans, spirochetes also cause yaws
(7reponema pallidum subsp. pertenue), pinta ( Treponema carateum), relapsing fever
(Borrelia species), leptospirosis (Leptospiraceae) and periodontal disease ( 7reponema
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species) (13, 14). In this section, | briefly review these diseases, focusing on the spirochetal
behaviors that largely influence pathogenesis.

Relatively few diseases are as recognized and carry such a stigma as syphilis, the sexually-
transmitted form of which is caused by 7. pallidum subspecies pallidum. \enereal syphilis is
primarily acquired either through sexual intercourse with an individual in the primary or
secondary stages of the disease or congenitally, being transmitted from a mother to the
unborn fetus (12). During the primary and secondary stages of the disease, mucocutaneous
lesions are present, which readily enable spirochetes from the infected individual to come
into contact with mucosa or skin on the uninfected partner. Surprisingly few treponemes are
required to initiate syphilis: If approximately 57 organisms are inoculated onto an individual,
there is a 50% chance that they will contract the disease (15). 7. pallidum then rapidly
disseminates, as exemplified in animal studies where treponemes were found in the blood,
lymph nodes, bone marrow, spleen, and testes within 48 hr after inoculation (16, 17). 7.
pallidum also readily breaches the blood-brain barrier and infects the central nervous system
(12). Congenital syphilis also highlights the invasiveness of 7. pallidum, as very few bacteria
are capable of transplacental transmission, yet treponemes can be found in fetuses as early as
nine weeks (18, 19).

Syphilis begins with a 9 to 90 day incubation period, during which time the patient is
asymptomatic. Replication of the spirochetes at the inoculation site induces a local
inflammatory response that generates a papule, which subsequently ulcerates (12). This
chancre is the defining lesion of primary syphilis. In the chancre, 7. pallidum are found in
the dermis in close proximity to blood vessels (20). Interestingly, the chancre is often
painless, which may be due to infiltration of cutaneous sensory nerves by the bacteria (21,
22). Secondary syphilis begins four to ten weeks after primary syphilis. In secondary
syphilis, the spirochetes have disseminated throughout the body. While mucocutaneous
lesions are the primary manifestation of secondary syphilis, virtually any organ can be
affected (23). The lesions associated with secondary syphilis typically resolve in three to
twelve weeks, after which there can be periods of latency where the patient is asymptomatic
(12). Periods where there are high burdens of spirochetes in the blood (spirochetemia) occur
during the early years of syphilis, and at least 30% of untreated patients will develop tertiary
syphilis, which include gummatous, cardiovascular and neurological complications (12).

Yaws, bejel, and pinta

Other subspecies of 7. pallidum cause the related diseases of yaws (pertenue) and endemic
syphilis (also known as bejel or non-venereal syphilis and caused by the subspecies
endemicum) (13, 14). A related species, 7. carateum, causes pinta (12). These diseases are
all transmitted through non-sexual contact and include skin lesions. Endemic syphilis also
includes inflammation of the leg bones and, in later stages, gummas of the nose and soft
palate (24). Late stage (tertiary) yaws often includes widespread bone, joint, and soft tissue
damage (25).
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Periodontal disease

The other major human disease associated with treponemes is periodontal disease. There are
at least 57 different species of oral 7reponema, but only 10 of these species have been
cultured (26). All of the cultivatable oral treponemes show some relationship with
inflammatory events in periodontal disease (27). Our mouths are teeming with
microorganisms, and the oral spirochetes are important members of this microbiota.
However, numerous correlations link the number of spirochetes in the oral microbiota to
disease (28, 29). But how is the presence of spirochetes leading to disease? A number of
features of the treponemes have been suggested. For one, 7. denticolaand 7. pectinovorum
have been shown to cause proinflammatory cytokine release (30). The host immune
response may then be accountable for much of the tissue and bone destruction that
accompanies the disease. The oral treponemes also secrete proteases that can do damage and
have been shown to alter the function of cells that are involved in periodontal homeostasis
(27). Spirochete motility has also been connected to pathogenesis. A possible explanation
for the role of motility is that it enables penetration of the epithelium and gingival
connective tissue (27).

Lyme disease is transmitted to humans by the bite from /xodes scapularisticks that are
infected with B. burgdorferi. During tick feeding, the bacteria replicate and a small fraction
penetrate out of the tick midgut and migrate to the salivary glands, where they are then
transported into the dermis of the host via the saliva (31). It takes at least 48 hours for the
spirochetes to move from the gut into the dermis, and the tick remains attached to the host
for approximately 4 to 5 days (31, 32). Therefore, at the end of the bloodmeal, a small
inoculum of spirochetes is introduced into the dermis at the bite site. In the dermis, the
spirochetes replicate and begin to disseminate both locally and hematogenously. While
migration through the dermis can be fairly rapid (at speeds of a few microns per second
(33)), the spirochetes also bind to extracellular matrix (ECM) proteins and can become
transiently adhered to the matrix (33, 34). The tick bite along with the presence of the
spirochetes in the dermis activates the innate immune response, which includes neutrophil
migration to the bite site, uptake of spirochetes by immune effector cells and activation of
phagocytic cells, such as macrophages (32, 35-39). The release of pro-inflammatory
cytokines by macrophages leads to further recruitment of innate immune cells and T cells to
the infected region (32, 36). This inflammatory cascade also causes hyperaemia in the
capillaries, leading to the characteristic rash, known as erythema migrans, that is usually the
first symptom of infection (31, 32). The rash can grow to be quite large (>30 cm) and can
have one of three appearances, a bull’s-eye, a solid rash, or a ring-like, central clearing rash
(40). During early infection, B. burgdorferi spreads through the skin and blood (41). While
B. burgdorferi can invade many different tissues, the most common infection sites are the
skin, nervous system, heart, and joints, where they can cause secondary rashes,
neuroborreliosis, Lyme cariditis, and Lyme arthritis, respectively (41). Interestingly, in Lyme
disease the burden of spirochetes in the blood is typically quite low (~ 0.1 bacterium per ml
of blood).

Recent work has shown convincingly that flagellar-based motility is an essential aspect of
the pathogenesis of Lyme disease. The Norris group used transposon mutagenesis to identify
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virulence genes in B. burgdorferiand found that 10 of 14 mutations in chemotaxis genes and
7 mutations in flagellar structure and assembly genes lead to a loss in the ability to establish
infection in mice (11). In addition, B. burgdorferi mutants that lack the primary flagellar
protein FlaB, the torque generating subunit of the flagellar motor MotB or the chemotaxis
protein CheA2 could not infect mice or migrate out of the tick (42—-44). Mutants lacking
MotB also do not survive in the tick (42).

Relapsing Fever

Other species of Borrelia cause relapsing fever (e.g., B. duttonii, B. hermsii, and B.
turicatae), which is transmitted to humans by either soft ticks or the body louse. Relapsing
fever is characterized by the occurrence of three or more episodes of fever that are each
followed by a “crisis,” which involves a period of restlessness and apprehension, then
tachycardia, and finally a decline in temperature accompanied with hypotension, leucopenia,
and exhaustion (45). Relapsing fever eventually resolves without specific therapy. Relapsing
fever is notably different than Lyme disease. For example, the soft ticks and body lice only
feed for minutes, as opposed to days, and inoculation of a single spirochete is sufficient to
initiate the disease. The spirochetes multiply in the blood, and the fever episodes occur
during periods of high spirochetemia (45). Relapsing fever spirochetes can also invade the
central nervous system, the eye, liver, testes, and other organs and tissues. Spirochetes in
these extravascular sites survive when the bacteria in the blood have been eliminated (45).

Leptospirosisis a major public health problem, especially in developing countries. The
disease can range in severity from mild, flu-like symptoms to severe forms of the disease,
which can include jaundice, acute renal and hepatic failure, pulmonary distress and
hemorrhage (46, 47). Leptospirosis is caused by species of spirochetes from the genus
Leptospira. Infection typically occurs when a mammal comes into direct contact with
infected animal urine or with contaminated water. Pathogenic Leptospira can live freely in
water, but will invade into mammals through cuts or abrasions in the skin or through mucous
membranes of the eyes, nose or throat (46). The kidney is the primary organ where
Leptospira establishes infection, as this allows the bacteria to leave the host through the
urine. However, leptospirosis can be a multi-organ disease, involving the liver, heart, lungs,
eyes, skin and nervous system (48). Motility of the organism is crucial for its ability to
invade this wide range of tissues, and flagellar (FlaA) and motor (FliY) proteins have been
shown to strongly influence the virulence of Leptospira (49, 50). The ability to adhere to
host tissue via adhesion proteins is also thought to be a necessary component of leptospire
pathogenicity (46).

3. The basic structure of the spirochetes

One of the most identifiable aspects of the spirochetes is their shape. Most spirochetes are
long (from 1-250 pm), thin (with diameters of 0.1 — 3 um) and have helical or flat-wave
shapes (51). Like all bacteria (and cells, in general), they have an inner membrane, which
separates the inside of the cell from the outside (Fig. 2). Inside this membrane is the
cytoplasm, a crowded liquid environment that contains the genome along with a host of
proteins, and just outside the inner membrane is the bacterial cell wall, a thin, mesh-like
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layer of peptidoglycan that provides the cell with its structural integrity and helps to define
cell shape. The composite structure of the cell wall, inner membrane and cytoplasm is
sometimes called either the cell cylinder or protoplasmic cylinder (Fig. 2) (52). Finally, there
is an outer membrane that encloses this cell cylinder.

In between the inner and outer membranes is a narrow space known as the periplasm that is
approximately 20-40 nm thick (Fig. 2b,e,f) (53). In addition to containing the cell wall, the
periplasm also contains long, thin helically-shaped organelles that are structurally and
compositionally homologous to the flagella from other bacteria (54). Each of these
periplasmic flagella is attached to its own flagellar motor; these motors are embedded in the
inner membrane and anchored to the cell wall near each end of the bacterium. Therefore, the
periplasmic flagella are attached near the ends of the bacterium and wrap inward along the
cell body. Spirochetes can have anywhere from 1 to 100s of flagella anchored near each end
(51). As in other bacteria (and will be discussed later), these periplasmic flagella are implicit
in driving the motility of these organisms. However, in many spirochetes, the flagella also
serve a skeletal function. For example, Leptospira interrogans has a helical-shaped cell body
that is 6-20 um in length (Fig. 2a,b) (55-57). The ends of these spirochetes bend into either
a hook or spiral shape (58). At each end L. jinterrogans also have a short, tightly-coiled
single flagellum that is not long enough to overlap at the center of the cell with the flagellum
from the other end (59). Mutants that form uncoiled flagella or that lack flagella still have
helically-shaped bodies, but the ends do not bend into hooks or spirals (59, 60). 7reponema
denticola cells are 6 — 16 um in length and 0.21 — 0.25 um in diameter; they have bundles,
each containing two PFs, which overlap in the center of the cell (61-63). Most wild-type
cells of 7. denticola have a highly irregular (twisted) morphology along their entire length,
combining both helical and planar regions in a non-distinct manner; however, a minority of
cells is observed in a right-handed morphology (63). These two separate forms are relatively
stable, and only rarely does one form convert to the other (63). If the outer membrane sheath
is removed from the cell so that the flagella are no longer closely associated with the cell
body, then an initially irregular cell takes on a right-handed helical form with a helical pitch
only slightly different than those of the helical wild-type cells (63). In addition, flagella-less
non-motile mutants also have this right-handed morphology, with helical parameters similar
to those of the helical wild-type cells (63). B. burgdorferiand T. pallidum both have flat-
wave morphologies; their cell bodies form a roughly planar, sinusoidal waveform (Fig. 2c—f)
(64, 65). The flagella in both these species are long enough to overlap with flagella
emanating from the other end (53, 65-68). In B. burgdorferiit has been shown that cells
lacking flagella have a straight rod shape (64, 69-71).

The three examples just mentioned show that the periplasmic flagella in the spirochetes can
influence cell shape; i.e., the shape of the organism depends on the flagella. But how?
Possibly the simplest explanation is that the presence of the flagella in the periplasm bends
the bacterium into its shape, in which case the shape represents some competition between
the helical shape of the flagella and the shape of the cell cylinder. In other words, the shape
is due to forces that act between the flagella and the cell body. If the flagella and cell body
are elastic, then forces applied to them will cause them to bend. The flagella have to fit into
the periplasm and may require being bent to fit into that space. The bent flagella would push
against the cell body, consequently, causing it to bend. This physics can be converted into a
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mathematical model (72, 73). This model shows that this simple explanation nicely explains
the hook and spiral shaped ends in L. /nterrogans (72). For B. burgdorferiand T. pallidum,
the model also predicts the flat-wave shape but requires that flagella from either end overlap
within the periplasm (73, 74).

4. The biophysics of spirochete motility

The motility of all of the spirochetes are due to the rotation of the flagella within the
periplasmic space (52, 69, 75). This rotation leads to rotation of the entire cell body and
often also causes the cell body to undulate. As mentioned in Sec. 2, the major spirochetal
human pathogens are the Leptospiraceae, T. pallidum and B. burgdorferi. In this review, |
focus on the motility of these organisms, but the general features also apply to the other
spirochetes.

In regard to motility, the most studied organism is the Lyme disease bacterium, B.
burgdorferi, which has 7 — 11 flagella that emanate from the ends of the bacterium and are
long enough to overlap with flagella that come from the other end (Fig. 3a)(73, 74, 76). Each
of these flagella is attached to its own flagellar motor, a small molecular device that rotates
and produces torque, driven by the flow of charge through the motor (54, 68). Homologous
flagellar motors are found in most swimming bacteria, and the biophysical behavior of these
motors has been extensively studied in Escherichia coli (54). In B. burgdoferi, rotation of the
flagella by the motors causes the flat-wave shape to undulate as a traveling wave (Fig. 3a)
(64, 74). When the bacterium is immersed in a liquid, these wave-like deformations of the
cell body produce thrust, pushing the fluid in the same direction that the wave propagates
(77-79). Consequently, the bacterium is pushed in the opposite direction (Fig. 3a). In liquid
media with viscosity comparable to that of water, B. burgdorferi undulates at approximately
10 Hz and swims at 6 — 7 um/s (64, 80). The frequency of the undulation, along with the
wavelength and amplitude of the cell body, dictate the speed that the organism moves
through a viscous fluid, as has been shown by calculating the expected speed using low
Reynolds number hydrodynamics and slenderbody theory (33, 81).

But why does rotation of the flagella cause the cell body to undulate as a traveling wave? As
described in the previous section, the flat-wave shape of B. burgdorferiis due to the presence
of the helical flagella. In fact, the cell body threads itself through the flagella in such a way
that it alternates from being on the outside of the curving flagella to being on the inside.
Peaks or troughs in the flat-wave shape correspond to when the cell body is on the outside
curve of the flagellar helix, whereas in between these regions the flagella curve around the
cell body (top panel of Fig. 3a). Rotation of the flagella about their own axes changes
whether the flagella are curved towards the cell body or away from it. Therefore, as the
flagella rotate, a given spot on the cell body changes from being on the outside curve of the
flagella to being on the inside, and the locations of the peaks and troughs move down the
cell body. Consequently, the body undulates as a traveling wave. The direction that the
flagella rotate dictates the direction that the traveling wave moves along the body.
Simulations of the physical interaction between the flagella and the cell body confirms that
rotation of the flagella by torques from the flagellar motors can lead to traveling wave
undulations of the cell body; however, if the flagella do not overlap with each other, then the
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cell body has a tendency to flip into a helical configuration (74). These simulations then
suggest that it may be important that the flagella in B. burgdorferiare long enough for
overlap with the flagella from the opposite end.

T. pallidum also appears to have a flat-wave shape; however, there are only 2 — 3 flagella per
end (65). The waveform of 7. pallidum is also smaller than that of B. burgdorferi, with a
wavelength of 1.5 um and an amplitude of 0.4 um, compared to a wavelength of roughly 3.2
pum and an amplitude of 0.8 um in B. burgdorferi (80). As in B. burgdorferi, T. pallidum
swims by undulating as a traveling wave, moving at about 2 um/s. The similarities in shape
and swimming between these bacteria, as well as the fact that they are both highly invasive
pathogens, has led to the suggestion that B. burgdorferi can serve as a model to study
syphilis, since 7. pallidum cannot be cultured (82). Recent experiments examined the effect
of changing the viscosity on the swimming of these two organisms and found that they both
respond to changes in viscosity in a similar way, thereby strengthening the claim for using
the Lyme disease bacterium to study some aspects of the pathogenesis of syphilis (80).
These same experiments were used to estimate the torque that the flagellar motors of these
spirochetes exert, 2700 pN nm (B. burgdorferi) and 800 pN nm ( 7- pallidum), which is
comparable to the stall torques measured in Caulobacter crescentus (350 pN nm) and £. coli
(4500 pN nm) (83, 84). It is remarkable that simply measuring how viscosity slows down an
organism allows one to measure the torque from the flagellar motors, especially since the
flagella are not in direct contact with the fluid.

The motility of the Leptospiraceae is notably different from that of B. burgdorferiand T.
pallidum. Swimming Leptospiraceae exhibit a number of different cell shapes (Fig. 3b). In
cells that are translating, the anterior end is spiral-shaped and the posterior end is hook-
shaped (57, 58). Cells readily reverse directions, with the spiral end becoming hook-shaped
and the hook-shaped end becoming spiral-shaped. Non-translating forms are also seen where
both ends of the cell are either hook-shaped or spiral-shaped (57, 58). Several lines of
evidence indicate that counter-clockwise rotation of the periplasmic flagella (where the
frame of reference is viewed along the flagella towards the insertion point on the cell
cylinder) causes the spiral-shaped end morphology, and the hook-shaped end occurs when
the flagellum is not rotating or is rotating in the clockwise direction. Thus, translating cells
are ones where the flagella at either end are rotating in opposite directions. Taken together,
the results indicate that the direction of rotation of the flagellum and its interaction with the
cell cylinder determines the morphology of the end (56-58, 85, 86). Leptospira swim at
about 15 um/s, and during swimming the cell body rotates at approximately 10 Hz (87).
Using hydrodynamic considerations along with the swimming speed and cell body rotation
rate, the flagellar motor torque is estimated to be approximately 4000 pN nm (87).

5. Motility of the Lyme disease spirochete in host tissue and extracellular

matrix-like environments

The transmission of B. burgdorferi from its arthropod vector into the mammalian host,
typically the white-footed mouse Peromyscus leukopus (32), requires the bacterium to exit
the tick midgut by penetrating through the epithelium and a dense basement membrane (88).
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They then swim through the viscous hemolymph to the salivary glands, which they penetrate
in order to access the salivary stream that transports them into the dermis of the mammal.
Once within the skin, the clinical symptoms of Lyme disease are a direct manifestation of
the spirochetes’ ability to infiltrate and reside within the connective and soft tissues of
organisms in which they incite tissue-damaging inflammatory responses.

Recent advances in imaging technology have made it possible to visualize the motility and
morphology of B. burgdorferiin the mouse and tick (89, 90). For example, Moriarty, et al.
used GFP-expressing B. burgdorferi and fluorescent imaging to examine spirochete motility
in the ear and microvasculature of infected mice (89). In the mouse ear, B. burgdorferi was
observed to undergo all the characteristic motions of translational motility that are observed
in vitro and also swam at comparable speeds; however, it was often observed that cells
reversed less frequently in the mouse than /n vitro. In the microvasculature, spirochetes
either swam or were passively carried by the blood flow, or the cells became associated with
capillaries, postcapillary venules, and larger veins. When associated with postcapillary
venules, B. burgdorferi cells either showed stationary attachment or transient and dragging
interactions. It was also possible to observe cells that escaped from the host
microvasculature. This process typically occurred through endothelial junctions and took
approximately 10-11 minutes.

In the tick, B. burgdorferi encounters numerous obstacles including the basement membrane
and cellular junctions of both the tick midgut and salivary glands. Intravital imaging in the
tick has shown that dissemination through the tick occurs in two phases (88). During the first
phase, replicating spirochetes are positioned at varying depths throughout the unfed midgut
epithelium. These spirochetes are non-motile but advance toward the basolateral surface of
the epithelium while adhering to differentiating and hypertrophying epithelial cells. The
second phase of dissemination begins when non-motile, aggregated spirochetes deposited at
the basolateral pole of the epithelial layer transition into single, motile organisms which
penetrate through the basement membrane into the hemocoel and then migrate to and
penetrate the salivary glands en route to the mammal. Spirochetes were observed penetrating
through the basal lamina and into the hemolymph, processes that are slow compared to
motility /n vitro and probably represent the largest barriers to transmission to the
mammalian host. Indeed, only a miniscule percentage of organisms within the midgut
appear to be capable of penetrating out into the hemolymph. These intra-and extravasions
are presumably driven by rotation of the periplasmic flagella and are reliant on coordinated
adhesion and release from the neighboring cells and ECM.

A difficulty with intravital imaging is that host tissue is heterogeneous and cannot be
controlled. In order to overcome this difficulty, an in vitro system using gelatin matrices was
recently developed to mimic the ECM environment of the mammalian dermis and the
basement membrane that lines the exterior of the midgut of the tick, /xodes scapularis (33).
Gelatin was selected because it is the denatured form of collagen, the primary component of
the dermis, and because it forms a dense network structure reminiscent of the tick basement
membrane. It was shown that in gelatin B. burgdorferi exhibits four motility states that are
also observed in the dermis of the mouse. These states consisted of a non-motile state, a
state where the bacteria undulate but do not translate (denoted as wriggling), a lunging state
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where one end of the bacterium remains fixed and the rest of the body scrunches up and then
extends, and a translocating state (33). The percentage of spirochetes in each of these
populations depends on the gelatin concentration. These populations were not static, a
spirochete that at one time point was lunging, could at a later time be a translocator or a
wriggler. The timescale for transitions between these states was determined to be on the
order of 100 s (33). It is not clear whether these different motility states serve a functional
role, but adhesion proteins that allow B. burgdorferito bind to the host extracellular matrix
are important for establishing infection (34). The speed that the translocating population
moves through the gelatin also depends on concentration, with slower speeds as gelatin
concentration is increased (33). While this decrease in speed would seem to be expected,
previous work had shown that B. burgdorferi swims faster in higher concentrations of
methylcellulose, which was attributed to the gel-like behavior of methylcellulose solutions
(91). A somewhat startling aspect of B. burgdorferi’s motility through gelatin matrices is
that for gelatin concentrations above 3%, the pore size of the gelatin network is less than 70
nm; however, the diameter of B. burgdorferiis around 300 nm (33). Transmission electron
microscopy showed that the spirochetes are able to push themselves into these matrices and
do not rely on degradation of the matrix or large holes to move through. While it has been
suggested that the undulating wave-like motion of the bacteria can drive them into dense
ECM networks, the physics of invasion remains unstudied.

6. The role of biophysics in early Lyme disease

While motility is known to be essential for the pathogenesis of Lyme disease (52, 69), does
understanding the biophysics of the organism provide any insight into the disease? To begin
to address this question, my group took the information that we had gained from our gelatin
assays and built a mathematical model that represents a simplified view of the pathogen host
interactions that occur during the first month after a mammal is bit by an infected tick (Fig.
4a)(40). We knew from our experiments that the spirochetes could either be in a
translocating state or in a stationary state (non-matile, wriggling, and lunging states do not
move through the matrix). In the translocating state, the spirochetes migrate at speeds v ~ 2
— 4 um/s and on time scales of T ~ 100 s, translocators become stuck (33). Likewise, on
about the same timescale stationary bacteria become translocators. When a stuck bacterium
transitions back to being a translocator, it does not necessarily move in the same direction
that it was moving in before it got stuck. Therefore, on long timescales (¢>> t), the bacteria
travel along fairly straight paths, get stuck and then move off in new directions. That is, they
execute random walks (92). We therefore expected that on these long timescales the bacteria
in the translocating population effectively diffuse with a diffusion coefficient given by D~
v2t (92). B. burgdorferi also replicates about one to two times per day. These basic features,
then, define the behavior of the bacterial population.

To model the innate immune response, we took a very simplified viewpoint (Fig. 4b). The
host's innate immune system responds to invading pathogens via a complex signaling
pathway that involves recognition of the pathogen and activation and inhibition of immune
cells by pro- and anti-inflammatory cytokine release (93, 94). Our simplification lumped
most of these affects into a single, local immune response that produces active macrophage
cells, which are the first phagocytes to arrive at the site of spirochete innoculation (37, 95).
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The macrophages migrate toward invading spirochetes and was modeled using the Keller-
Segel model for chemotaxis (96), which sets the speed that the macrophages migrate toward
the bacteria as being proportional to the gradient of the bacterial concentration. Active
macrophages phagocytose the spirochetes at a rate that depends on the ratio of macrophages
to spirochetes (97). Finally, macrophages are cleared from the dermis on a timescale of a
few days.

All the features described above were used to construct a mathematical model that described
the spreading of a population of B. burgdorferi through the dermis and the subsequent innate
immune response (40). We used the macrophage density as an indicator of the immune
response, which would also include the inflammation of the skin that causes Erythema
migrans, the hallmark rash of Lyme disease. This rash presents with one of three
morphologies, the renowned bull’s-eye rash, a solid rash, or a ring-like rash known as a
central clearing rash. Our mathematical model was able to reproduce all three of these
morphologies with only moderate variation in the model parameters and suggests that the
primary factor that distinguishes a patient with one type of rash from another is the rate that
the patient’s immune system deactivates (Fig. 4c—). The model also predicts the correct
spreading rate of the rash (1 — 2 cm/day) and that this rate is set by the bacterial diffusion
coefficient and the replication rate of the bacteria (Fig. 4f).

7. Conclusions

The spirochetes are an extremely interesting group of bacteria. While they use the same
components to generate motility as other swimming bacteria, the method by which these are
implemented is unique and produces a highly dynamic organism that is able to live and
move through a wide range of different environments. It is likely that this “all-terrain”
motility is the prime reason that many spirochetes have become highly effective pathogens.
The motility of bacteria like B. burgdorferiand L. interrogans have fascinated researchers
since their discovery. However, we are just starting to comprehend the intricate physics that
enables these pathogens to be so invasive. The road to a full understanding is long with
many answers still elusive. For example, B. burgdorferi expresses on its outer surface a vast
number of proteins, many of which are adhesins (34, 98). Why are so many adhesion
proteins needed? While adhering to the ECM may facilitate migration, being overly sticky
would seem to be detrimental to evading the immune response. Is the timescale for getting
stuck and breaking free from these adhesions physiologically important? And, exactly how
do spirochetes like B. burgdorferiand T. pallidum invade through dense matrices like
basement membranes or cross the blood-brain barrier? While the physics of these processes
is undoubtedly interesting to physicists, we have shown that biophysical understanding and
mathematical modeling can shed light on some aspects of disease, such as the spreading of
the Erythema migrans in Lyme disease. Only time and effort will show how far biophysical
investigations will take us in understanding pathogenesis in spirochetal diseases, and maybe
in many other diseases, as well.
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Figure 1.
Relative comparison of the invasiveness and toxin production (toxigenesis) for a number of

pathogenic bacteria. The syphilis bacterium ( 7. pallidum) is one of the most invasive but
does not release toxins into its host, whereas C/. botulinum is highly toxic but not invasive.
Schematic is based on (10).
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™~ Periplasmic flagellum
Outer membrage

Figure 2. The basic structure of the spirochetes
(a) Dark field image of Leptonema illini; a member of the Leptospiraceae. The boxed region

highlights the hook-shaped end of the cell. Image courtesy of Stuart Goldstein. (b)
Schematic diagram of the relative positon of the periplasmic flagellum to the cell body and
outer membrane. Leptospira spp. Have one short flagellum at each end that is attached to a
flagellar motor located at the end of the cell. The presence of the flagellum causes the cell to
bend into the hook shape. (¢) B. burgdorferiand some members of the Treponema species
have flat-wave shapes, characterized by planar wave-like shapes with wavelength A. and
amplitude A. This wave-like morphology is produced by the periplasmic flagella (dark grey)
wrapping around the cylindrical cell body (white). (d) A lengthwise slice through B.
burgdorferi shows the flagella located in the periplasm between the inner and outer
membranes of the cell. (e,f) Cells have circular cross-sections of radius /2 (which in B.
burgdorferiis approximately 150 nm). The periplasm is narrow with a width § ~ 20 — 40 nm
(53). (d,f) Cryo EM images courtesy of S. Goldstein and N. Charon.
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Figure 3. How spirochetes swim
(a) The swimming of B. burgdorferi. The top panel shows a schematic of B. burgdorferi at

two instants of time, with the transparent cell being at the earlier time. The outer membrane
has been removed to show how the helical flagella (purple), which are anchored into
flagellar motors sub-terminally from the cell poles, wrap around the cell body. A torque < is
applied to each flagellum, which causes the flagella to rotate at frequency w and the cell
body to undulate. The traveling wave undulations which move down the cell with a wave
speed Aw exert forces on the surrounding fluid that cause the bacterium to swim with
velocity v. The bottom panel shows a time series of B. burgdorferi swimming in 1%
methulcellulose. The red line denotes the backward motion of a peak in the flat-wave shape
and the yellow line shows the forward progress of the bacterium. The time between frames
is approximately 0.3 seconds. (b) Schematic diagram of the shapes of the Leptospiraceae.
The cell bodies of spirochetes in this group are helical. Rotation of the flagella in the
periplasm bends the ends into either a hook or spiral, and during swimming, the organism
transitions between three forms. If both ends are in either the hook or the spiral form, then
the organism does not translocate. However, if one end is spiral and the other hook-shaped,
then the organism swims in the direction of the spiral-shaped end.
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Figure 4. The role of biophysics in early Lyme disease
(a—b) Schematic of the model. The pathogen-specific processes are shown in (a).

Translocating bacteria move with velocity v, but can bind to the dermis with rate &g,
thereby becoming stationary. The stationary bacteria unbind with rate Ay¢. The bacteria
replicate at rate 7. (b) The innate immune response includes activation due to the presence of
the bacteria (with rate &), clearing of the bacteria by macrophages with a rate constant ¢, and
the macrophages are then cleared or die at a rate d. (c—e) This model recreates all three rash
morphologies: homogeneous (or solid) rashes, central clearing rashes, and the hallmark
bull’s-eye (or central erythema). (f) The model also predicts that the spreading rate is
proportional to the square-root of the replication rate and the bacterial diffusion coefficient.
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The dotted lines show the expected values of these parameters and the yellow box highlights
the clinically observed values for the spreading rate of the rash.
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