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PATIENT OVERVIEW

Suzanne is a 24-year-old avid hiker and excited to visit her friends in Halifax for some hiking in some new scenery.
When she arrived on the plane from Vancouver, it was a sunny spring day in Halifax and her friends wanted to show her
a great view of the city. Her friends picked her up at the airport and they headed to the nearby Admiral's Cove for a
scenic hike to the top of a ridge overlooking the Halifax Harbour. That evening they had a wonderful night out visiting
multiple local craft breweries and tasting east coast lobster. The next morning Suzanne noticed a non-painful bump

on the back of her calf, but she was on the way out with friends for another hike, so she did not pay much attention to

it. On the hike, as Suzanne was climbing up a steep area, one of Suzanne’s friends behind her noticed the back of

Suzanne's leg and asked to look at it. It was a tick, and it had embedded its head into the back of Suzanne's leg. Her

friend removed the tick and they carried on. Over the next few days, Suzanne developed a ring-like red rash at the site

of the tick bite. The rash was hot to the touch and felt like it was burning. Suzanne felt chills and fatigued. Knowing

that Lyme disease was in the area, her friend took Suzanne to an Urgent Care Centre (UCC) for assessment. At the

UCC, Suzanne head a temperature of 38.0 degrees Celsius, a white blood cell count of 14, and the physician

examining her said her rash was a classic "bull's eye” rash caused by Borrelia burgdorferi and prescribed her

antibiotics for erythema migrans.
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Innate Immune Response ~— =

« Physical barriers
o Tightjunctions in the skin

o Epithelialand mucous membrane surfaces

o Mucus
« Anatomical barriers
« Chemical barriers
o Secretion of AMPs
o  Soluble mediators
« Signalling transduction system
o Complement cascade
« Innatecells
o Macrophages
o Dendritic cells
o Granulocytes
o Natural killer cells

b Vessel Endothelial cells
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In Suzanne’s case:

e Physical barrier of the skin has been
breached

e Bacteria entered the dermis and into
bloodstream, as well as infecting

endothelial cells



Langerhans cells (LCs)

IL-34 from KCs Self-renewal

First immune cells encountered by Borrelia burgdorferi

Yolk sac and fetal liver | &

found in the epidermis near the dermal interface and express s >
pattern recognition receptors (PRRs) that allow them to \I. X
recognize pathogens encountered near the skin surface

Inflammation-
induced short-
lived monocyte
LC precursors

leads to the upregulation of MHC class Il and migration to
e P- — S
onocyte \ S
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Adult bone marrow X
HSC precursors

lymph nodes to present antigens to lymphocytes
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Antibody-dependent
cellular phagocytosis Effector Cell
(ADCP) (e.g., macrophage)
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Effector Cells

Includes phagocytic cells, epithelial and
endothelial cells, natural killer cells, innate
lymphoid cells and platelets

Majority of cell components have PRRs on cell
surface and release cytokines

Antigen presenting cells (eg. dendritic cells,
macrophages) contain pattern-recognition
receptors(eg. Toll-like receptors,
nucleotide-binding oligomerization domain-like
receptors)that involve in recognizing B.

burgdorferi



Neutrophils

Macrophages

Dendritic cells

Natural killer cells

Mast cells

Effector mechanism
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recruited by the leukotrienes and migrate to the site of infection within 4 hours of infection
engaged when their PRRs recognize bacteria and initiate phagocytosis

can phagocytose microbes in their proximity and fuse with lysosomes to form phagolysosomes,
which become acidified and kill the bacteria

have both an oxygen-dependent and oxygen-independent microbicidal action

an present antigens and activate lymphocytes, then release and stimulate cytokine production
produce extracellular matrix proteins and matrix metalloproteinases (MMP) which regulate the
immune response and aid tissue remodelling once the inflammatory process has ended

transport and carry antigens from peripheral lymphatic nodes to primary lymphatic nodes
antigen processing and presentation via MHC class Il molecules
Can phagocytose pathogens

immunoglobulin-like receptor (KIR) and CD94-NKG2A inhibitory receptors identify the MHC class |
molecules

Express PRRs and cytokines to support T cell differentiation, stimulate macrophage function,
promote leukocyte to migrate to the site of infection

release a variety of cytokines that enhance the inflammatory process

have Fc receptors that engage when IgE binds the bacterial antigen

release cytokines to increase vascular permeability, fluid accumulation and recruit more innate
immune cells



Effector mechanism
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PAMPs recognition

Through Toll Like Receptors (TLR),
Nucleotide Oligomerization Domain
(NOD)-like receptors (NLRs), and C-type
lectins (CTLs)

Major PAMPs of B. burgdorferi: OspA,
OspB and OspC

TLR2 can form heterodimers with TLR1
and recognize B. burgdorferi triacylated
lipid element on its cell surface localized
lipopeptides

TLR4 is secondary in the recognition of B.

burgdorferi as it requires a

certain polysaccharide in order to be
activated

CD14 is the co-receptor for TLR4 and has
been known to exhibit its own
pathogen-recognizing capacity
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Complement System

« Inducesimmune response to invading pathogens, requlate cytokine synthesis, and assist
in the removal of immune complexes and dead cells
« (Canbe activated via 3 pathways:
o The classical pathway
o Thelectin pathway
o Thealternative pathway
« All 3 pathways result in the formation of membrane attack complex (MAC), leading to cell
lysis
« Opsonized Borrelia is then recognized by complement receptor CR1, CR2 and CR3 on
phagocytic cells, leading to its destruction.

n



The Classical Pathway

Classical pathway (CP)
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Clg, acomplement factor,
binds to antibodies (such
as IgMor IgG) on the
bacterial surface,
activating the
complement cascade and
ultimately the complement
components C2 and C4 via
the classical pathway
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The Lectin Pathway

Lectin pathway (LP)

C3 Cd4a C3a
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initiated by lectin binding to carbohydrates on B. burgdorferi surface
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The Alternative Pathway

Alternative pathway (AP)
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Mannose-binding lectin (MBL) protein

« Largely produced in the liver and released into bloodstream

« canidentify carbohydrates that function as opsonins and bind and activate complement
factors such Clq, increasing the inflammatory response

« Form complexes with MASPs (made up of 2 genes and 5 gene products), and MBL binding to

carbohydrate ligands cause conformational changes in the associated MASP, which boost

MBL attack

proteolytic activity 25 ; 7{

C4 C2

MBL- MASPs

PR
B@«ssm

nmmmmammtmm

Membrane attack complex 15

Microorganism



Reactive Oxygen Species (ROS)

Generated by activation of the enzymatic complex nicotinamide adenine dinucleotide
phosphate oxidase (NOX2)and include:

o Superoxide anion

o Hydrogen peroxide

o Hydroxyl radical

o Peroxynitrite

o Hypocholorous acid
Nitric oxide generation by inducible nitric oxide synthase (iNOS)is one of the most

important microbicidal strategies used by phagocytic cells against a variety of

pathogens
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Antimicrobial peptides (AMPs)

- Innate and epithelial cells, including keratinocytes, release AMPs, which are host defence peptides

« engaged in avariety of cell activities, including cell migration, proliferation, differentiation,
cytokine production, angiogenesis, and wound healing

« Neutrophils and epithelial cells both produce cathelicidin, also known as LL-37, and Gram-negative
and Gram-positive bacteria, fungi, and viruses are all susceptible to this AMP

- Defensinsinclude a- and 3-defensins

Neutrophils Paneth cells in Gl tract Keratinocytes
Store a-defensins (haD-1,-2, | Synthesize HaD-5 and -6 Generate B-defensins (hD-1,
_31 _4) _21 _3)
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Extracellular traps

Extracellular DNA traps are involved with viral processes, allergy and
autoimmune ilinesses, and are part of innate immunity
Referredtoas NETs, EETs, METs, MCETs
Made up by:

o DNA

o Histones

o Contents of intracellular granules (eg. elastase, myeloperoxidase (MPO),

cathelicidins, tryptase, cationic proteins, and major basic protein)

Triggered by:

o granulocyte/macrophage-colony stimulating factor (GM-CSF)
Interferons
IL-8
Cha
LPS

o O O O
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Inflammation

« Indications
o Redness
o Swelling
o Heat
o Pain
o Loss of tissue function
- Blood flow and vascular permeability both
rise
- Endothelial cell retraction causes vascular
permeability, which allows leukocytes to pass
through and plasmatic proteins including
complement, coagulation factors, and
antibodies such as IgG to pass through.

LYME DISEASE SYMPTOMS

days to months after tick bite

arthritis severe
/ SEVERE JOINT PAIN headaches

> = | "
) = swelling facial palsy
DROOPY FACE
A—
pain in tendons,

muscles & bones neck stiffness

In Suzanne’s case:

Inflammation is the cause of Suzanne’s
rash feeling:
o “Hotto touch”

o  “burning”
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ADAPTIVE IMMUNE RESPONSE




IMMUNOREGULATORY INTERACTIONS BETWEEN
COSTIMULATION BY CD28 FAMILY
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Humoral Adaptive Response

A B-cell is triggered when it encounters its
matching antigen

\ The B-cell engulfs the antigen and
@ digests it,

\ then it displays antigen fragments
bound to its unigue MHC molecules

This combination of antigen and
MHC attracts the help of a mature

matching T-cell.
® ‘
%0
Cytokines secreted by <% *( P

the T-cell help the B-cell
to multiply and mature
into antibody producing o

plasma cells.

\-
Released into the blood, A 4( )*

antibodies lock onto matching antigens. The
antigen-antibody complexes are then cleared by the
complement cascade or by the liver and spleen.

IgM and IgG antibodies respond to B. burgdorferi antigens
such as OspA, OspC and flagellar antigen B

High levels of B. burgdorferi antigen-specific antibodies are
produced to prevent reinfection with the same B.
burgdorferi strains

CD4 T follicular helper cells (Tfh) along with follicular
dendritic cells (FDCs) are essential for the formation of
germinal centers, which is where B cells undergo:

o Proliferation
o Class-switching
o affinity maturation

o  production of long-lived memory cells
IlgG does not appear to contribute significantly to the
long-term Ab responses
o contributes to the persistence of B. burgdorferiin the
host as well as host susceptibility to reinfection
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Cellular Adaptive Response

an antigen and is displaying antigen fragments
bound to its MHC molecules.

6 T-cells are mobilized when they encounter a cell
such as a dendritic cell or B-cell that has digestec

Cytokines help
the T-cell mature.

The MHC-antigen
complex activates
the T-cell receptor
and the T cell
secretes cytokines.

Infected
cells

o
° \
Q
i
Some cytoklnes
Some T-cells become spur the growth
helper cells and . o mrere el
secrete some cytokines
that attract fresh
macrophages,
neutrophils, other

lymphocytes, and other Some T-cells become

cytokines to direct the cytotoxic cells and track down

recruits once they arrive cells infected with viruses.
on the scene.

Infection with B. burgdorferi causes CD4+ T cells to
develop into T Helper 1(TH1) cells, which generate IFN
and TNF

the induction of TH1 cells is mediated by [L-12
production by DCs

When infected with B. burgdorferi, CD4+ T cells
differentiate into T Helper 17(TH17) cells in the absence
of external IFN

TH17 release Inflammatory cytokines such as [L-17A,
IL-22, and TNF

The combination of IL-17A and TNF can then cause
macrophages to produce and release NO and ROS
Many of the pro-inflammatory cytokines produced are
responsible for Suzanne's symptoms, including her fever



HOST DAMAGES FROM IMMUNE
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Effects on the Cardiovascular System

disrupt the normal electrical signaling of the heart
at the atrioventricular level, leading to defects in
the coordination of heart contractions

Mild heart block can occur

Symptoms:
o  Shortness of breath
o Fainting

o  Chest pains

o Lightheadedness

o Palpitation
production of reactive oxygen species (ROS)
causes oxidative stress

o induce changesin blood consistency

o harmto adjacent host cells

o induce oxidative damage to host cell DNA,

proteins, and lipids

Third Degree Heart Block

Atrioventricular Electrical signal
(AV) node from the AV node
is “blocked”
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Effects on the Nervous System

Cognitive impairment
Mood disorders

Meningitis%’*- N
Cranial and J/
facial nerve gg) y Stroke due to

involvement * 3 &7 vasculitis
.Y 4
Radiculitis B

Encephalitis
P |

[ o
. J

x ’ Chronic peripheral
¥ neuropathy associated
with ACA
Affected Cranial nerves Peripheral Central nervous
regions nerves system
symptoms Facial palsy radiculoneuritis fever,
(numbness, headaches, light
tingling, pain, or sensitivity, and a
weakness) stiff neck

May result in:

o  Slower thinking

o difficulty with concentration

o difficulty with remembering
“Classic triad”

o lymphocytic meningitis

o  Radiculoneuritis

o  cranial neuritis
meningeal lining or brain parenchyma can be
damaged due to the inflammation of peripheral
nerves
lymphocytes can then infiltrate:

o thedorsal root ganglia

o nerveroots

o gray matter of the central nervous system

components

o thebrainand the spinal cord 26



Chronic Inflammation

« Lyme arthritis develops when B. burgdorferi
penetrates joint tissue and causes
inflammation

« sometimes referred to as slow, long-term
inflammation that lasts for several months to
years

« increased vascular permeability of blood
vessels and increased blood flow to the site of
inflammation

« requires alarge amount of metabolic energy

- frequently leads in damage and destruction of
host tissues
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Oxidative Stress

« Caused by production of reactive oxygen species
(ROS) by neutrophils and macrophages

« induce changes in blood consistency as well as harm
to adjacent host cells

« induce oxidative damage to host cell DNA, proteins,
and lipids, which can lead to inflammation and cell
death

« theimmunological response to infection causes
oxidative stress-mediated endothelial injury, which

can lead to endothelial cell death

Cell Attacked by
Free Radicals

-l

Normal Cell
k4 “«
A - .
._;: Al \.') » kb
| I N
""‘fi ‘J'l’
® ¢ - &
Cell with o

Oxidative Stress '*-...-./‘

28



Rash and skin/organ damage

o

LYME DISEASE SYMPTOMS

3 to 30 days after tick bite

7
A\ A

healthline

erythema migrans
BULLSEYE-LIKE RASH

tick bite

12 inches or more in size

warm to touch
RARELY ITCHY OR PAINFUL

the immune response towards the salivary
proteins of the tick causes the central rash
As the bacteria spread outwards from the
point of entry, the rash expands, developing
the outer circle observed in erythema
migrans

The bullseye patternis produced due to rapid
macrophage clearance from the infection site
Slower macrophage clearance from the
tissues would lead to a more homogenous

rash
29



Rash and skin/organ damage

infection can spread to joints, the heart, and the nervous system
if left untreated

The final and most severe stage of Lyme disease is characterized
by arthritis at the lower joints, which can be accompanied by
carditis and neuropathy

the patient may experience joint swelling and/or pain most
commonly in:

Knees

Shoulder

Ankle

Elbow

Jaw

Wrist

Hip

The bacteria invasion leads to the recruitment of mononuclear
cellsinto the infected joint tissue, as well as host matrix
metalloproteinases

o O O O O O O

The symptoms of Lyme disease

Haadash

Fever

Occurs 3 to 30 days after
initial bite.

Occur 3 to 30 days
after initial bite.

Eye inflammation

Neurological problems Takes several weeks to occur.

Can include inflammation of
brain membranes (meningitis),
temporary paralysis of one
side of the face (Bell’s palsy),
numbness/weakness in the
arms and legs, and impaired
muscle movement. Signs take
up to 1 week to several years
to appear.

Heart problems

Temporary; usually lasting a
few days or weeks. Can
include an irregular heartbeat.
Takes several weeks to occur.

0— Severe fatigue

Liver inflammation

(hepatitis)

Takes several weeks

to occur.

Chils ——@ @ — Bodyaches

Occur 3 to 30 days Occur 3 to 30 days

after initial bite. after initial bite.

Rash (erythema migrans) —. - . .—-— Joint pain and swelling
A painless, itchless red area that Temporary episodes of severe
clears in the center and forms a pain and puffiness, typically
bull's-eye pattern. Some people in the knees. Takes 1 week
develop the rash at several places to several months to occur.

on their bodies within 3 days to
several months after initial bite.

@ uncommon @ Common



BACTERIAL EVASION




Bacterial evasion - Ticks

(0 Tick salivary MAC ® Sal p] 5

proteins TSLPL Salp20 / IxAC family . Salp15 '_~.V'~"":.".‘~:. DR _‘, o a t|Ck Salivar rOtein
acal A A p-oly B . L
r ¢ D o  bindstoOspC
PR A ) . A g > o  protect the bacterium from
o - 3 L D 4 comvemenactato ) antibody-mediated killing
. s B o DTN 5 o inhibita portion of the membrane
JL

'|' attack complex (MAC)

: o e Salp20

; & v < o inhibit the complement

: alternative pathway

o dissociate C3 convertase
components by binding and
dissociating C3BbP

Unstable @
C3bBb 3 ‘

e Tick Salivary Lectin Pathway Inhibitor (TSLPI)
o reduces complement-mediated killing
o interferes with the complement lectin pathway cascade through obstruction of the mannose-binding lectin
(MBL)-dependent C4 activation
o resultsinimpaired neutrophil phagocytosis and chemotaxis
o diminished lysis of B. burgdorferi 32



B. burgdorferi - host response evasion

has resistance to antimicrobial proteins and a limited susceptibility to lysosomes because it
does not require iron for survival
can interfere with phagocyte activities by causing an increased production of
anti-inflammatory interleukin IL-10

o |L-10 suppresses the secretion of proinflammatory cytokines TNFa, IL-6, and IL-12

o leadsto suppression of phagocytosis by macrophages

o Leadstoadecrease inthe production of proinflammatory mediators and

co-stimulatory molecules

encodes genes that provide resistance to ROS and RNS for important proteins such as DNA
repair enzymes, ribonuclease, and transport proteins

uses a manganese cofactor rather than iron so that DNA damage is less likely to occur
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B. burgdorferi - Complement Inhibition
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BBK32 binds to C1r and traps C1in a zymogen state, preventing C1 complex formation

OspC binds C4b and interferes with the activation of both the classical pathway and lectin pathway

Bacterial P43 recruits C4b-binding protein (C4BP), downregulating the classical pathway and lectin pathway
CspA and CspZ bind factor H (FH) and factor H-like protein 1(FHL-1), which are negative regulators that inhibit
activation of the alternative complement pathway

CspA binds C7 and C9 and blocks C9 polymerization
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B. burgdorferi - host response evasion

B. burgdorferi may be able
to infiltrate B cells and
prevent them from
recruitment and
proliferation so that the
pathogen is able to persist
for alonger period of time
in these secondary sites it

travels to

B. burgdorferi escapes the
host adaptive immune
response through antigenic
variation
=>  achievesthis
through random
segmental
recombination of
genes at the vis
locus
=>  downreqgulated after
infection is
established to avoid

antibody targeting

B cell functionality is not
optimalin B. burgdorferi
infections
=>  serumlIgMlevels
remain high
throughout infection
and IgG levels are
lower than expected
-> Defect T-dependent
germinal centers are
formed due to Tfh
level decline and
follicular dendritic

cell mislocalization

B. burgdorferiinhibits C3 and

C4 formation through

inhibiting C3 proconvertase

and C1complex activities

=> (3 andC4areunable

to be deposited on
FDCs, which
interferes with FDC
antigen presentation
to B cells, leading to
the premature
collapse of germinal
centers before it can

function properly
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EARLY STAGES

EARLY INFECTION LATE INFECTION

Overlap

Stage 1. Localized

OH O HO H O
Disseminated

l Arthritis: doxycycline/ceftriaxone x 14-28d
Doxycycline, amoxicillin, CNS: ceftriaxone x 14-28d
OH cefuroxime x 10-14d

Isolated palsy: doxycycline x 14d
H / ~N 1t degree AVB: doxycycline x 14-21d
Serious CNS/carditis: ceftriaxone x 14-28d

Stage 2. l

Taking doxycycline Taking hygromycin A Bacteria may be Patient may be
OH completely removed completely cured in 2-4
. OH weeks
= N _~_.0
%o~ 0>



Post-Lyme disease syndrome (PLDS)

« 15% of patients treated will have disease

symptoms that persist after they complete

treatment, including: Controls Participants with post-
o joint or muscle aches treatment LD symptoms
o cognitive dysfunction N
o  Fatigue LF Q
- Patients may feel the lingering effects of this o T
condition for over 6 months after they finish initial C/T !‘% @9} ﬁt'& } / ‘
treatment ij}}? ‘\? “« “\w//‘ @ @
«  Certain studies showed no significant o 2.5

improvement compared to individuals on placebo

- prolonged or incorrect usage of antibiotics can
lead to serious damage to various internal organs

or even death 38



Antigenic Variation

allow bacteria to evade the antigen-specificimmune  ,

responses previously developed from infection

« infection with pathogen alternatives will not elicit
o°
responses from existing antibodies or immune cells
. Y
« anumber of preventative measures can be taken to "

limit re-infection such as ensuring full skin coverage

in tick prone areas and to use repellant
« most characteristic sign of re-infection: appearance

of Erythema migrans with presence of punctum

« Symptomsreduce in intensity until third infection

« Thelower levels of IgG and memory B cell generation

T ~paentyl ? - variant . - Bb antigen
VISE VISE 9
can reflect the unsuccessful attempts of the host

. . . . ,( - Bb antigen-specific - parental VIsE-specific
immune system at resolving subsequent infections IgG IgG



Late Treatments

« More long term conditions develop
- atapredisposed position of risk for relapse (distinctly different from reinfection)
o usually occurs within a year of the initial infection
o does not depend on the usual tick season (spring or summer)
© no punctum is observed
- difference between reinfection and relapse can be characterized by:
o Seasonality
o presence of punctum

o timeline of sickness
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