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Abstract

Alzheimer's disease (AD) is a progressive neurodegenerative disease characterised by deposits of 

amyloid-P (A3) and neurofibrillary tangles. It has been suggested that inflammatory changes are 

associated with disease, however, it has not been established if these are a consequence of 

ongoing neurodegeneration or whether inflammation itself contributes to disease pathogenesis. 

T cells have been reported in the AD brain and clinical trials involving immunization with AP 

induced increased T cell infiltration into the brain and meningoencephalitis in some patients. In 

this study, the effect of A3-specific T cells was assessed in vitro and in vivo. It was observed that 

transfer of A3-specific T h l cells increased numbers of T cells in the brain of APP/PSl mice in 

comparison with wild type mice, and T cell infiltration enhanced Ap deposition in the APP/PSl 

mice. The in vitro studies revealed that A3-specific T h l cells activate both microglia and 

astrocytes resulting in cytokine production, however, A3-specific Thl7 cells preferentially 

activate astrocytes.

Recent studies suggest that exposure to infection can accelerate cognitive decline in AD 

patients, and pathogens have been detected in the post-mortem AD brain. However, the 

influence of infection on ongoing neuroinflammation and pathology remains poorly understood. 

In this study, the effect of a peripheral infection on AD-pathology in APP/PSl mice was examined. 

There was significant infiltration of IFN-y- and IL-17-producing T cells and NKT cells in older 

APP/PSl mice 8 weeks after infection with the Gram-negative respiratory pathogen Bordetella 

pertussis, and this was accompanied by increased glial activation and AP deposition.

Current therapies for AD are limited and treat the symptoms of the disease as opposed 

to addressing the ongoing neuroinflammation or neurodegeneration. Previous studies indicated 

that infection enhanced T cell infiltration into the brain, therefore the effect of suppressing T cell 

migration by chronic treatment with FTY720 was investigated. However, analysis of the effect of 

FTY720 on clearance of infection revealed that chronic treatment with FTY720 prolonged the 

duration of infection with B. pertussis; this was associated with reduced influx of T cells into the 

lung and brain, and reduced infection-induced neuroinflammation. Treatment of APP/PSl mice 

with FTY720 for the duration of infection restored blood-brain barrier (BBB) integrity reducing 

fibrinogen leakage into the parenchyma, and decreased T cell infiltration into the hippocampus. 

Furthermore, FTY720 attenuated the infection-induced increase in AD-pathology.

The data generated in this study demonstrate that T cells cause microglial and astrocytic 

activation which may contribute to the increase in AP deposition observed in APP/PSl mice after 

transfer of AP-specific T h l cells. The data suggest that infection may be a critical factor in the 

progression of AD and highlight an age-related vulnerability in APP/PSl mice. This emphasises 

the importance of early diagnosis and treatment of infections in the elderly. Finally, the 

experiments with FTY720 suggest that stabilising the BBB and modulating T cell entry into the 

parenchyma may provide a future therapy for this disease. As FTY720 is a drug with multiple 

targets, it could prove an ideal therapy in AD where multiple pathways appear to be involved in 

disease progression.
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1.1 Adaptive immunity

A fter exposure to  an infectious agent, th e  innate im m une system is th e  first 

defence; rapid acting and non-specific in nature, it can e lim inate  th e  pathogen in 

hours using pattern  recognition receptors (PRRs) which recognise pathogens  

based on the  conserved m otifs  they  display on th e ir cell surface called pathogen- 

associated m olecular patterns (PAMPs). H ow ever if this defence is breached, the  

innate im m une system works to  contain the  infection w hile  th e  adaptive  

im m une response is generated . The adaptive im m une system is m ore effic ien t at 

elim inating  infection as it develops specifically fo r each insult at a cost o f taking  

days ra th er than hours to  establish. The lym phocytes th a t develop have highly 

specialised antigen receptors on th e ir cell surface th a t can respond to  single 

antigens. Each lym phocyte has an antigen receptor w ith  a specific, unique  

antigen-binding site. As th e re  are billions o f lym phocytes in th e  body, this results 

in a huge, diverse rep erto ire  o f antigen-specific cells available to  recognize and 

respond to  practically any antigen a person m ay be exposed to  over th e ir  

life tim e.

1.1.1 T cell induction

T cells are a subset o f lym phocytes w ith  antigen receptors th a t are specific fo r a 

unique antigen known as T cell receptors (TCR) how ever, th e  recognition and 

functional properties o f this receptor are distinct. O ver 90%  o f T cells have a TCR 

m ade up o f a heterod im er; TCRa and TCR(3, and a proportion  have TCRy; TCR6 

heterodim ers. T cell precursors develop in th e  bone m arro w  from  which they  

m igrate to  the  thym us w h ere  they  m ature . On m atu ra tio n , the  naive T cell 

circulates through th e  lym phatic system, sam pling antigen expressed on m ajor 

histocom patib ility  com plex (M H C ) class I or class II receptors on dendritic  cells 

(DC) until they  recognize th e ir specific antigen and becom e activated. The naive T 

cell needs interleukin (!L)-7 and occasional interactions w ith  self-peptide: self- 

M HC com plexes to  survive in th e  periphery, w ith o u t these signals, th e  cell 

undergoes program m ed cell death (Koenen et al., 2013). In m ice, th e  pool o f the  

naive T cells in th e  periphery  is continuously replenished via th e  thym us  

th roughout the  life o f th e  m ouse how ever, in hum ans this pool is m aintained
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through proliferation of naive cells in the periphery only (den Braber et al., 

2012).

Activation of a naive T cell is a controlled process and a number of 

specific signals must occur for effective T cell activation (Fig 1.1). The TCR only 

recognizes its specific peptide when presented via a peptide: MHC complex on a 

DC, as only mature DCs can activate naive T cells. The MHC complex must also 

recognise the TCR itself. The T cell has a co-receptor; CD4 or CDS which binds the 

MHC complex o f the TCR; MHC association increasing the sensitivity to antigen 

stimulation. Together this provides the first signal necessary for T cell activation. 

Activation o f the TCR induces phosphorylation o f tyrosine residues on CD3, 

allowing the intracellular protein ZAP-70 to bind which is in turn activated by Lck. 

This induces an intracellular signalling cascade resulting in the activation of 

protein kinase C-0 and calcineurin which ultimately leads to activation of nuclear 

factor kappa B (NF-kB), nuclear factor of activated T cells (NFAT) and activator 

protein-1 (AP-1) transcription factors. Signalling through the TCR also induces a 

conformational change in lymphocyte function-associated antigen (LFA)-l, 

increasing its affinity for intercellular adhesion molecule (ICAM)-l or -2 on the 

antigen presenting cell (ARC) stabilising the T cell: ARC interaction (FriedI and 

Gunzer, 2001). The second signal comes from the co-stimulatory receptor on the 

T cell; CD28. CD28 interacts w ith CD80 or CD86 (also termed B7.1 and 87.2) on 

the ARC, resulting in increased expression of other co-stimulatory receptors 

while also activating NF-kB, NFAT and AR-1 transcription factors. Together, the 

first and second signals induce IL-2 production by the T cell, triggering 

proliferation.

While these 2 signals are vital for activation o f naive T cells, other ligand -  

receptor interactions aid the process, such as CD40 on the DC which binds CD40L 

on the T cell. This interaction can signal bi-directionally, inducing T cell activation 

but also promoting CD80 and CD86 expression on the DC (lezzi et al., 2009). 

These activated naive T cells then leave the lymph node or spleen and migrate to 

the site of infection. Here the cells are re-stimulated by local ARCs such as 

macrophages, inducing effector T cells that produce cytokines and chemokines
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to  m ed iate  pathogen clearance. The T cell subtype generated will vary depending  

on th e  cytokine env ironm ent at the  tim e  o f th e  reaction.

In o rd er to  control th e  m agnitude o f an im m une response th e  expression 

o f co-inhib itory receptors on T cells is induced during T cell activation which, 

unlike co-stim ulatory receptors, negatively affects T cell responses (Chen and 

Flies, 2013). Indeed it is the  balance betw een  stim ulatory  and inhibitory  

signalling which can dete rm in e  the  im m une response to  a pathogen. Cytotoxic T 

lym phocyte antigen-4  (CTLA-4) is an inhibitory receptor th a t binds CD80 or CD86, 

and upregulation o f CTLA-4 is associated w ith  CD28 dow nregulation  (Rudd et al., 

2009). Program m ed cell death -1  (PD-1) can also induce T cell inhibition by 

negatively regulating TCR signalling fo llow ing ligation w ith  its ligand, P D -L l (Keir 

et al., 2008). At la ter stages o f im m une activation the expression o f co-inhibitory  

receptors replaces the  co-stim ulatory receptor expression on th e  surface o f T 

cells (Zhu et al., 2011). This ensures strict control o f the adaptive im m une system  

and allows contraction o f the  T cell response on resolution o f infection.
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Figure 1.1 Activation o f a naive T cell by an APC

Activation o f a naive T cell requires three signals from  an APC. The firs t comes 
from  the TCR: MHC II interaction; professional APCs such as DCs phagocytose 
pathogens and process them into peptides, loading one into the groove o f an 
MHC class II complex to present to a naive T cell. If the TCR recognizes the peptide 
and MHC class II complex it  becomes activated, binding o f the co-receptor CD4 to 
the MHC class II induces the T cell to become much more sensitive to the antigen 
presented, thus enhancing the signal generated. Signalling induces a 
conformational change in lymphocyte function-associated antigen (LFA)-l 
increasing its affin ity fo r  intercellular adhesion molecule (ICAM)-l or -2 stabilising 
the T cell: APC interaction. The second signal comes from  the co-stimulatory 
receptor CD28 on the T cell binding either CD80 or CD86 on the APC. Activation o f 
the TCR and CD28 together induce production o f IL-2 which functions in an 
autocrine manner on T cell inducing cell differentiation, and maintaining survival. 
Additional signalling occurs between the APC and T cell; CD40 binding CD40L can 
signal bi-directionally promoting cell activation. The APC also produces cytokines 
in response to the pathogen via activation o f PRRs, which influences the 
polarisation o f the T cell and is the th ird signal. The activated T cell can now  
produce cytokines e.g. IFN-y, IL-4 or IL-17. T cell activation is also modulated by 
co-inhibitory receptors e.g. programmed cell death (PD)-l, which binds 
programmed death-ligand 1 (PD-Ll) and negatively regulates T cell function, thus 
maintaining control over the magnitude o f the adaptive immune response. PRR, 
pattern recognition receptor; PAMP, pathogen-associated molecular pattern; 
DAMP, danger-associated molecular pattern.
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1.1.2 Thl cells

T helper (Th) cells express the CD4 co-receptor and only recognize their cognate 

antigen presented via an MHC class II complex on an APC. Th cells are not 

cytotoxic or phagocytic on their own instead, as the ir name suggests, their main 

role is to help other cells carry out these functions. In order to provide the most 

efficient immune response, the particular cytokines that a pathogen induces are 

central to  the type of adaptive immune response generated.

T cells activated in the presence o f IL-12 and interferon (IFN)-v 

differentiate to the T h l subtype (Fig 1.2). Natural killer (NK) cells are a source of 

IFN-y, and DCs and macrophages can produce IL-12 in response to  certain 

pathogens (Walsh and Mills, 2013). IFN-y signals via signal transducer and 

activator of transcription (STAT)-l inducing the expression of the T-bet 

transcription factor. In turn, T-bet induces IL-12R2P which binds and is activated 

by IL-12. IL-12 signals via STAT4 and together w ith T-bet, induces T cell 

production of IFN-y which can feedback onto the T cell committing the 

differentiation to Th l.

T h l cells predominantly mediate immunity to intracellular pathogens or 

tumours (Mills, 2008). Macrophages can ingest and phagocytose pathogens, 

however, in some instances the pathogen is not killed and can maintain a chronic 

infection in the macrophage. In this case, activation by T h l cells can promote the 

macrophage into further microbial killing (Walsh and Mills, 2013) or if necessary, 

apoptosis. Once T cells recognise antigen presented by DCs or macrophages, 

they become activated and provide two signals necessary for further 

macrophage activation. The T h l cell produces considerable amounts of IFN-y and 

provides CD40L to interact w ith CD40 on the macrophage which together, 

activate the cell and convert it into an extremely effective antimicrobial cell. 

CD40 signalling also enhances MHC class II, CD80 and CD86 expression, making 

the macrophage a more efficient APC. Activated macrophages increase their cell- 

surface expression of CD40 and tumour necrosis factor a (TNFa) receptor and 

increase production o f TNFa. This functions in a positive feedback loop, and with
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IFN-y, can enhance the production o f reactive oxygen species creating a potent 

antimicrobial cell.

1.1.3 Th2 cells

Development o f Th2 cells is induced by IL-4 (Fig 1.2). IL-4 signals via STAT6 to 

trigger the expression o f the GATA3 transcription factor. GATA3 in turn promotes 

the expression and production of IL-4 and IL-13 by the T cell, thus a positive 

feedback loop is established via IL-4 and GATA3 signalling, committing the cell to 

the Th2 subtype.

Th2 cells secrete IL-4, IL-5 and IL-13 which can stimulate basophils, 

eosinophils and mast cells. IL-4 production from Th2 is important in B cell 

activation and immunoglobulin (Ig) class switching (Finlay et al., 2014; Paul and 

Zhu, 2010). IL-4 and IL-10 production by Th2 cells can also inhibit the 

development o f T h l cells, although IL-10 can also be secreted by DCs and 

regu la to ry ! (Treg) cells (Walsh and Mills, 2013).

1.1.4 Th l7  cells

For many years it was believed that 004"^ T cells could be divided into one of two 

subsets; T h l or Th2 cells which mediated pro- or anti-inflammatory responses 

respectively and as a result, balanced each other. However, the discovery of 

Th l7  and Treg cells has considerably changed this model. It was initially believed 

that IL-23 was important for the development o f Th l7  cells, though it was 

subsequently demonstrated that naive T cells do not express a receptor for IL-23 

(Harrington et al., 2005) and produce little  IL-17 in response to  IL-23 in vitro 

(Langrish et al., 2005). It has since been established that the role o f IL-23 is in the 

survival and expansion o f Th l7  cells rather than their initial differentiation, 

transforming growth factor (TGF)-3 and IL-6 were instead found to  have a central 

role in Th l7  differentiation (Mangan et al., 2006; Veldhoen et al., 2006). yS T 

cells have also been implicated in the production o f IL-17 by €04"^ T cells (Sutton 

et al., 2009) and both IL-4 and IFN-y inhibit Th l7  differentiation (Harrington et 

al., 2005; Mangan et al., 2006). On activation, Th l7  cells secrete numerous
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cytokines including IL-17A, IL-17F, IL-6, IL-21, IL-22 and TNFa (Mills, 2008) and 

RORyT (an orphan nuclear hormone receptor) is the signature transcription 

factor for T h l7  cells (Fig 1.2). These cells are important in mediating protection 

by inducing neutrophil recruitm ent to the sites of infection or inflammation, 

however, IL-17^ T cells have also been implicated in autoim m unity, in particular 

in experimental autoimmune encephalomyelitis (EAE) (Mills, 2008).

1.1.5 Treg cells

Treg cells form a heterogeneous population compromising natural and inducible 

Treg cells that function to suppress the immune response. Natural Treg cells are 

CD4^CD25^FoxP3^ cells, which develop in the thymus before migration to  the 

periphery where they suppress the activity of autoreactive T cells (Mills, 2004). In 

contrast, inducible Treg cells are CD4^CD25 FoxP3^ cells generated in the 

periphery from naive T cells on interaction with m ature DCs, though the cytokine 

environment at the tim e of this reaction is different from that which induces T h l, 

Th2 or T h l7  cells. IL-lO-secreting Treg cells produced in this manner are known 

as T regulatory 1 cells (T rl), whereas those that produce TGF-3 are term ed Th3 

cells. T r l  and ThB cells predominantly mediate their immunosuppressive effects 

via cytokines especially IL-10 and TGF-(3, which can inhibit the function of APCs to 

stimulate T cells, or directly inhibit T h l cells (Mills, 2004). Treg cells also mediate 

suppression via cell contact, and can facilitate the killing of APCs and effector T 

cells via granzyme B (Josefowicz et al., 2012).
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Figure 1.2 CD4* T cell differentiation and function

T cells activated in the presence o f IL-12 differentiate to the Thl subtype. IL-12 
signals via STAT4 enhancing the expression o f T-bet, inducing T cell production o f 
IFN-y. Thl cells predominantly mediate immunity to intracellular pathogens or 
tumours. Th2 cells are induced by IL-4, v^hich signals via STAT6 to trigger the 
expression o f GATA3. Th2 cells secrete IL-4, IL-5, IL-10 and IL-13 and are 
im portant in mediating im munity against extracellular pathogens, but also have 
a role in allergy. TGF-6 and IL-6 induce Th l7  differentiation by promoting the 
expression o f RORyT where IL-1 and IL-23 enhances cell expansion. Thl 7 cells 
secrete numerous cytokines including IL-17A, IL-17F and IL-6. These cells induce 
neutrophil recruitment and have been implicated in many autoimmune diseases. 
Inducible Treg cells are CD4^ cells generated in the periphery in the presence o f IL- 
10 and TGF-6 and express FoxPS. Treg cells can regulate or inhib it Thl, Th2 and 
Thl7  cells along with APC cell responses.

1.1.6 CD8^T cells

CD8^ T cells are activated by recognizing their cognate antigen presented via

MHC class I. MHC class I is expressed by all nucleated cells, and typically presents

self-antigen. However, once the cell becomes infected by a virus, it is the viral

antigens w/hich become displayed on the MHC class I, thus CD8^ T cells are critical

in mediating protection against intracellular pathogens, especially viral

infections. Activation occurs in a similar manner to CD4^ T cells however, unlike
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Th cells, na ive  CD8^ T cells n e e d  m o r e  co - s t imula to ry  activity f rom t h e  m a t u r e  DC 

and  if t h e  DC is no t  sufficiently ac tivated ,  can re qu ir e  t h e  help of  a CD4^ e ffec to r  

T cell. The ef fec to r  CD4^ T cell can in teract  wi th t h e  s a m e  APC via MHC class II; 

this can increase  t h e  express ion of  co -s t im ula to ry  molecules  and  provide  

cytokines  such as IL-2 to  aid CD8^ T cell ac tivation and di f ferent ia t ion  into 

cytotoxic lym phocy tes  (CTLs). CTLs p ro d u c e  IFN-y, which can p r e v e n t  viral 

repl icat ion.  CTLs also kill infec ted  cells in a highly polar ised  m a n n e r  by 

coo rd in a t in g  t h e  del ivery of  perforin  and g ra nzym es  di rect ly into t h e  t a r g e t e d  

cell, spar ing  any uni n fe c ted  cells nea rby .  In addit ion ,  CTLs can u p r e g u la t e  Fas 

ligand (CD95L), initiat ing cell d e a th  by binding to  Fas (CD95) on t h e  t a r g e t  cell 

(Harty e t  al., 2000).

1.1.7 T cell m em ory

During i m m u n e  chal lenge,  a naive T cell d i f fe ren t i a te s  into ef fec to r  T cells, 

t h o u g h  t h e  major i ty  of  t h e s e  cells u n d e r g o  ap op tos i s  on resolut ion of  infect ion.  

M e m o r y  T cells also d i f fe ren t i a t e  f rom naive T cells during i m m u n e  challenge,  

h o w e v e r ,  t h e y  ar e  long-lived cells poised to  quickly r e s p o n d  should  th ey  

e n c o u n t e r  t h e  an t igen  f rom t h e  pr imary s t imulus  again,  as m e m o r y  T cells are  

m u ch  m o r e  sens it ive  to  an t igen -s t imula t ion  th a n  naive cells. M e m o r y  T cells exist 

in t w o  dis tinc t pop ula t ions :  cen t ra l  m e m o r y  and e f fec to r  m e m o r y  T cells. Central  

m e m o r y  T cells (Tcm) ex p res s  CD44, CD62L and CCR7 an d  c irculate in t h e  

lymphoid  organs .  Effector m e m o r y  T cells (Tem) do  n o t  expr es s  CD62L or  CCR7 

an d  pre feren t ia l ly  c irculate in no n- lympho id  t i s sues  (W eng e t  al., 2012).  On 

act ivation,  Tem m a t u r e s  very  quickly into an e f fec to r  cell, p rod uc ing IFN-y or  IL-4 

early a f t e r  re-s t imula t ion ,  enabl ing t h e s e  cells t o  carry  o u t  rapid e f fec to r  

func t ions  a t  t h e  s ite o f  inf lammat ion .  In cont ras t ,  ac tivation of  Tcm t ak e s  longer  

t h a n  Tem t o  d i f f e ren t i a t e  into e f fec to r  T cells, t h e y  do  n o t  expr es s  m u ch  cytokine 

im m e d ia te ly  a f te r  ac t ivation,  b u t  this is a quicker  r e s p o n s e  t h a n  naive T cell 

ac tivation an d  t h e y  h ave  b e t t e r  prol i ferat ive capaci ty  t h a n  Tem (Lanzavecchia and 

Sallusto,  2005).  M e m o r y  CD4 T cells n e e d  IL-7, b u t  can survive w i th o u t  

e n c o u n te r i n g  th e i r  an t igen  again.
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It has been suggested that memory T cells are intermediates at different 

stages o f differentiation, and the strength and duration o f antigenic stimulation 

influences these dynamics (Lanzavecchia and Sallusto, 2005). During a primary 

immune response, high antigen stimulation via MHC class II on the DC along with 

co-stimulatory molecule induces effector T cells, an event which occurs early in 

infection, and Tem may be generated at this time (Fig 1.3). At later stages of 

challenge the T cells that become activated proliferate less, perhaps due to 

competition and decreased stimulatory capacity o f the DCs. Thus Tcm cells are 

not activated as intensely and do not lose CD62L nor lymphoid homing capacity 

(Catron et al., 2006).

Ag-stimulation

APC

Naive / /  
Tcell lyi

Effector Tcell 
clonal expansion!

CD62L ICCR7

CD44

Central Memory 
Tcell(Tc„)

CCR3 ICCR5  

CD44

Effector Memory 
T ce l l (T E M )

Effector 
Cell death

Figure 1.3 T cell memory

The strength o f antigen stimulation via the TCR, co-stimulatory expression and 
cytokine expression determines T cell differentiation during an immune response. 
Effector T cells are produced by strong stimulation across all parameters, though 
the m ajority undergo apoptosis at resolution o f infection. Memory T cells are also 
induced during immune challenge, and are ready to respond should they 
encounter their specific antigen again. Central memory T cells (Tcm) ore activated 
less intensely than effector T cells and never lose CD62L expression, express CD44, 
CCR7 and circulate in the lymphoid organs. Effector memory T cells ( T e m )  do not 
express CD62L or CCR7, instead can express receptors fo r  inflammatory 
chemokines (e.g. CCR3, CCR5) and preferentially circulate in non-lymphoid 
tissues. On activation, Tem differentiate quickly into effector cells. Tcm activation 
takes longer than Tem but these cells have better proliferative capacity.
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1.1.8 NKT cells

NKT cells are derived in the thymus and are a heterogeneous population that 

express a TCR and typical NK cell surface markers, such as N K l. l in mice. Instead 

o f binding MHC class I or II, the TCR on NKT cells binds CDld, a non-classical MHC 

class I molecule. The TCR recognizes glyco-lipid antigen only e.g. a- 

galactosylceramide, which allows these cells to recognise glyco-lipid fragments 

from microorganisms forming an adaptive immune response. On activation, NKT 

cells can release various cytokines including IFN-y, IL-10, TNFa and mouse NKT 

cells can produce IL-17 (Berzins et al., 2011). Defects in NKT cell function have 

been implicated in the development of autoimmune disease and cancer.

1.2 The central nervous system

The central nervous system (CNS) includes the brain and spinal cord, and is 

comprised of neurons and glial cells in a 1:1 ratio (Azevedo et al., 2009). Glial 

cells are non-neuronal cells and can be divided into three main groups: 

oligodendrocytes, astrocytes and microglia. Oligodendrocytes myelinate the 

neurons o f the CNS. Each process of an oligodendrocyte can myelinate one 

segment of a neuronal axon, and oligodendrocytes can myelinate numerous 

axons simultaneously (Nave, 2010). Astrocytes are large, star shaped glial cells 

that have an important role in maintaining homeostasis w ithin in the CNS, as 

these cells maintain the pH and extracellular ion concentration. Astrocytes also 

form part o f the BBB, using their end feet to support the vascular endothelium 

(Dong and Benveniste, 2001). Microglia are the principal innate immune cells of 

the brain, and are often considered to be the macrophage equivalent of the CNS. 

These cells are efficient phagocytes and can produce cytokines and chemokines 

on activation. How microglia function as innate immune cells will be discussed in 

detail below.

1.2.1 The BBB and immune privilege

The brain was once considered to  be a strictly immunologically privileged site. In 

1921 Shirai observed that rat tum our grew well after transplantation to  the brain
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pa r e n c h y m a ,  bu t  n o t  a f t e r  t r a n s p l a n t  u n d e r  t h e  skin o r  into m uscl e  (Shirai, 

1921).  This f inding w as  rep l ic a t ed  2 yea rs  later ,  t h o u g h  it w a s  found  t h a t  if par t  

of  t h e  sp leen  w as  t r a n s p l a n t e d  wi th t h e  t u m o u r ,  t u m o u r  g ro w th  w a s  inhibited 

(M urp hy  and Sturm,  1923).  This led t h e  a u t h o r s  t o  sugges t  t h a t  i m m u n e  cells 

w e r e  unab le  t o  m ig ra te  into t h e  p a r e n c h y m a  which  faci l i tated  t u m o u r  grow th .  It 

w a s  also cons ide red  a t  th is  t i m e  t h a t  t h e  a b s e n c e  of  a lympha t ic  sys tem  

p r e v e n t e d  t h e  g e n e ra t i o n  of  i m m u n e  r e s p o n se s  in t h e  brain (iVledawar, 1948).  

However ,  it has  s ince  b e e n  d e m o n s t r a t e d  t u m o u r s  can b e  c l ea red  f r om  t h e  CNS, 

th is  p ro ces s  is ju s t  de laye d  (Finsen e t  al., 1991) ,  im por t an t ly  c l ea ran ce  was  

as soc ia te d  wi th infi l tration of  T cells and  ac tivat ion o f  bo th  microglia and 

a s t rocy te s  in t h e  su r ro u n d in g  brain t i ssue.  It is n o w  ac c e p t e d  t h a t  im m u n e  

privilege of  t h e  brain is n o t  absol ut e .  R a the r  t h a n  s t a t in g  no im munosurvei l l ance  

occurs  wi thin t h e  CNS, it is n o w  ac c e p t e d  t h a t  an y  i m m u n e  r e s p o n s e  is t ightly 

con tro l l ed  and is c o m p a r t m e n ta l i s e d  i.e. m o r e  strictly r egu la ted  in t h e  

p a r e n c h y m a  th a n  o t h e r  bra in  regions  such as t h e  ventric les ,  m e n i n g e s  or  choroid 

plexus,  which r e s p o n d  t o  insult  like t h e  p e r ip h e ry  (Galea e t  al., 2007).  

Impor tant ly ,  any privilege t h e  brain has  decl ines  wi th  ag e  or  in i n f l am m ato ry  or  

infectious  condi t ions .

The discovery o f  t h e  BBB a d d e d  co n s id e r ab le  w e ig h t  to  t h e  t h e o r y  t h a t  

t h e  CNS w a s  an immunological ly  privileged site. A ser ie s  o f  s tud ies  f rom  1885 to  

1913 d e m o n s t r a t e d  t h a t  dyes  in jec ted  into t h e  p e r ip h e ry  did n o t  s tain t h e  brain,  

an d  similarly w h e n  dye w a s  in jec ted  into t h e  bra in  it did n o t  leak into t h e  

per ip h e ry  (B ec hm ann e t  al., 2007).  It w a s  t h u s  co n c lu d e d  t h a t  "brain  capil laries 

m u s t  hold back cer t a in  m ol ecu les "  (Lewandowski,  1900).  The BBB is a t ightly 

r e gu la ted ,  r a th e r  t h a n  ab so lu te ,  s t ru c tu re .  The BBB effec tively p ro t e c t s  t h e  bra in  

f rom  p a t h o g e n s  or  insult  d u e  t o  t h e  p re s e n c e  of  t ight  junct ion  p ro te in s  b e t w e e n  

t h e  endothel ia l  cells of  t h e  vascula tu re ,  providing high elect rical  re s is t an ce  f rom 

large m olecu le s  en t e r in g  t h e  CNS. Indeed  t h e  elec tr ical  re s is t an ce  o f  t h e  CNS 

v asc u la tu re  is h igher  t h a n  t h a t  of  t h e  endo thel ia l  cells in m a n y  o t h e r  regions  of 

t h e  bo dy  (Anderson and Van Itallie, 2009).  The bra in en d o t h e l i u m  has  o t h e r  

u n iq u e  f e a t u r e s  in co m p a r i so n  t o  endothel ia l  cells o f  t h e  per iphe ry ,  including 

g r e a t e r  n u m b e r s  o f  mi tochondr i a ,  no  f e n e s t r a t i o n s  an d  little p inocytot ic  activity
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(Hawkins and Davis, 2005). The basement membrane and astrocyte foot 

processes support these endothelial cells, and constitutes another barrier 

between the blood and brain cells (Wraith and Nicholson, 2012). Not all areas of 

the brain have a BBB; in certain areas the blood capillaries are fenestrated, these 

regions are known as circumventicular organs (CVOs). CVOs allow peptide 

hormones to be released from the brain into the blood, and facilitate molecules 

communicating w ith neurons w ithout disrupting the BBB. Areas of the brain that 

are classified as CVOs include the pineal gland, the posterior pituitary and the 

lamina terminalis (Weiss et al., 2009).

1.2.2 Maintaining the BBB; the role o f tight junction proteins and pericytes

Occludin, claudin-3, claudin-5 and junctional adhesion molecule (JAM) are 

transmembrane proteins which make up the tight junctions (TJ) between the 

endothelial cells o f the BBB. Occludin and claudin are proteins w ith four 

transmembrane domains and tw o extracellular loops that span the cleft between 

endothelial cells (Hawkins and Davis, 2005), whereas JAM is a single membrane 

spanning chain. Claudin-5 in particular is important in maintaining the integrity of 

the BBB, as knocking out this protein results in enhanced permeability and loss of 

BBB integrity in mice (Nitta et al., 2003). There are a number of cytosolic proteins 

called zonular occludens (ZO)-l, ZO-2 and ZO-3 which act together in m ulti­

protein complexes, binding the TJ proteins intracellularly to the actin 

cytoskeleton (Weiss et al., 2009) (Fig 1.4). The adherens junction (AJ) is also 

located between the endothelial cells o f the BBB, these are calcium sensitive 

cadherin proteins which promote barrier integrity and contribute to  the 

regulation of TJ proteins (Hawkins and Davis, 2005; Weiss et al., 2009). Together 

the TJ and AJ proteins act as a zipper between each endothelial cell, lim iting the 

permeability o f solutes and molecules from the blood into the brain.

Endothelial cells are ensheathed by the basal lamina, a 30-40 nm

membrane composed of layers o f extracellular matrix proteins including

collagen, proteoglycans and glycoproteins (Hawkins and Davis, 2005; Weiss et al.,

2009). This is subsequently encapsulated by astrocyte end feet, which together

make up the glia limitans and support the BBB. This region can also be referred
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to  as t h e  neurovascular  unit, when it also considers the  pericytes within the  basal 

m em b ran e  and the  neurons  which innervate  and thus  pe rhaps  regulate  BBB 

function (Hawkins and Davis, 2005).

Pericytes are  cells e m be dde d  within the  vascular b a s em e n t  m em brane  

and are  ubiquitously expressed along blood vessels, however ,  the  vasculature  of 

t h e  CNS has t h e  highest  coverage of pericytes with an endothel ia l  cell: pericyte 

ratio of  (Armulik et al., 2011; Mathiisen et  al., 2010). Pericytes maintain

contact  with the  endothelia l cells of the  vasculature though  gaps in t h e  

ba sem e n t  m em brane ,  with up to  1,000 contacts  descr ibed for a single 

endothelia l cell (Armulik et  al., 2011). These cells have an impor tan t  role in 

regulating the  BBB, enhancing its integrity in vitro (Nakagawa et al., 2009) and 

pericyte deficiency in mice results in BBB permeabi lity with reduced  polarisation 

of ast rocyte end fee t  at the  BBB, increased capillary d iam e te r  and abnormal  

endothelia l cell shape  and s tructure  (Armulik et al., 2010; Hellstrom et  al., 2001). 

Pericyte deficiency is also associated with a reduct ion in TJ proteins,  with an 

increase in t he  expression of leukocyte adhesion molecules and g rea te r  numbers  

of  leukocytes infiltrating into t he  CNS parenchyma (Bell e t  al., 2010; Daneman et 

al., 2010). The absence  of pericytes in mice results in increased expression of 

pro- inf lammatory cytokines in t h e  CNS, microglial activation and neuronal  loss, in 

addition to  memory  impairments  (Bell e t  al., 2010). Importantly,  t h es e  changes 

were  preceded by vascular dam age  and BBB disruption in t h e  pericyte-deficient  

mice.

During periods of  neuroinf lammation the  BBB can lose its integrity,

becoming "leaky". Compromised TJs have been repor ted  in Multiple sclerosis

(MS) lesions, with loss of occludin and ZO-1 (Kirk et  al., 2003; Leech et  al., 2007;

Plumb et al., 2002), which is associated with f ibrinogen leakage into t h e

perivascular space and even into the  parenchyma.  It has been  dem ons t ra ted  th a t

infiltration of  inf lammatory immune cells into t h e  perivascular space is

associated with loss of TJ proteins (Bolton et  al., 1998; Boven et  al., 2000). Pro-

inf lammatory cytokines such as TNFa, IL-ip, IL-17 and IFN-y have also been

implicated in reducing the  expression of TJ proteins of  endothel ia l  cells (Kebir e t

al., 2007; Minagar  and Alexander, 2003), which facilitates entry  of large
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molecules and cells into the perivascular space. In addition, pro-inflammatory 

cytokines can affect pericytes, increasing their expression o f MCP-1, IP-10, 

VCAM-1, ICAM-1 and MHC class II, along with altering pericyte migration and 

proliferation (Balabanov et al., 1999; Jansson et al., 2014; Tigges et al., 2013). 

The BBB can also be compromised after hypoxic or ischemic insults, in tumour 

vasculature and w ith drug use (Hawkins and Davis, 2005).
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Figure 1.4 The blood-brain barrier

(A) The blood-brain barrier (BBB) is created by vascular endothelial cells which 
are not fenestrated and have tight junction proteins with high electrical 
resistance to prevent solutes or large molecules entering the brain parenchyma. 
The endothelial cells are supported by the basement membrane (which contains 
pericytes) and astrocyte end feet. (B) The tight junction proteins o f the BBB 
include occludin, claudin-3 and -5 and junctional adhesion molecule (JAM). These 
are bound intracellularly by zonular occludens (ZO)-l, -2 and -3, which interacts 
with the actin cytoskeleton. Cadherin proteins make up the adherens junction  
promoting barrier integrity. Together these proteins act as a zipper or fence to 
regulate the diffusion o f molecules into the brain.
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1.2.3 T cell surveillance of the brain

W hile it was previously believed that lymphocytes do not infiltrate the brain, it is 

now established that T cells routinely enter the CNS for immunosurveillance 

(Hickey, 2001). There are approximately 150,000 lymphocytes circulating in the  

cerebrospinal fluid (CSF) of healthy individuals at any given tim e (Engelhardt and 

Ransohoff, 2005), it is estimated that these cells are replenished twice per day 

before re-entering the blood stream. Over 80% of the T cells in the CSF are CD4^ 

one-third of which are Tem cells, and two-thirds are Tcm (Kivisakk et al., 2003). T 

cells in the CSF survey the brain by searching for their specific, cognate antigen 

presented by macrophages in the subarachnoid or perivascular space or by 

pericytes in the basal lamina m embrane (Engelhardt and Ransohoff, 2005; 

Owens et al., 2008). DCs are also located in the perivascular and meningeal 

space, where they present antigen to T cells mediating their infiltration into the 

brain. Interestingly, increasing the number of DCs at these locations results in 

enhanced T cell influx into the brain (Greter et al., 2005). Entry into the 

parenchyma is dependent on the T cell recognising its specific antigen, if this 

occurs the T cell mounts an inflammatory response recruiting more immune 

cells, which together infiltrate into the brain parenchyma by breaching the glia 

limitans (W raith and Nicholson, 2012).

1.2.4 T cell entry: a two-step process

Migration of immune cells through the vascular endothelial layer is a complex

process involving a number of adhesion molecules binding the lymphocyte to the

endothelial cell. This process occurs in five stages: rolling, activation, arrest and

crawling before transendothelial migration (Engelhardt and Ransohoff, 2005,

2012). The immune cell (e.g. T cell) transiently makes contact with the

endothelial cell via selectins (L-, E- or P-selectin) present on the vascular

endothelium binding their respective ligand i.e. P-selectin glycoprotein ligand

(PSGL-1). This initially tethers the cell, which rolls along the endothelium. The T

cell can now respond to chemotactic factors present on the endothelial surface,

these chemokines deliver signals to the immune cells via G-protein coupled

receptors (GPCR) that in turn induce conformational changes to integrins (a4-
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a n d  p i - in teg r in s )  p r e s e n t  on t h e  T cell surface  increasing b o th  t h e i r  affinity and  

avidity. The cell c o m e s  to  an ar re s t  w h e n  t h e s e  high affinity, high avidity integrins 

b ind the i r  r e spec t ive  l igands p r e s e n t  on t h e  endothel ia l  cell surface;  ICAM-1, 

ICAM-2 and vascu lar  cell adhes io n  molecule  (VCAM)-l.  This leads  to  

s t r e n g t h e n e d  cell adhes ion,  and t h e  T cell begins  t o  crawl a long  t h e  e n d o th e l iu m  

sea rch ing for  a s ite t o  u n d e r g o  diapedesis .  The cell c rawl ing is m e d i a t e d  by LFA-1 

on t h e  T cell b inding ICAM-1 and  -2. It has  b ee n  s u g g es t ed  t h e  e n d o th e l iu m  may  

fo rm  "docking s t ru c tu re s"  wi th increas ed  ICAM-1 an d VCAM-1, which help 

ex t ra vasa t ion  of  t h e  cell (Carman,  2009).  The T cell can n o w  m ig ra te  across  t h e  

e n d o t h e l i u m  using o n e  of  t w o  m ech a n i sm s :  paracel lu lar  or  t ranscel lu la r  

d iapedes is .  Paracel lu lar  d iapede s is  occurs  t h ro u g h  t h e  gap b e t w e e n  t w o  a d jacen t  

cells, and  is t h o u g h t  t o  be  m e d i a t e d  by r e c ru i tm e n t  of  p la t e l e t  endothe l i a l  cell 

ad h e s io n  m olecu le  (PECAM) and JAM pro te ins  (Engelhardt  and Ransohoff ,  2012).  

Transcellu lar d iapedes i s  occurs  t h ro u g h  t h e  fo rm a t ion  o f  a t r a n s i e n t  po re  wi thin 

t h e  cell. Whi le  b o th  p a th w a y s  are  u sed  in o t h e r  regions  of  t h e  body  for  

infi l tration o r  ex t ra vas at ion  o f  i m m u n e  cells, wi thin t h e  brain it a p p e a r s  t h a t  t h e  

t ransce l lu la r  p a t h w a y  is f avou red ,  spar ing  t h e  TJ p ro te in s  o f  t h e  BBB which 

wou ld  h ave  t o  o p e n  and s u b s e q u e n t ly  reseal  af te r  t h e  cell passe d  th ro u g h  

(Carman,  2009;  Engelha rdt  and Ransohoff ,  2012).

During n eu r o in f l a m m a t io n  t h e  express ion of  P-selectin can be  increased  

on  t h e  endo the l i a l  cell surface ,  t r igger ing T cell ex t ra vasat ion into t h e  

per ivascular  s p a c e  (Engelhardt  and Ransohoff ,  2012).  Upregula t ion of  ICAM-1 

and  VCAM-1 can  also be  ob ser ved.  In addit ion ,  n u m e r o u s  c h e m o k in e s  are  

p r o d u c e d  by t h e  inf lamed brain,  t h u s  facil itat ing e n h a n c e d  influx of  i m m u n e  cells 

which have  t h e  co r re s p o n d in g  c h e m o k in e  r e c ep to r s  (Engelhardt  and  Ransohoff ,  

2005).

Th e T cell is n o w  in t h e  b a s e m e n t  m e m b r a n e  which can include t h e  

per ivascular  s p a c e  d e p e n d in g  on t h e  size of  t h e  b lood vesse l.  Blood vesse ls  on 

t h e  surface  of t h e  CNS a r e  found  in t h e  s u b a r achno id  space ,  as t h e  vessel  

projec t s  f u r th e r  in to  t h e  brain t h e  s u b a rac h n o id  space  b e c o m e s  co n t in u o u s  wi th 

t h e  per ivascular  space ,  located  b e t w e e n  t h e  b a s e m e n t  m e m b r a n e  o f  t h e  

a s t ro cy te  en d  f e e t  and  t h e  b a s e m e n t  m e m b r a n e  of  vascular  endo thel ia l  cells of

19



postcapillary venules (Owens et al., 2008). As the blood vessel passes deeper into 

the brain at the level of capillaries, the tw o basennent membranes form a 

"gliovascular" membrane thus closing the perivascular space. The T cells must 

recognise antigen in this perivascular area or subarachnoid space to  progress 

across the glia limitans and into the brain parenchyma (Engelhardt and 

Ransohoff, 2005; Owens et al., 2008). This two-step process of immune cell 

in filtration into the brain ensures strict control over what cells gain access, 

protecting the parenchyma from unnecessary inflammation. Pericytes, 

perivascular macrophages or DCs located at the meninges or endothelial 

basement membrane can activate antigen-specific T cells promoting their entry 

into the parenchyma (Engelhardt and Ransohoff, 2005; Greter et al., 2005). 

Activation of these T cells can induce further immune cell infiltration into the 

perivascular space, resulting in the production of matrix metalloproteases 

(MMP), which are critical for final extravasation across the glia limitans and into 

the parenchyma (Fig 1.5). Studies in EAE reveal that MMP-2 and MMP-9 in 

particular are important for cleaving dystroglycan, which binds the astrocyte end 

feet to the basement membrane thus allowing the T cell to  breach the glia 

limitans and enter into the brain (Agrawal et al., 2006).

Peripheral immune cells can also in filtrate the brain through the epithelial 

blood CSF barrier (BCSFB) (Engelhardt et al., 2001). The choroid plexus produces 

CSF in the brain, is located in the ventricles and consists o f capillaries encased in 

an endothelial layer. The cells o f these capillaries are fenestrated allowing free 

movement o f molecules into the choroid parenchyma, however, the cells o f the 

choroid plexus endothelium are not fenestrated w ith TJ proteins to prevent 

movement of solutes into the CSF and is the functional BCSFB. These TJs are also 

made up of occludin and claudin transmembrane proteins (Owens et al., 2008). It 

has been suggested that any T cells in the CSF migrated though the BCSFB, and is 

the preferential site for immunosurveillance of the CNS in the absence of 

neuroinflammation (Engelhardt and Ransohoff, 2012). During 

neuroinflammation, the endothelial cells o f the BCSFB also upregulate ICAM-1 

and VCAM-1 facilitating T cell influx into the CSF (Engelhardt and Ransohoff, 

2005). Once in the CSF, the T cell can enter the brain parenchyma by breaching
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th e  ependym al layer o f th e  ventricle, indeed it has been dem onstrated  in mice 

th a t T h l  and T h l7  cells can in filtra te  the  brain parenchym a using this pathw ay  

(Fisher et al., 2014; Reboldi et al., 2009). U n fortunate ly , little  is known about the  

exact m echanism s o f T cells crossing the  BCSFB, into th e  CSF and into the  

parenchym a.

M ost o f th e  in form ation on T cell entry  into th e  CNS is based in vitro or in 

vivo studies, and it rem ains to  be established w h e th e r sim ilar interactions occur 

in the  hum an brain. T cell m igration to  th e  hum an CNS is m inim al in healthy  

individuals, and is low er than  T cell surveillance o f peripheral organs (Hickey, 

2001; Ousman and Kubes, 2012), how ever, T cell in filtration  into the  CNS is 

increased in AD (Togo et al., 2002) and in o th er neurodegenerative  conditions  

such as MS (Fletcher et al., 2010 ), Parkinson's disease and m o tor neuron disease 

(Appel et al., 2010). Indeed T cells have proved im p o rtan t in learning and 

m em ory  function as severe com bined im m unodefic iency (SCID), nude or Rag 

defic ient mice th a t lack T cells display cognitive deficits, which was a tten u ated  by 

T cell transfer (Filiano et al., 2014; Kipnis et al., 2004; Radjavi et al., 2014).
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Figure 1.5 T cell migration into the brain; a two-step process

Cell migration into the parenchyma occurs in two steps; extravasation across the 
endothelium into the perivascular space, then m igration through the glia limitans 
in to the parenchyma. M igration o f immune cells (e.g. T cell) through the 
endothelial layer occurs in five  stages. (1. Rolling) The T cell transiently make 
contact with P-selectin present on the vascular endothelium binding P-selectin 
glycoprotein ligand (PSGL-1) tethering the cell allowing it  to ro ll along the 
endothelium. (2. Activation) The T cell can now respond to chemotactic factors 
activating the cell, inducing conformational changes to a4- 61-integrins 
increasing their affin ity and avidity. (3. Arrest) Binding o f the high affinity, avidity 
integrins to their respective ligands; intracellular adhesion molecule (ICAM)-l, 
ICAM-2 and vascular cell adhesion molecule (VCAM)-l brings the cell to arrest. 
This results in strengthened cell adhesion and (4. Crawling) the T cell begins to 
crawl along the endothelium, via leukocyte-function associated antigen (LFA)-l 
on the T cell binding ICAM-1 and -2, searching fo r  a site to undergo diapedesis. (5. 
Diapedesis) The T cell migrates across the endothelium by paracellular or 
transcellular diapedesis. A fter moving through the endothelial basement 
membrane, the T cell is now located in the perivascular space. The T cell must be 
activated here by an APC to induce recruitment o f other immune cells, and the 
production o f matrix metalloproteases (MMP)-2 and -9. MMPs cleave 
dystroglycan (DG), which anchors the astrocyte end fee t to the parenchymal 
basement membrane, allowing the T cell to cross the glia limitans and infiltrate  
into the parenchyma. BM, Basement membrane.
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1.2.5 Lymphatic drainage o f the brain

Although the brain does not have typical lymphatic drainage, interstitial fluid 

(ISF) from the parenchyma drains out of the brain along the basement 

membrane o f the capillaries to the artery basement membrane. From here, the 

solutes can drain along the carotid arteries to the cervical lymph nodes (Weller 

et al., 2009). This pathway is aided by vascular pulsations as drainage does not 

occur in dead animals, however, cells are unable to  migrate out o f the brain 

along this pathway (Carare et al., 2008) which would typically occur in any other 

organ, thus maintaining the immune privilege o f the brain.

The choroid plexus produces over 500 ml of CSF per day, which is 

continuously reabsorbed as capacity of the ventricles and subarachnoid spaces in 

humans is 140 ml. Studies in rodents and other animals reveal that the CSF 

passes through the subarachnoid space to the cribriform plate, then to the nasal 

submucosa before entering the cervical lymph nodes (Weller et al., 2009). 

Humans have larger arachnoid villi than rodents, thus much of the CSF in humans 

is drained into venous blood from the arachnoid villi and granulations.

The movement of solutes and antigen through the blood and CSF to 

locations including the cervical lymph node allow the generation of antigen- 

specific lymphocyte responses here when necessary. In addition, perivascular 

macrophages are phagocytic (Carare et al., 2008; Owens et al., 2008) thus uptake 

of antigen by these and other phagocytes along the drainage pathway in turn 

facilitates activation o f any incoming Ag-specific T cells which have been primed 

in the cervical lymph node and are attempting to  infiltrate the brain.

1.3 Alzheimer's disease

1.3.1 General bacl<ground

In 1906 Alois Alzheimer described the first case o f AD, although the disease was 

not officially named until 1910 (Maurer et al., 1997). Auguste D was examined by 

Alois Alzheimer in 1901, when she was admitted to  hospital due to memory and
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behavioural problems. A lzheim er fo llow ed the case until her death at which 

point he examined her brain fo r neuropathology, where he described m iliary foci 

(now known as senile plaques) and clumps o f in tracellu lar fib rils  or 

neuro fib rilla ry tangles (NFTs). In 1984 Ap was identified as the main com ponent 

o f the senile plaques (Glenner and Wong, 1984), and tw o  years la ter it was 

discovered tha t abnorm ally phosphorylated tau was the main constituent o f 

NFTs in AD (Grundke-Iqbal et al., 1986). Today AD is the most common 

neurodegenerative disease and accounts fo r 60-80% o f all dem entia cases (Thies 

and Bleiler, 2013). It is a progressive disease characterised by NFTs and deposits 

o f A3, which are associated w ith  dystrophic neurons, reactive astrocytes and 

activated microglia. Ap also accumulates in the vasculature o f the brain which is 

known as cerebral amyloid angiopathology (CAA) affecting from  80-100% o f AD 

patients (Carrano et al., 2011). It is estimated tha t dementia affects 44 m illion 

people w orldw ide, and th is figure is expected to  reach over 135 m illion by 2050 

(Prince et al., 2014).

The "am yloid hypothesis" is the most-studied theory in re lation to  AD; 

this suggests tha t the accum ulation o f AP is the prim ary influence in disease 

in itia tion  and progression (Hardy and Selkoe, 2002). Constant and increasing 

presence o f AP is believed to  trigger an array o f downstream effects including 

fo rm ation  o f AP plaques, tau hyperphosphorylation (resulting in NFTs), 

in flam m ation  and loss o f neurons. AP plaques can also be associated w ith  

degenerating neurons, which are term ed neuritic plaques. It has recently been 

proposed tha t the process leading to  AD begins 20 to  25 years before the  onset 

o f sym ptom s (Bateman et al., 2012). The areas o f the brain most affected in this 

disease are the  lim bic cortex and hippocampus. Neuronal and synaptic loss in 

these areas is prim arily responsible fo r the memory and behavioural 

disturbances observed in AD.

A lm ost 1% o f all AD cases are genetic, a result o f inherited missense

m utations in the genes fo r e ither APP, PSENl or PSEN2 (Selkoe, 2012) and

disease is typically early-onset occurring before the age o f 60. The APP gene

codes fo r amyloid precursor protein (APP), a 695 amino acid long prote in which
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A(3 is c leaved  f ro m . P S E N l  and  PSEN2  code fo r  p re s e n il in -1  and -2  respective ly ,  

w h ich  fo rm  th e  cata ly tic  c o m p o n e n t  o f  y -secretase; o n e  o f  th e  e n zym es  th a t  

cleaves APP in to  A(3. All m u ta t io n s  in APP th a t  a re  associated w i th  AD  

d e v e lo p m e n t  change th e  a m in o  acids fo u n d  w ith in  o r  beside th e  AP reg ion ,  

fa v o u r in g  c leavage o f  APP th o u g h  th e  am y lo id og en ic  p a th w a y  (H ard y  and Selkoe,  

2 0 0 2 ;  Selkoe, 2 0 1 2 ) .  In ad d it ion ,  th e  AD-associated  m u ta t io n s  in y -secretase  

e n h a n c e  p ro ductio n  o f  A P 42 o v e r  A 340  (De S tro oper , 2 0 0 7 ) .  T he  A PP  g e n e  is 

located  on c h ro m o s o m e  21 , and in t r is o m y  21  (D o w n 's  s y n d ro m e )  A P 42 begins to  

a c c u m u la te  f ro m  12 years  o f  age, u l t im a te ly  result ing in A 3 -p la q u e s , NFTs and is 

ind ist inguishable  f ro m  AD (Selkoe, 2 0 0 1 ) .

T h e  m a jo r i ty  o f  AD cases a re  sporadic, la te -o n s e t  AD (LOAD), typ ica l ly

occurring  a f te r  th e  age o f  6 0  w h e re  th e  m ain  g e n e t ic  risk fa c to r  is th e

ap o l ip o p ro te in  E e4  (A P 0 E 4 )  a llele. Carrying th e  A P 0 E 4  a l le le  n o t  o n ly  increases

th e  risk o f  d eve lo p in g  AD, but also decreases th e  age o f  onset, as A P 0 E 4  is

associated w ith  im p a ired  A 3  c learance  u l t im a te ly  resu lt ing  in increased A 3

d epo s it ion  (Caste llano et al., 2 0 1 1 ) .  U n d e r  n orm a l co nd it io n s  A po E -l ip op ro te in s

bind A 3 , fac i li ta ting  A 3  c learance , bu t A poE 4  has a lo w e r  b ind in g  a ff in ity  th a n  th e

o th e r  isoform s thus im pa ir in g  rem o va l o f  A 3  (Liu e t  al., 2 0 1 3 ) .  A 3  can also be

m e ta b o lis e d  by en zym es  in th e  brain such as insu lin -d eg rad in g  e n z y m e  (IDE) o r

neprilysin  (NEP). It has b een  suggested th a t  A 3  m e ta b o l is m  is im p a ire d  in LOAD

as th e  p ro te in  level and activ ity  o f  NEP is decreased  in sporad ic  AD (W a n g  e t  al.,

2 0 1 0 )  and patien ts  w i th  th e  A P 0 E 4  a lle le  have  d ecreased  IDE m essen ger

ribonucle ic  acid (m R N A ) and pro te in  (Cook e t  al., 2 0 0 3 ) .  APP m ice w h ich

o verexp ress  IDE o r  NEP have significantly  reduced  A 3 -p la q u e  bu rden , w h ich  was

associated w ith  d ecreased  m icroglia l and astrocyte  ac t iva t io n  (Leissring e t  al.,

2 0 0 3 ) .  As a result , im p a ired  c learance  or d eg rada t io n  o f  A 3  is th o u g h t  to  h ave  a

key ro le in A 3  accu m u la t io n , especially  in sporadic AD (W a n g  e t  al., 2 0 0 6 ) ,  w h e r e

disease on se t  is likely d ue  to  a c o m b in a t io n  o f  g en e t ic  and e n v iro n m e n ta l

factors; as risk factors  inc lude in fection , s e d e n ta ry  l i festyle  and o bes ity  (H e n e k a

e t  al., 2 0 1 4 ) .  Regardless o f  w h e t h e r  AD d eve lops as g en e t ic  e a r ly -o n s e t  or LOAD,

th e  resu lt ing  pa tho logy , b ehav ioura l and m e m o r y  d is turbances  re m a in

indist inguishable . T h e  consis ten t s im ilar ity  is th e  increased  p ro d u c t io n  o r
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decreased m etabolism  o f A 3 , which occurs years before deve lo pm en t o f clinical 

sym ptom s (Batem an e t al., 2012).

Diagnosis o f AD is d ifficu lt as th e  only defin ite  hallm arks o f th e  disease 

are in th e  brain and thus unavailable fo r exam ination  until a fte r death. 

Nevertheless, a range o f tests are available to  aid diagnosis. The M in i-M e n ta l 

State Exam (M M SE ) is a tes t to  assess cognitive function; th e  scores range from  

0 -30  w ith  a score o f over 26 considered to  be in th e  norm al range. People w ith  

mild, m oderate , m oderate ly  severe and severe AD score 2 1 -2 6 , 14 -20 , 1 0 -14  and 

below  10 respectively (Handels et al., 2013). The diagnostic criteria  can also 

include biom arkers in CSF (increased tau  but decreased A 342), m olecular imaging  

w ith  positron emission topography (PET; am yloid plaques retain  Pittsburgh  

com pound B; PIB) and m agnetic  resonance imaging (M R!; dem onstrates  brain 

atrophy) (Handels e t al., 2013; Perrin e t al., 2009).

1.3.2 Neurofibrillary tangles

NFTs are form ed  from  tau w hich has becom e hyperphosphorylated causing it to

aggregate into fibres, which form  e ith e r straight or paired helical filam ents  and is

a fea tu re  o f m any neurodegenerative  diseases including AD, Pick's disease and

fro n to tem p era l dem entia  w ith  Parkinsonism (Gotz et al., 2004 ). U nder norm al

conditions tau  binds to  th e  m icrotubules o f neurons and functions in the ir

assembly and stabilisation. During th e  course o f AD, tau  becomes

hyperphosphorylated which leads to  dissociation from  th e  m icrotubules and

relocation to  th e  som atodendritic  area from  the  axonal co m p artm en t (Gotz et

al., 2004). Tau m utations can occur in hum ans, and are associated w ith  neuronal

degeneration and th e  deve lo pm en t o f d em entia , how ever, this occurs w ith o u t

any A(3 accum ulation or plaque fo rm atio n  (Selkoe, 2 00 1 ). In AD, Ap-deposits

accum ulate early  in disease w ith  secondary NFT from  tau  filam ents  form ing

gradually a fterw ards  (Perrin e t al., 2009). M oreover, it has been dem onstrated

th a t soluble AP oligom ers can induce tau  hyperphosphorylation and induce

degeneration o f h ippocam pal neurites (Jin e t al., 2011), sim ilar results have also

been obta ined using fib rillar A3 (Gam blin et al., 2003 ). M icroglial activation
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precedes NFT formation in Tau-transgenic mice (P301S) (Yoshiyama et al., 2007) 

where immunosuppression attenuated the form ation of tau pathology. 

Interestingly, injection of A3 into the brains of P301L-transgenic mice induces a 

5-fold increase in NFTs when assessed 3 weeks later (Gotz et al., 2001).

1.3.3 Processing o f APP to A6

The APP protein has a single transmembrane domain with a large extracellular 

and small intracellular cytoplasmic domain. It is ubiquitously expressed 

throughout the body in three main isoforms: APPggs, APP751 and APP770, where 

APPegs is predominantly expressed in the brain (Turner et al., 2003). APP 

participates in neuronal function; mediating adhesion, neurotrophic activity and 

intercellular signalling. Mice deficient in APP display reactive gliosis with 

impaired locomotor activity (Zheng et al., 1995). In addition, these mice have 

impaired long-term potentiation and cognitive deficits (Dawson et al., 1999).

APP can be cleaved via one of tw o pathways; the amyloidogenic or non- 

amyloidogenic pathway (Fig 1.6). Three proteases are involved in APP processing; 

a-, P- or y-secretases which were so named before their molecular identities 

known (Kummer and Heneka, 2014). Cleavage of APP by a-secretase at the 

plasma membrane initiates the non-amyloidogenic pathway and is the favoured 

pathway in non-neuronal cells (Haass et al., 2012). APP is cut between position 

16 and 17 of the AP sequence which results in a C-terminal fragm ent which is 83 

residues long (known as a-CTF or C83) and soluble APPa (sAPPa), thus 

preventing the cleavage of APP into A3 (Kummer and Heneka, 2014; Nunan and 

Small, 2000). CSS is subsequently cleaved by y-secretase, producing the APP 

intercellular domain (AlCD) and the short peptide p3, which contains the C- 

term inal region of A3. Members of the ADAM family of proteases (zinc 

metalloproteases, named from a disintegrin and metalloprotease) can act as a- 

secretase, in neurons it is thought that the ADAM IO  protease primarily mediates 

this activity (Kuhn et al., 2010), though ADAM17 and ADAM19 can also function 

as a-secretase (Haass et al., 2012). y-secretase is a protein complex which 

includes presenilin-1, -2, nicastrin, anterior pharynx-defector (A PH)-l and
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p r e s e n i l in  e n h a n c e r  (PEN)-2, w i t h  p r e s e n i l i n -1  a n d - 2  f o r m i n g  t h e  c a ta ly t ic  

d o m a i n  o f  y - s e c r e t a s e .

P r o c e s s i n g  o f  APR via t h e  a m y l o i d o g e n i c  p a t h w a y  p r e d o m i n a n t l y  o c c u r s  

in n e u r o n s ,  w h i c h  c o n t a i n  g r e a t e r  a m o u n t s  o f  BACEl (p-s i te  APP c l eav in g  e n z y m e  

1) ( H aass  e t  al., 20 1 2 ) .  In t h e  a m y l o i d o g e n i c  p a t h w a y ,  APP is i n t e r n a l i s e d  t o  t h e  

e n d o s o m e s  w h e r e  3 - s e c r e t a s e  (BACEl) c l e a v e s  APP b e f o r e  t h e  f ir st  p o s i t io n  o f  

t h e  A3 r e s i d u e  le av in g  t h e  C - te r m in a l  f r a g m e n t  w h ic h  is 9 9  r e s i d u e s  lo ng  (C99 o r  

3-CTF) a n d  sAPPP ( K u m m e r  a n d  H e n e k a ,  20 1 4 ;  N u n a n  a n d  Small ,  2 0 0 0 ) .  p- 

s e c r e t a s e  c an  a l t e r n a t i v e l y  c l e a v e  t h e  p r o t e i n  b e t w e e n  p os i t i on  1 0  a n d  1 1  o f  t h e  

AP s i te .  C99 is c l e a v e d  by  y - s e c r e t a s e  w i t h in  t h e  t r a n s m e m b r a n e  d o m a i n  o f  APP 

a t  v a ry in g  l o c a t i o n s  g e n e r a t i n g  AP f r a g m e n t s  t h a t  r a n g e  f r o m  3 7  t o  4 3  r e s i d e s  

lo ng  a n d  AlCD. T h e  m e c h a n i s m  o f  y - s e c r e t a s e  c le a v a g e  still r e m a i n s  t o  b e  fully 

e l u c i d a t e d ,  b u t  it is t h o u g h t  t o  o c c u r  in a s t e p - w i s e  f a s h io n ,  s t a r t i n g  a t  r e s i d u e s  

4 8  o r  4 9  b e f o r e  c le a v in g  a t  4 5  o r  4 6  w i t h  a f inal c le a v a g e  a t  po s i t i o n  38,  4 0  o r  42 ,  

t h u s  p r o d u c i n g  p e p t i d e s  o f  var y in g  l e n g t h s  (Haas s  e t  al., 2012) .  T h e  p e p t i d e s  a r e  

r e l e a s e d  ex t r ace l l u l a r ly  i n to  t h e  CSF, ISF o r  p l a s m a  ( K u m m e r  a n d  H e n e k a ,  2014) .  

In AD t h e r e  is a n  i n c r e a s e  in ov era l l  AP p r o d u c t i o n  b u t  in pa r t ic u la r ,  AP t h a t  is 4 2  

r e s i d u e s  l ong  (AP4 2 ) l e a d i n g  t o  a sh if t  in t h e  ra t io  o f  AP 4 2 :Ap4o (H aass  a n d  Se l koe ,  

20 0 7 ) ,  m o r e o v e r ,  AP 4 2  h a s  a g r e a t e r  t e n d e n c y  t o  a g g r e g a t e  t h a n  AP 4 0 . Ap c an  

a l s o  u n d e r g o  p o s t - t r a n s l a t i o n a l  m o d i f i c a t i o n s  s u c h  as n i t r a t i o n  o r  

p h o s p h o r y l a t i o n ,  w h i c h  i n c r e a s e s  t h e  abi l i ty o f  p e p t i d e  a g g r e g a t i o n  ( K u m m e r  

a n d  H e n e k a ,  2014 ) .

It h a s  p r e v i o u s l y  b e e n  sa id t h a t  "AP is b o t h  c a u s e  a n d  e f f e c t  in AD" 

(Se lkoe ,  20 12 ) .  T h e  g e n e r a l  s e q u e n c e  o f  e v e n t s  in t h e  d e v e l o p m e n t  o f  AD is t h a t  

d u e  t o  i n c r e a s e d  p r o d u c t i o n  o r  r e d u c e d  d e g r a d a t i o n ,  Ap b e g i n s  t o  a c c u m u l a t e  in 

t h e  e x t r a c e l l u l a r  s p a c e .  AP 4 2  is p r o n e  t o  a g g r e g a t i o n  f irst  f o r m i n g  o l i g o m e r s  a n d  

d i f fu se  p l a q u e s  w h i c h  s t a r t  t o  a f f e c t  s y n a p t i c  fu n c t i o n  a n d  i n d u c e  microgl ia l  a n d  

a s t r o c y t e  a c t i v a t i o n .  Amylo id  p l a q u e s  b e g in  t o  f o r m ,  le ad in g  t o  n e u r o n a l  injury 

a n d  h y p e r p h o s p h o r y l a t i o n  o f  t a u  u l t i m a t e l y  re su l t in g  in c h r o n i c  glial a c t i v a t i o n ,  

w i d e s p r e a d  n e u r o n a l  d y s f u n c t i o n  a n d  cell d e a t h  w h i c h  p r e s e n t s  as  d e m e n t i a  in 

t h e  AD p a t i e n t  (H a a s s  a n d  Se lkoe ,  2 0 0 7 ;  H a rdy  a n d  Se lkoe ,  2002) .
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Figure 1.6 Processing o fA PP

Non-amyloidogenic pathway: APR is cleaved by a-secretase a t the plasma  
membrane resulting in an 83 residue C-term inal fra gm en t (C83) and soluble APPa 
(sAPPa), preventing the cleavage o f APP in to  A6. C83 is cleaved by y-secretase 
producing the short peptide p3, and APP in tercellu lar domain (AlCD). 
Amyloidogenic pathway: APP is internalised to the endosomes, 6-secretase 
cleaves APP producing C99 and sAPP6. C99 is cleaved by y-secretase generating  
A6 fragm ents tha t range fro m  38 to 42 resides long and AlCD. The peptides are 
released extracellularly in to  the CSF, ISF or plasma.

1.3.4 AD mouse models

The initial animal models o f AD tried to replicate the pathology by injecting or 

infusing rodents with A(3 or w ith the core of plaques from AD patients, which 

resulted in some diffuse amyloid plaques located in the vicinity of the injection 

site (Frautschy et al., 1992; Frautschy et al., 1996) along w ith neuronal damage 

and cognitive deficits (Nakamura et al., 2001). However, the identification of 

genes involved in the development of inherited AD facilitated the creation of 

genetically modified mice which replicated more o f the neuropathological 

characteristics o f AD including A(3-plaque development, glial activation and 

cognitive deficits. Using transgenic models has helped identify mechanisms and 

key players in this disease, and are central in designing drug targets or 

therapeutic approaches for AD.
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1.3.4.1 Tg2576

A commonly used AD-mouse model is Tg2576 mice which express APPegs with 

the Swedish double mutation (K670N and M671L) which favours APP processing 

though the (3-secretase pathway (Citron et al., 1992) under the control of a 

hamster prion protein promoter. These mice develop cognitive deficits by 9-10 

months o f age which was associated w ith increased production of AP4 0  and AP4 2  

and Congo red positive plaques throughout the cortex and limbic structures at 

11-13 months of age (Hsiao et al., 1996; Westerman et al., 2002). Tg2576 mice 

do not develop NFTs. Other models which manipulate APP only include APP23 

mice which are a similar strain, but the APPswe gene is under the control of a 

different promoter and PDAPP mice where APP contains a V717F mutation (Gotz 

and Ittner, 2008).

1.3.4.2 APP/PSl

One of the most frequently used mouse models of AD is the APPswe/PSldE9 

mouse that express humanised APPegs with the Swedish double mutation (K595N 

and M596L in APPegs which corresponds to amino acid positions K670N and 

M671L in APP7 7 0  (Citron et al., 1992)) and human presenilin 1 w ith exon-9 

deleted (PSl; APP/PSl) that enhances production o f A(342. Both mutations have 

been implicated in familial early onset AD (Mullan et al., 1992; Perez-Tur et al., 

1995) and are expressed under the mouse prion protein promoter in the 

APP/PSl mouse model (Jankowsky et al., 2004). Due to  the presence of two 

mutated genes APP/PSl mice have greater production o f AP4 2  than APPswe 

transgenic mice, amyloid plaques are evident in APP/PSl by 6  months, though 

there have been reports o f plaques by 4 months (Gengler et al., 2010), and they 

are widespread throughout the brain by 9 months (Jankowsky et al., 2004). 

APP/PSl mice also exhibit other features of AD, including microglial and 

astrocyte activation (Gallagher et al., 2012; Gallagher et al., 2013; Kelly et al.,

2013) and memory impairment (Cao et al., 2007; Gallagher et al., 2013; 

Jankowsky et al., 2005). Interestingly, AP production does not reach a plateau in 

these mice and continues to accumulate up to 24 month o f age (Minogue et al.,

2014).
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1.3.4.3 3xTg-AD

The only AD-mouse model to  have both Ap and tau pathology are 3xTg-AD mice 

which express APPegs w ith  the Swedish double m utation, m utated PSl (M146V) 

and tau (P301L). The PSl (M146V) m utation is associated w ith  fam ilia l AD, and 

results in increased production o f AP4 2  (Duff et al., 1996), the P301L m utation in 

tau is associated w ith  fam ilia l early-onset dem entia resulting in atrophy o f the 

fron ta l, tem pora l and parietal cortex and widespread neuro fib rillary tau tangles 

(M irra et al., 1999). As a result o f these m utations, 3xTg-AD mice have enhanced 

synaptic dysfunction at 6  months, intraneuronal A 3  accumulates at 6  months 

form ing extracellu lar Ap plaques at 12 months, w ith  the appearance o f NFTs at 

12 months (Oddo et al., 2003).

1.4 CNS immune system

1.4.1 M icrog lia l activation

Microglia are the  principal innate immune cells in the brain and represent 

approxim ately 10% o f cells in the CNS. W hile considered by many to  be the 

macrophage o f the brain, microglia are ontogenically d istinct and derive from  

prim itive  myeloid progenitors in the yolk sac which migrate in to the developing 

brain and give rise to  microglia (Ginhoux et a!., 2010). It was orig inally believed 

tha t the m icroglial population was maintained by in filtra tion  o f peripheral bone 

m arrow-derived m yeloid cells (Simard et al., 2006) however, it is now 

understood tha t m icroglia are maintained through in situ  self-renewal (Ajami et 

al., 2007). Macrophages can in filtra te  the brain (Ajami et al., 2011), and while 

microglia and macrophages share many cell surface characteristics (Guillemin 

and Brew, 2004) these cells are functiona lly d istinct (London et al., 2013). In the ir 

resting state m icroglia, have a ram ified appearance and use m otile  processes to  

survey the ir m icroenvironm ent (Nimmerjahn et al., 2005). Many factors w ith in  

the  brain contribu te  to  m aintain ing microglia in a quiescent state, including the 

presence o f the BBB which regulates the m ovem ent o f large molecules and cell 

in filtra tes into the  parenchyma. M icroglia express CD200 receptor and CX3CR1
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which bind CD200L and CX3CL1 respectively. These ligands are expressed on 

neurons and astrocytes, and it has been demonstrated that the interaction 

modulates microglial activation (Lynch, 2014). Loss o f CD200 occurs w ith age and 

in AD, and it has been demonstrated that absence of CD200 results in increased 

microglial activation and enhanced responsiveness to  inflammatory stimuli (Cox 

et al., 2012; Denieffe et al., 2013; Lynch, 2014).

As innate immune cells, microglia are the first line o f defence within the 

brain and can respond to pathogens (specifically, PAMPS) via PRRs, additionally 

microglia from mice express mRNA for Toll-like receptor (TLR) 1-9 (Olson and 

Miller, 2004). Microglial activation can occur as a result o f numerous triggers 

including tissue damage, inflammation and infection. On activation, microglia 

change morphology by retracting the ir branches form ing an amoeboid shape and 

upregulate the expression of many cell surface markers. There are a number of 

microglial subtypes, which differ principally in the ir function (Lynch, 2009; Perry 

et al., 2007). Upon activation, these cells can act as APCs, but they can become 

phagocytic or secretory and are capable o f releasing numerous cytokines, 

chemokines and other neurotrophic factors.

In an effort to  characterise microglial activation many researchers have

investigated whether microglia respond to  stimuli in a similar manner to

macrophages which have broadly defined activation states; the classically-

activated (M l) or alternatively-activated (M2) state. The activation states are

largely identified by the cell surface markers expressed or cytokines produced.

During a pro-inflammatory response macrophages can produce TNFa, IL-1|3 and

nitric oxide (NO) which is consistent w ith M l activation. M2 is considered to  be

anti-inflammatory, playing a role in tissue repair and healing w ith IL-10

production and an up-regulation in the expression o f mannose receptor and

arginase-1 (Mantovani et al., 2013; Martinez and Gordon, 2014). These subtypes

are stimulated in vitro using IFN-y or lipopolysaccharide (LPS) to  induce M l and

IL-4 and IL-13 to induce M2, thus M l activation is often associated w ith T h l cells

and M2 activation w ith Th2 cells (Goldmann and Prinz, 2013). IFN-y treated

microglia secrete TNFa and IL-6 with increased CD86 and MHC class II expression
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in vitro  and in tracerebroventricular (i.c.v.) injection o f IFN-y increases M HC  class 

II and TN Fa expression in th e  brain, along w ith  enhancing the  proportion  of 

C D llb ^  cells expressing CD86 or CD68 (D en ieffe  et al., 2013; Kelly et al., 2013). In 

contrast, tre a tm e n t o f microglia w ith  IL-4 induced expression o f arginase-1, 

m annose receptor, Chitinase 3-like 3 (also known as Y M -1 ) and found in 

in flam m ato ry  zone (F IZZ)-l (M ichelucci et al., 2009). There fore  m icroglia can 

adopt M l  or M 2  responses (Fig 1.7), how ever, in th e  brain th e  prim ary source of 

IFN-y is from  infiltrating im m une cells, whose influx is highly controlled in norm al 

conditions.
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Figure 1.7 M l and M2 activation of myeloid cells in mouse

M l activation is induced in vitro using IFN-y or LPS, as a result it  is associated 

with a pro-inflammatory response and with Thl cells which are a source o f IFN-y. 
Cell activation is characterised by determining cytokine secretion and the markers 

expressed on the cell surface. For M l activation common cytokines produced are 

IL-12, IL-23, TNFa, IL-16 and IL-6. These cells express MHC class II, CD80, CD86 
and CD40 with increased expression o f iNOS mRNA. M2 activation is anti­

inflammatory, and is associated with healing, repair and Th2 cells which produce 

anti-inflammatory cytokines. M2 is achieved in vitro using IL-4 or IL-13 cytokines. 

It is characterised by an increase in IL-10 and IL-IRA release, cell surface 

expression o f MHC class II, mannose receptor (MR) or scavenger receptors (SR) 

and increased mRNA expression o f arginase, found in inflammatory zone (FIZZ)-l 

and YM-1. yc, IL-2Ry chain.

1.4.2 Microglial activation in AD

Microglia are sensitive to  endogenous danger-associated molecular patterns 

(DAMPs), including AP, which can activate microglia through many receptors 

including CD14, TLR2 and TLR4 (Reed-Geaghan et al., 2009) and the expression of 

CD14 and TLR2 is increased in AD (Landreth and Reed-Geaghan, 2009).
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Treatment of microglia in vitro w ith A3 induces M l activation increasing the 

expression o f IL-ip, IL-5, TNFa and cyclooxygenase (C0X)-2 (Michelucci et al., 

2009) and release o f IL-lp and TNFa into the supernatant along with increased 

MHC class II expression (Lyons et al., 2007b). Injection of A3 i.c.v. results in IL-ip 

and TNFa production in vivo w ith expression o f MHC class II (Lyons et al., 2007b). 

Importantly, pro-inflammatory cytokines can promote the expression and 

activity of 3-secretases and y-secretases (Liao et al., 2004; Sastre et al., 2008). As 

activated microglia have been found in the brain of AD patients w ith dementia or 

those with mild cognitive impairment (MCI) (Cagnin et al., 2001; Okello et al., 

2009), microglial activation may result in increased production o f A3 and 

accelerate the progression of AD (Glass et al., 2010).

A3 can also activate the NOD-like receptor, pyrin domain containing 3 

(NLRP3) inflammasome (Halle et al., 2008) which can result in activation of 

caspase-1, mediating the cleavage of pro-IL-l3 and pro-IL-18 into the ir mature 

cytokines. Indeed, APP/PSl mice deficient in NLRP3 or caspase-1 have reduced 

amyloid plaque burden and were protected from spatial memory deficits which 

was associated with a shift to M2 activation in the brain (Heneka et al., 2013). IL- 

13 is a potent inducer of inflammation and cell damage and its expression, along 

w ith IL-6 and IL-18, is increased in the brains o f AD patients (Griffin et al., 1989; 

Ojala et al., 2009; Wood et al., 1993). Further evidence of pro-inflammatory 

signalling in AD comes from Vom Berg and colleagues who demonstrated that 

the concentration o f IL-12p40 is increased in the CSF of AD patients, and 

microglia from APP/PSl mice produce more IL-12p40 than wild type (WT) 

littermates (Vom Berg et al., 2012). Furthermore, APP/PSl mice lacking IL-12p40 

have reduced amyloid plaque deposition w ith decreased microglial and astrocyte 

activation. IL-13, IL-6, IL-18 and IL-12p40 can influence the adaptive immune 

response (Lalor et al., 2011; Mills, 2008), however, the combination o f these 

cytokines w ith other factors released by activated microglia such as reactive 

oxygen species, can trigger neuronal cell death (Rogers et al., 2002). This can 

initiate a vicious cycle of chronic microglial activation, whereby dying neurons 

release DAMPs and further activate microglia.
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1.4.3 Phagocytosis o f amyloid

Microglia are capable of phagocytosing amyloid using many receptors including 

a6(3l integrin, CD36, CD47, receptor for advanced glycation endpoints (RAGE) 

and scavenger receptors (Bamberger et al., 2003; Tahara et al., 2006). However, 

it has been proposed that in AD, failure of microglia to clear extracellular amyloid 

is central to the initial accumulation of Ap (W einer and Frenkel, 2006). Fibrillar 

A(3 can induce microglial phagocytosis, however the presence of oligomeric Ap 

impairs phagocytic activity (Pan et al., 2011). Interestingly, this group 

demonstrated oligomeric AP induced a greater inflammatory environment than  

fibrillar Ap, which resulted in decreased expression of microglial phagocytosis 

receptors. Pre-treatm ent of microglial cells with IL -lp , TNFa, IFN-y or monocyte 

chemotactic protein (M C P )-l also inhibits phagocytosis (Koenigsknecht-Talboo 

and Landreth, 2005) which, together, suggests it is the inflammatory  

environm ent in AD (particularly that induced by oligomeric Ap) which inhibits up 

take of amyloid. This is in line with other reports which demonstrate that 

microglia have phagocytic activity in vitro, but this is impaired in AD as 

ultrastructural analysis could not detect amyloid fibrils in the lysosomal 

com partm ent of microglia in the AD brain (Frackowiak et al., 1992).

It has been revealed that microglia become dysfunctional with age. This is 

exacerbated in the presence of amyloid as microglia from AD brains have shorter 

telomeres, indicating senescence and cells surrounding Ap-plaques are 

dystrophic with a fragm ented cytoplasm, beaded processes and spheroidal 

swellings (Flanary et al., 2007; M iller and Streit, 2007). Microglial functions are 

also altered in APP/PSl mice, which displayed reduced motility and an impaired 

phagocytic capacity (Krabbe et al., 2013).

Efforts to shift the phenotype of microglia from M l  to M 2 and thus 

increase phagocytic activity have proved promising. Treatm ent of microglia with  

IL-4, IL-10, ibuprofen or COX-2 inhibitors can restore phagocytosis in cells pre­

treated with pro-inflam m atory cytokines (Koenigsknecht-Talboo and Landreth, 

2005) as can inhibition of NK-kB or the use of a free radical scavenger (Pan et al.,
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2011). Treatment with the peroxisome proliferator-activated receptor (PPAR)-y 

agonist, pioglitazone, increases A3 degradation by microglia and astrocytes in 

vitro  and in vivo, reducing A3 deposits after just 9 days treatm ent in APP/PSl 

mice; this was associated w ith a shift to  M2 activation in the brain, along w ith an 

attenuation of cognitive deficits (Mandrekar-Colucci et al., 2012). In addition 

Nlrp3'^' or CaspaseT^' mice have decreased IL-I3 in the brain and a microglial 

shift to the M2 phenotype that are more efficient phagocytes (Heneka et al., 

2013).

Macrophages infiltrate the AD brain, and have been found co-localised 

w ith A3-deposits (Fiala et al., 2002). It has been suggested that macrophage 

influx may be beneficial in AD as macrophages are better than microglia at 

degrading A3 (Majumdar et al., 2008). In addition, Tg2576 mice deficient in CCR2 

have exacerbated amyloid pathology which was associated w ith reduced 

numbers o f microglia and macrophages surrounding A3 plaques (El Khoury et al., 

2007). However, it has been reported that macrophages prepared from AD 

patients exhibit decreased A3 phagocytosis and degradation and are more 

vulnerable to  A3 induced apoptosis (Fiala et al., 2005; Mizwicki et al., 2012) and 

therefore they may contribute to the progression o f AD.

1.4.4 Microglia as APCs

It has been demonstrated that the microglia surrounding amyloid plaques in AD 

are activated, expressing MHC class II and CD40 (McGeer et al., 1989; McGeer et 

al., 1987; Perlmutter et al., 1992; Togo et al., 2000). As T cell infiltration is also 

increased in AD (Hartwig, 1995; McGeer et al., 1989; Parachikova et al., 2007; 

Pirttila et al., 1992; Rogers et al., 1988; Togo et al., 2002; Town et al., 2005), it is 

possible that the microglia in the ir enhanced APC state can interact w ith T cells. 

The ability o f microglia to act as APCs is examined more frequently in the context 

of MS and EAE where large numbers o f T cells influx the brain, which is 

associated w ith increased MHC class II, CD80 and CD40 on microglia (Chastain et 

al., 2011; Murphy et al., 2010). While this area is still developing in relation to 

AD, studies in EAE provide a useful context.
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IFN-y is a potent inducer of iVll activation and microglia treated in vitro 

with IFN-y increase their expression of MHC class II, CD85, CD40 and iCAM-1 on 

the cell surface, enhancing the APC capabilities of the cell (Aloisi et al., 2000a; 

Aloisi et al., 1998; McQuillan et al., 2010). Furthermore, IFN-y can induce 

production of CXCLIO, CCL2 and CCL5, thus facilitating immune cell recruitment 

(Rock et al., 2005). AP can also induce the APC phenotype, increasing CD40 and 

CD86 on the cell surface, which is further enhanced with IFN-y treatm ent 

(McQuillan et al., 2010). Microglia treated with IL-17 produce significant amounts 

of MCP-1, MCP-5, macrophage inflammatory protein (M IP)-2 and keratinocyte 

derived-chemokine (KC) (Sarma et al., 2009) which have lymphocyte chemotactic 

properties (Rollins, 1997). While IL-17 treatm ent is not as effective as IFN-y at 

inducing APC co-stimulatory receptors, IL-17 and IFN-y together increases the  

expression of ICAM-1 and V C A M -l adhesion molecules (Kawanokuchi et al., 

2008).

Treatm ent of microglia with supernatants produced by T h l cells 

mimicked the effect o f IFN-y (namely increased MHC class II, CD40, CD86 and 

ICAM-1), but also upregulated CD80 and increased the production of TNFa, IL-6 

and CXCLIO over that induced by IFN-y alone (Prajeeth et al., 2014; Seguin et al., 

2003). As co-incubation with an a-IFN-y antibody only partially blocked the T h l 

supernatant effects (Seguin et al., 2003), it is clear that activation of microglia by 

T h l cells is a complex process and requires multiple signals from the T cell. 

Incubation with supernatants from Th2 (Seguin et al., 2003) or T h l7  cells 

(Prajeeth et al., 2014) was without effect. W hile microglia are strongly influenced 

by soluble factors released from T cells, it seems likely that cell-cell contact is 

necessary to induce a potent signal to the glial cell.

A number of studies have examined the effect of T cell co-incubation on

microglia activation. It has been found that ovalbumin (OVA)-specific T h l, but

not Th2 cells induced expression of MHC class II, CD40, CD80 and ICAM-1 on

microglia (Aloisi et al., 2000a; W olf et al., 2001). Furthermore, co-incubation with

a-IFN-y reduced the expression of microglial MHC class II and T cell-produced IL-

2 (Aloisi et al., 2000a). Microglia are effective APCs; during in vitro infection with

Theiler's murine encephalomyelitis virus (TMEV), these cells upregulate the
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expression of MHC class II, CD80 and CD86 and can present both virus and 

myelin to  CD4^T cells, in duc ing ! cell proliferation and cytokine secretion (Olson 

et al., 2001). TLR or IFN-y stimulated microglia can also induce myelin specific 

CD4^ T cell proliferation and cytokine secretion in vitro (Olson and Miller, 2004), 

which was inhibited by blocking IL-12p40 (Constantinescu et al., 2005). In 

addition, it has been demonstrated that IFN-y stimulated microglia are better 

APCsthan IFN-y stimulated astrocytes, inducing OVA-specific T cell production of 

IL-2 and IFN-y w ith T cell proliferation (Aloisi et al., 1998) although w ithout IFN-y 

pre-treatment, proliferation was minimal.

The effect of A3-specific T cells on microglia in mixed glial cultures has 

been examined. It was found that glia can act as APCs for Ap-specific T h l, Th2 

and Th l7  cells (McQuillan et al., 2010). Ap-specific T h l and Th l7  cells increased 

MHC class II, CD86 and CD40 expression and production o f TNFa, IL-6 and IL-ip 

from A3-activated microglia (McQuillan et al., 2010). This response was greater 

than that observed when glia were treated w ith IFN-y or IL-17 alone. However, 

incubation o f A3-specific Th2 cells inhibited CD40 and CD86 on microglia induced 

by A(5-specific T h l cells and reduced production o f IL-1(3 and IL-6 by Ap-specific 

Th l7  cells (McQuillan et al., 2010). When supernatants from T h l and Th2 cells 

were co-incubated with microglia, Th2 did not attenuate the T h l cell-induced 

inflammatory effects (Seguin et al., 2003) suggesting that the mechanisms by 

which Th2 cells modulate T h l and Th l7  induced inflammation are mediated 

through cell-cell contact.

CD40 signalling in microglia has been implicated in the progression o f AD.

As mentioned previously, AP can induce expression of CD40 on microglia,

however further treatm ent o f these cells w ith CD40L induces significant

production o f TNFa, IL-6 and IL-ip (Tan et al., 1999; Townsend et al., 2005).

Microglia surrounding amyloid plaques in AD express CD40 (Togo et al., 2000)

and APPswe mice that lack CD40L or CD40 receptor have significantly reduced

amyloid pathology throughout the brain which was associated w ith decreased

microglia and astrocyte activation (Laporte et al., 2006; Tan et al., 2002). T cells

are the likely source of CD40L though, during chronic inflammatory conditions,

astrocytes can also upregulate CD40L (Calingasan et al., 2002). As a result of
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these findings it has been suggested by Town and colleagues that microglia exist 

in one o f two states when activated; "innate activation" which is phagocytic or 

"adaptive activation" which is the APC phenotype (Town et ai., 2005; Townsend 

et al., 2005). Furthermore, microglia treated w ith CD40L in vitro have impaired 

phagocytic activity (Townsend et al., 2005) whereas these cells are more efficient 

APCs of A(3-specific T cells and blocking CD40 in the co-incubation reduced the 

ability of pre-activated microglia to  stimulate T cell cytokine production. 

Importantly it is suggested that when microglia adopt the APC phenotype this 

promotes inflammation, thus leading to enhanced AD-pathology (Fig 1.8). This is 

in line w ith other reports which demonstrate that microglia in AD are impaired at 

amyloid phagocytosis (Frackowiak et al., 1992).

1.4.5 Astrocytes in AD

Astrocytes are the most abundant glial cell o f the CNS. They have many roles in 

the brain from maintaining homeostasis to  modulating synaptic transmission and 

function via the release o f gliotransmitters, growth factors and cytokines 

(Sofroniew and Vinters, 2010). In the healthy brain, astrocyte end feet cover 

100% of the vasculature (Armulik et al., 2011). These cells also have a functional 

role between neurons and blood vessels, releasing vasoactive substances at their 

end feet in response to neuronal activity which can induce vasodilatation or 

vasoconstriction (Heneka et al., 2010). Furthermore, astrocytes can directly 

modulate the BBB, releasing pro-inflammatory cytokines which can increase BBB 

permeability, and conversely astrocytic production of TGF-3 can enhance the 

integrity o f the BBB (Nair et al., 2008). While astrocytes are not commonly 

associated with immune responses, emerging evidence demonstrates that these 

cells express TLRs and PPRs (Bowman et al., 2003; Jack et al., 2005), are capable 

of phagocytosis, including A3 (Jones et al., 2013) and can readily produce pro- 

inflammatory cytokines on activation (Chastain et al., 2011; Dong and 

Benveniste, 2001). Astrocytes respond to  insult, and do so by upregulating the 

expression of genes such as glial fibrillary acidic protein (GFAP), and inducing 

hypertrophy o f the cell body and cell proliferation (Sofroniew and Vinters, 2010). 

Reactive astrogliosis is a feature o f AD where astrocytes are found surrounding
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amyloid plaques (Rodriguez et al., 2009; Sofroniew and Vinters, 2010) with 

substantial A3 detected within the astrocytes (Nagele et al., 2004). Increased 

GFAP expression has also been associated with increased Braak stage 

(progression of NFTs) in AD patients (Simpson et al., 2010).

1.4.6 Astrocytes as APCs

Treatm ent of astrocytes in vitro with IFN-y results in increased expression of 

MHC class II, CD80, CD86, CD40, ICAM-1 and VCAM-1 on the cell surface (Girvin 

et al., 2002; Soos et al., 1999; Tan et al., 1998). IFN-y also induced CXCLIO (Carter 

et al., 2007). The ability of IL-17 to induce APC co-receptors on astrocytes is not 

well understood, however, astrocytes treated with IL-17 produce significant 

amounts of MCP-1, MCP-5, M IP-2 and KC (Sarma et al., 2009), in addition TNFa 

in combination with IL-17 or IFN-y induces the expression of CXCLl, CXCL2, 

CXCL9, CXCLIO, CXCLll and CCL20 in astrocytes (Kang et al., 2004).

Astrocytes are capable of producing IL-12, IL-4, IL-23, IL-6 and TGF-3 all of 

which can influence the adaptive immune response (Nair et al., 2008). Astrocytes 

can act as APCs inducing myelin- or OVA-specific T cell activation in vitro (Kort et 

al., 2006; Miljkovic et al., 2007; Teige et al., 2006) which was attenuated by 

blocking CD80 or CD86 (Tan et al., 1998) or pre-treating cells with IFN-P (Teige et 

al., 2006). Astrocytes are unable to induce Ag-specific T cell proliferation (Teige 

et al., 2006) unless cells have been pre-stimulated with IFN-y (Aloisi et al., 1998; 

Nikcevich et al., 1997). Interestingly, blocking IL-12p40 signalling reduced the 

ability of IFN-y activated astrocytes to induce T cell proliferation (Constantinescu 

et al., 2005). Furthermore, astrocytes surrounding lesions in MS express MHC 

class II, CD80 and CD86 (Zeinstra et al., 2003; Zeinstra et al., 2000).

In AD, the astrocytes surrounding amyloid plaques express ICAM-1 

(Akiyama et al., 1993), but w hether astrocytes express MHC or co-stimulatory 

molecules involved in activating T cells has not been investigated. However, it 

has been established that in mixed glial cultures, A3-specific T h l and T h l7  cells

prom oted MHC class II on C D llb  astrocytes (McQuillan et al., 2010).
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Figure 1.8 Proposed role o f T cells In Alzheimer's disease.

CNS reactive T cells are activated or primed by dendritic cells (DC) in the lymph 

node. These cells migrate to the CNS and transverse the blood-brain barrier (BBB) 
by transendothelial migration. T cells are re-stimulated in the CNS by interacting 
with microglia or astrocytes acting as antigen presenting cells (APC) resulting in T 

cell activation and cytokine secretion. T cells have the capacity to modulate the 
activity o f their APC and surrounding cells through contact and cytokine 

production. In cases o f pro-inflammatory cytokine production, by Thl and Th l7  

cell types, this may negatively affect nearby neurons or glial cells through the 
bystander effect thereby potentiating the inflammatory environment in AD. 

Induction o f Th2 or Treg cells may suppress the neuroinflammation in AD by the 

secretion o f anti-inflammatory cytokines or through cell-cell contact, thus 

providing a possible therapy fo r  this disease.

1.4.7 Increased BBB permeability in AD

A meta-analysis on BBB changes revealed there is some loss in BBB integrity w ith 

normal aging, but this is significantly greater in patients w ith AD or vascular 

dementia (Farrall and Wardlaw, 2009). A number o f reports have identified 

factors that contribute to the BBB permeability in AD. The vascular endothelial 

cells o f AD patients are smaller and thinner than those o f elderly healthy controls
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(Zipser et al., 2007). Increases in IgG and tfie  plasma proteins fibrinogen, 

th rom b in  and prothrom bin have been reported in the AD brain, often appearing 

in association w ith  A3 deposits or activated microglia (Akiyama et al., 1992; 

Berzin et al., 2000; Fiala et al., 2002; Ryu and McLarnon, 2009). Furtherm ore, 

p ro th rom b in  changes corresponded w ith  increased Braak stage, and was 

elevated in AD patients w ith  the AP0E4 allele (Zipser et al., 2007). A separate 

study found an association between increased albumin extravasation in AD brain 

tissue w ith  increased NFTs, and enhanced fibrinogen staining correlated w ith  

both increased NFTs and neuritic plaques (Viggars et al., 2011). High 

concentration o f plasma proteins w ith in  the CNS is detrim enta l and can cause 

neuro toxic ity  and neuroinflam m ation (Zlokovic, 2011).

It has been dem onstrated tha t AD patients have decreased ZO-1 at 

vascular endothelia l cells. Interestingly, this co-localised w ith  

macrophage/m onocyte in filtra tion  at sites o f TJ d isruption (Fiala et al., 2002). In 

patients w ith  CAA, there is a significant loss in the TJ proteins claudin-5, occludin 

and ZO-1 in A^-associated vessels (Carrano et al., 2011). Treatm ent o f cerebral 

m icrovascular endothelial cells (CMEC) in vitro  w ith  A(3 reduces the protein 

and /o r mRNA expression o f claudin-5, occludin and ZO-1, resulting in increased 

barrier perm eability (Carrano et al., 2011; Marco and Skaper, 2006; Tai et al., 

2010), which was mediated in part by RAGE and MMPs (Kook et al., 2012). TNFa 

and IL - ip  can reduce the TJ prote in expression o f vascular endothelia l cells (Kebir 

et al., 2007; M inagar and Alexander, 2003), both o f which are increased in the 

circulation o f AD patients along w ith  IL-6, IL-18 and MCP-1 (Akiyama et al., 2000; 

Brosseron et al., 2014). Pro-inflam m atory cytokines also increase the activ ity o f 

MMP-9 in brain vascular endothelia l cells (Harkness et al., 2000). Furtherm ore, 

MMP-9 is significantly increased in the plasma o f AD patients (LorenzI et al., 

2003) and has been shown to  disrupt the BBB d irectly by degrading ZO-1 which is 

an established MMP-9 substrate (Asahi et al., 2001).

In addition to  the role o f TJs in m aintain ing BBB in tegrity, an additional

im portan t facto r is the presence o f pericytes and the attachm ent o f astrocytic

end fee t to  the basement membrane. It was recently observed tha t both the
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number and coverage of pericytes was significantly reduced in AD brain tissue 

(Sengillo et al., 2013). Furthermore, the reduction in pericyte coverage 

correlated w ith increased extravascular IgG and fibrin deposits. Ap deposition 

along the vasculature is also associated w ith the retraction and swelling o f 

astrocyte end feet (Merlini et al., 2011; Wilcock et al., 2009); one consequence of 

this is astrocytic detachment associated w ith a decrease in blood vessel- 

associated (3-dystroglycan, and the leakage of IgG into the parenchyma (Merlini 

e ta l., 2011).

ApoE has been implicated in maintaining the BBB. Mice expressing/4POE4 

or APOE^~ mice have substantial BBB permeability demonstrated by enhanced 

leakage of IgG, thrombin and fibrin w ith increased activity o f MMP-9 which was 

associated w ith decreased claudin-5, occludin and ZO-1 TJ proteins (Bell et al., 

2012). Importantly, vascular dysfunction occurred before deficits in neuronal and 

synaptic changes were apparent which highlights the importance o f an intact 

BBB with serious implications for AD patients carrying the AP0E4 allele.

Loss of TJ proteins and BBB permeability is also a feature of murine AD 

models; mice display increased gadolinium extravasation by MRI, greater 

fibrinogen staining, increased chemokine expression and decreased expression 

of TJ proteins (Biron et al., 2011; Minogue et al., 2014). Peripheral cell infiltration 

also occurs in the mouse brain, where T cell and macrophage influx is greater in 

older APP/PSl mice (Jimenez et al., 2008; Kelly et al., 2013; Minogue et al., 

2014).

1.4.8 Facilitated T cell entry through the BBB in AD

A number of studies have demonstrated that T cells from AD patients have an 

altered phenotype, which may aid migration across the BBB. MIP-la/CCL3 is 

significantly increased on T cells obtained from AD patients (Man et al., 2007) 

and this binds to  CCR5 on the cells o f the BBB resulting in transendothelial 

migration. This group have also shown that CCR5 expression on brain endothelial 

cells is increased in response to  A3 (Li et al., 2009). Similarly, CXCR2 is
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overexpressed on T cells from AD patients (Liu et al., 2010) and this receptor is 

involved in cellular adhesion to the BBB, facilitating T cell migration into the  

brain. It has recently been demonstrated that expression of the chemokine 

receptors CCR2, CCR4, CCR5 and CCR6 is increased on T cells from AD 

patients (Goldeck et al., 2013; Reale et al., 2008). Pellicano and colleagues also 

demonstrated an increase in CCR5 on T cells, where the T cell expression of CCR2 

and CCR5 increased further after Ap treatm ent in AD patients only (Pellicano et 

al., 2010). These receptors bind many chemokines including MCP-1/CCL2, MIP- 

la /CCL3, MIP-13/CCL4 and RANTES/CCL5 (Cartier et al., 2005) all of which are 

increased, with CXCLIO, in the brains of AD patients (Streit et al., 2001; Tripathy 

et al., 2007, 2010; Xia et al., 2000; Xia et al., 1998).

CD14'^ monocytes from AD patients also express increased CCR6 and 

CXCLl (Goldeck et al., 2013; Zhang et al., 2013). It has been demonstrated that 

A3 can induce monocyte adhesion to, and subsequent migration across a model 

BBB (Fiala et al., 1998; Gonzalez-Velasquez and Moss, 2008), and treatm ent of 

AD monocytes with aCXCLl or aCXCR2 impairs migration in response to AP 

(Zhang et al., 2013). In addition, increased infiltration of macrophages has been 

observed in the AD brain, with macrophages located at the perivascular space 

and surrounding A3 plaques (Fiala et al., 2002). Treatm ent of human monocytes 

with A3 results in production of M IP -la/C C L3, MCP-1/CCL2, IL-8 and MIP- 

13/CCL4 along with the pro-inflammatory cytokines TNFa, IL-6 and IL-12 (Cartier 

et al., 2005; Fiala et al., 1998). Furthermore, peripheral blood mononuclear cells 

(PBMCs) from AD patients treated with A3 produce significant amounts of MIP- 

13/CCL4 and RANTES/CCL5 and also IL-13, IL-6, IFN-y, TNFa, IL-IRA and IL-10 

(Pellicano et al., 2010).

As BBB permeability is increased in AD patients (Farrall and W ardlaw,

2009), the increased expression of chemokine receptors on T cells, together with

their corresponding ligands in the AD brain further facilitates the recruitment of

peripheral immune cells into the CNS, or at least into the perivascular space until

T cells are further activated. It has been demonstrated that T cells from AD

patients have increased reactivity to A3 (Monsonego et al., 2003; Saresella et al.,
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2010; Saresella et al., 2012). Furthermore, A3 drains from the brain along the 

perivascular pathway and, in the AD brain, A3 accumulates adjacent to blood 

vessels (Carare et al., 2008; Nicoll et al., 2004). Therefore once in the 

perivascular space, the presence o f A3 provides an opportunity for stimulation of 

A3-specific T cells or activation o f infiltrating monocytes. Given that monocytes 

and PBMCs produce numerous cytokines and chemokines after interaction w ith 

A3, as do T cells after Ag-stimulation, a vicious cycle o f cell in filtration, 

inflammation and further cell recruitment may develop in the brains of AD 

patients. Importantly, T cell infiltration into the brain is enhanced in AD (Togo et 

a!., 2002).

1.5 Future therapies for AD

1.5.1 Immunization

Immunization w ith A3 to  induce A3-specific antibodies is being investigated as an 

approach for the treatm ent o f AD. Immunization with A3 in the presence o f an 

adjuvant induces an immune response against the peptide, inducing antibodies 

that may prevent further protein deposits, and even induce plaque breakdown. A 

clinical trial was initiated after positive findings in mouse models o f AD which 

demonstrated reduced A3 burden and behavioural deficits after immunization 

w ith A3 and Freund's adjuvant (Janus et al., 2000; Schenk et al., 1999). 

Unfortunately the AN1792 trial, where A3 was given with QS-21, was suspended 

in stage II due to  the development o f meningoencephalitis in several patients 

(Schenk, 2002). On post-mortem analysis, A3 burden was decreased in AD 

patients who took part in the trial (Holmes et al., 2008). Furthermore, the 

microglia surrounding the residual plaques had increased MHC class II and CD68, 

w ith A3 detected w ithin the microglia (Boche and Nicoll, 2008), which rarely 

occurs in non-immunised AD patients. Interestingly, those patients with 

detectable titres o f anti-A3 antibodies 4.6 years after immunization had reduced 

functional decline in comparison w ith AD patients who received the placebo 

(Vellas et al., 2009). Many of the patients involved were diagnosed with
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moderate AD, therefore immunization at earlier stages o f disease onset may 

provide more functional benefits than later treatment.

The adjuvant used in the AN1792 trial, QS-21, stimulates T h l type 

responses and this may have contributed to the development of 

meningoencephalitis and T cell infiltration into the brain (Wilcock and Colton, 

2008). AP-specific T h l cells enhance AD-like pathology in APP/PSl mice when 

transferred intravenously (i.v.) (Browne et al., 2013). However, it has also been 

suggested that the key event mediating T cell-induced neuroinflammation is T 

cell activation and in filtration at the neurovasculature. When Ap-specific T h l 

cells are injected directly into the ventricle, the cells cross into the parenchyma 

at the ependymal layer only, and ultimately reduce plaque load in APP/PSl mice 

(Fisher et al., 2014). Indeed it has been suggested by Schwartz and colleagues 

that T cell recruitment from the choroid plexus into the brain is a key step in the 

resolution of neuroinflammation (Schwartz and Baruch, 2014). Importantly they 

suggest that anti-inflammatory cytokines present in the CSF skew the infiltrating 

T cells to  an anti-inflammatory or suppressive phenotype (i.e. Th2 or Treg), which 

is neuroprotective and capable of restoring homeostasis in the brain. However it 

has been demonstrated that AD patients have increased pro-inflammatory 

cytokines in the ir CSF including IL-12p40, TNFa, IL-6, IL-18 and MCP-1 (Akiyama 

et al., 2000; Brosseron et al., 2014; Vom Berg et al., 2012) which may prevent 

skewing o f T cells to  the anti-inflammatory subtype, and induce T h l or Th l?  cells 

instead.

The induction o f an AP-specific Th2 or Treg type response could be more 

appropriate in vaccination studies given the anti-inflammatory function o f these 

cells. AP immunization in Tg2576 mice w ith alum as an adjuvant successfully 

prevented deposition o f plaques and cognitive deficits, though only when the 

vaccine was administered before substantial amyloid pathology had developed 

(Asuni et al., 2006). It has been observed that transfer o f AP-specific Th2 cells is 

protective in 11 month-old APP/PSl mice, reducing cognitive impairment and 

amyloid deposition at blood vessels (Cao et al., 2009). Conversely, transfer of Ap-
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specific Th2 cells was not sufficient to reduce neuroinflammation or plaque 

deposition in 6 month-old APP/PSl mice (Browne et al., 2013).

The induction of a B cell only response through immunization with the B 

cell epitope, APm i , has proved successful in reducing plaque deposition and 

increasing survival in 3xTg-AD mice (Olkhanud et al., 2012). Another avenue of 

treatm ent currently being pursued in clinical trials is passive immunization which 

involves injecting humanised anti-A3 antibodies i.v. into AD patients or injections 

of concentrated immunoglobulins (IVIg) from healthy individuals (Lambracht- 

Washington and Rosenberg, 2013; Wilcock and Colton, 2008). Direct injection of 

antibodies can negate the effects of immune senescence observed in elderly AD 

patients and avoid T cell-mediated encephalitis. These antibodies could reduce 

plaque burden by facilitating phagocytosis of amyloid or inhibiting A3 

aggregation, and the clinical trials are showing promising results by slowing 

cognitive decline in AD patients (Lambracht-Washington and Rosenberg, 2013). A 

potential risk of antibody-mediated therapy is that microhaemorrhages can 

occur, possibly as a result of increased antibody-bound A3 in the blood, or due to  

further weakening of amyloid-associated vessels (Pfeifer et al., 2002).

Together the results indicate that activating the immune system by active 

or passive immunization could prove a promising therapy for AD. Importantly, 

the induction of an A3*specific Th2 response appears safer than T h l, though 

extrem e caution must be taken with these treatm ents. Studies in animal models 

have shown that vaccination at late stages of amyloid accumulation is not 

protective, nor does it attenuate behavioural or cognitive defects, which reflects 

w hat might be observed in clinical trials. It is accepted that immunization before 

pathogen-induced infection is more efficient at preventing disease or illness than  

once the pathogen has already taken hold. As amyloid accumulation occurs 

decades before the development of AD symptoms, early treatm ent is vital.

1.5.2 FTY720

FTY720 (Fingolimod/Gilenya; Novartis) was derived from a chemical modification
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o f th e  m etab o lite  myriocin isolated from  th e  fungus Isaria sinclairii. Specifically,

side chain functionalities w ere  rem oved w ith  th e  addition o f a phenyl ring.

FTY720 has im m unosuppressant effects (Adachi et al., 1995; Suzuki et al., 1996);

it w as dem onstrated  th a t FTY720 could prolong organ graft survival and was

associated w ith  reduced lym phocyte in filtration  into th e  grafted tissues due to

increased T cell hom ing to  th e  lymph nodes (Brinkm ann and Lynch, 2002; Chiba

et a l., 1996; Chiba et al., 1998; Yanagawa et al., 1998). FTY720 is structurally

sim ilar to  sph ingosine-l-phosphate  (S IP ), a bioactive sphingolipid form ed from

sphingom yelin , a cell m em b ran e  constituent. Sphingom yelin is degraded by

sphingom yelinase to  produce ceram ide, th a t is fu rth e r m etabolized by

ceram idases to  produce sphingosine, which is in turn  phosphorylated by

sphingosine kinase to  produce S IP  (Brinkm ann, 2007). FTY720 is also

phosphorylated  by sphingosine kinase, which occurs extensively in vivo, and

phosphorylated  FTY720 can act on four o f the  five S IP  receptors which are

GPCRs (i.e. S lP i, S IP 3 , S IP 4  or S IP 5 ) (Brinkm ann e t al., 2002; M andala  et al.,

2 0 0 2 ). S lP i receptor is m ost highly expressed on cells o f th e  im m une and central

nervous systems, and it is believed th a t FTY720 exerts its e ffec t on lym phocyte

sequestration  by acting through this receptor (Brinkm ann et al., 2010). T cells

requ ire  S IP  signalling through S lP i to  override CCR7-m ediated re ten tion  in the

lym ph node. This allows th e  T cell to  egress along th e  S IP  concentration gradient

as S IP  is found at low concentrations in th e  lymph node (5 -20  n M ) and high

concentrations in the  blood (10 0 -1 ,00 0  n M ) (Brinkm ann et al., 2010; Rosen and

G oetzl, 2005). H ow ever, FTY720 acts as a "functional antagonist" th a t leads to

in terna liza tion  o f th e  S lP i receptor (Fig 1.9) thus preventing S lP i from

responding to  its natural agonist S IP ; which retains T cells in th e  lym phoid

organs (Brinkm ann et al., 2010 ). Therefore  FTY720 reduces th e  num bers o f T

cells in th e  circulation (M orris  et al., 2005). It was first dem onstrated  in 2002  th a t

FTY720 tre a tm e n t reduced sym ptom s o f disease in EAE (Brinkm ann et al., 2002;

Foster et al., 2 007 ) and this led to  a num ber o f successful clinical trials th a t

show ed FTY720 reduced th e  relapse rate, MRI end points and progression of

disability in MS patients (Kappos et al., 2006; Kappos et al., 2010 ). As a result,

FTY720 received Food and Drug A dm inistration (FDA) approval in 2010, w ith  EU

approval th e  fo llow ing year and is now the  first orally active im m unom odula to ry

49



drug available for the treatm ent o f MS. There w ere minimal side effects from  

taking FTY720, although it was noted that there was an enhanced incidence of 

lower respiratory tract infections in MS patients that received FTY720 (Cohen et 

al., 2010; Kappos et al., 2010).

Another mechanism by which FTY720 exerts a protective effect in EAE is 

by acting on S lP i receptors on astrocytes (Choi et al., 2011), as the severity of 

EAE was reduced with a concomitant loss of FTY720 efficacy in transgenic mice 

lacking S lP io n  astrocytes. S IP  also has functions in the brain where it can induce 

astrocyte proliferation through pathways including activation of mitogen- 

activated protein kinases (MAPK) or Rho kinase (Malchinkhuu et al., 2003; Pebay 

et al., 2001; Sorensen et al., 2003) and neurogenesis through the MAPK pathway  

(Harada et al., 2004; Mizugishi et al., 2005).

Due to  the efficacy of FTY720 in MS and EAE, this drug has also been 

tested as a possible treatm ent in other conditions such as stroke (Campos et al., 

2013; Rolland et al., 2013) and diabetes (Moon et al., 2013; Penaranda et al., 

2010). In animal experiments, FTY720 treatm ent attenuated the behavioural 

deficits induced by A3 injection into the frontal cortex, hippocampus or ventricle 

(Asle-Rousta et al., 2013; Fukumoto et al., 2014; Hemmati et al., 2013). The 

effect of FTY720 in transgenic AD animal models has not been investigated.
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Figure 1.9 FTY720 prevents T cell egress from the lymph node

(A) Naive T cells enter the lymph node through the afferent lymphatic vessel. (B) 
Upon antigen stimulation the naive T cell become activated, proliferates and 

differentiates. (C) SIP binds to the S lP i receptor on the T cell (D) which allows the 

T cell to leave the lymph node. (E) However, FTY720 binds the S lP i receptor, 

which ultimately results in internalization and desensitization o f the receptor. (F) 
This leaves the T cell unable to respond to SIP and thus remains trapped in the 
lymph node.

1.6 Changes to the immune system with age and AD

1.6.1 Age-related changes in the immune system

One of the most significant changes in the immune system with aging is the 

involution of the thymus, which results in decreased output o f new T cells 

(Mackall et a!., 1995; Naylor et a!., 2005), though proliferation o f the T cells in the 

periphery maintains the T cell pool (Mackall and Gress, 1997; Mackall et al., 

1997). After the age o f 65, the diversity of the TCR on naive T cells drops
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dram atically  (Naylor et al., 2005) which lim its the  individuals' ability to  induce a T 

cell response to  new  antigens. The T cells th a t have resided in th e  periphery fo r  

years are exposed to  factors such as oxidative species th a t increase w ith  age and  

may have a negative im pact on im m une function (Haynes and Swain, 2006). The  

decrease in naive T cells in th e  elderly  is associated w ith  an increase in m em ory  

cells (Grubeck-Loebenstein and W ick, 2002; Pawelec et al., 2002), in particular 

clonally-expanded T cell subsets (Paw elec et al., 2004; Vasto et al., 2007) which  

may develop from  repeated  o r chronic infections (Khan et al., 2002; Kovaiou et 

al., 2007). W hen th e  pool o f m em ory  T cells consists o f expanded clones, th e re  is 

a m ore restricted T cell rep erto ire  and a reduced ability to  respond to  new  

antigens (Franceschi e t al., 2000; Kovaiou et al., 2007). It has also been observed  

th a t th e  elderly  have an im paired  long term  T cell response induced by 

vaccination (Kang et al., 2004). Changes in th e  Treg subsets have been reported , 

w ith  cells from  aged individuals less capable at p reventing  auto im m u n ity  (Fessler 

et al., 2013). A ltered Treg activity  in aged mice is also associated w ith  the  

reactivation o f chronic infections (Lages et al., 2008). Indeed aging in hum ans is 

characterised by chronic, low -grade in flam m ation , known as "inflam m aging", 

which is a significant risk fac to r fo r m orbid ity  in th e  elderly (Franceschi and 

Campisi, 2014). Together, th e  changes in T cells and inflam m aging may  

negatively im pact on th e  ability o f th e  elderly to  m ount an effic ient im m une  

response against infection, thus leaving them  vulnerable to  th e  effects o f 

pathogens. This is particu larly  re levant in the  context o f new ly-em erg ing  

infectious diseases.

1.6.2 Changes to the adaptive immune system in AD

A num ber o f studies have shown th a t th e  activation state of T cells, and th e ir  

responsiveness, is a ltered in AD. In addition to  th e  increased reactivity o f T cells 

from  AD patients to  AP (M onsonego et al., 2003; Saresella et al., 2010; Saresella 

et al., 2012), th e re  is also a skewing o f th e  cells to  T h l7  and Th9 phenotypes  

(Saresella e t al., 2011). An increase in circulating CD4^IFN-y^ and CD8^IFN-y^ T 

cells in AD patients has also been reported  (Baglio et al., 2013; Fiala et al., 2005) 

and a decrease in CD4^PD-1^ T cells indicating a resistance to  apoptosis in AD T
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cells (Saresella et a!., 2012). Indeed, a recent study demonstrated that T cells 

from  patients w ith amnestic MCI, a preclinical stage of AD, had levels of 

CD45'^IFN-y  ̂ and CD45^IL-17^ lymphocytes in the CSF that were comparable to 

untreated patients with MS (Monson et al., 2014). Furthermore, the 

concentration o f IFN-y, IL-17 and IL-6 in the CSF was also unchanged between the 

groups. There is a shift in the circulating lymphocytes of AD patients, with 

decreased levels o f naive T cells and a corresponding increase in effector 

memory or term inally-differentiated CD4 and CDS cells compared w ith age- 

matched controls (Larbi et al., 2009; Pellicano et a!., 2012; Saresella et al., 2011; 

Schindowski et al., 2007; Speciale et al., 2007). Furthermore, T cells from AD 

patients have shorter telomeres than healthy controls, suggesting a possible 

deterioration o f the immune system (Panossian et al., 2003).

Together the data suggest that, in AD patients, the adaptive immune 

system undergoes chronic stimulation, perhaps by A3, resulting in earlier 

differentiation o f T cells to the ir mature counterparts, and possibly undergoing 

senescence. These changes can have negative consequences on T cell-mediated 

inflammation and interaction w ith APCs. If the immune system of AD patients 

shows signs o f immunosenescence, it can also have implications on the ability of 

patients to effectively respond to and control infection.

1.7 Infection in AD

1.7.1 Infection in the elderly

It is estimated that 40% of the population in Europe will be over 60 years o f age

by 2050 (Lutz et al., 1997) and the increase in life expectancy is associated with

an increase in age-related diseases (Westendorp, 2006). The elderly are more

prone to infection due to changes in the immune system with age (Kovaiou et al.,

2007), and are susceptible to  viral or bacterial infections that affect the

respiratory tract and urinary tract while morbidity due to  influenza is also

increased w ith age (Caljouw et al., 2013; Castle, 2000; Engelhart et a!., 2005;

Gardner et al., 2006). Infection in older adults can present atypically, be
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asymptomatic or non-specific (Crossley and Peterson, 1996; Lopponen et al., 

2004; Tal et al., 2002). A recent study has found that bacterial and viral infectious 

burden correlates with MMSE scores o f 24 or lower (Katan et al., 2013) which 

can indicate dementia. It has also been reported that 36% of the elderly w ith 

dementia had an infection that was previously undiagnosed or unidentified, and 

which was associated w ith lower MMSE scores (Hodgson et al., 2011). 

Bacteriuria was the most prevalent, and it has been reported previously that 

urinary tract infections (UTIs) are among the most common infection in nursing 

home patients, many o f whom have dementia (Boockvar and Lachs, 2003; 

Engelhart et al., 2005) and are often unable to  communicate the ir symptoms and 

ailments (McCloskey, 2004). This situation is confounded by the fact that the 

bacteria which cause UTIs in this age group are often more resistant to antibiotic 

therapy (Linhares et al., 2013). Studies have indicated that infections in this 

group result in increased disability (Barker et al., 1998; Caljouw et al., 2013) or 

enhanced functional decline post-infection (Biiia et al., 2004), w ith a positive 

correlation between the number o f infections and functional impairment.

It has recently been suggested that cases o f severe sepsis in the elderly

results in lasting cognitive impairment (Widmann and Heneka, 2014). Indeed

those over 65 years old admitted to  hospital w ith infection were twice as likely to

develop dementia and the risk was similar regardless o f infection severity (i.e.

Hazard ratio (HR): pneumonia, 2.24; sepsis, 2.28; infection: 1.98 in comparison to

those never hospitalised w ith infection). On average, dementia developed 2

years after hospitalisation w ith pneumonia (Shah et al., 2013). Interestingly a

greater proportion of those admitted to the hospital had cognitive decline and

co-morbidities including diabetes and heart disease before infection occurred. In

addition, Guerra and colleagues examined the development o f dementia in

patients over 66 years old who survived hospitalisation in the intensive care unit

(ICU) and demonstrated that infection in ICU patients was associated w ith  an

increased risk o f developing dementia within 3 years (HR 1.44 vs. ICU survivors

who did not develop infection). Other factors that increased the risk of dennentia

included length o f hospital stay (HR 1.7), and neurologic dysfunction during

illness (HR 2.38) (Guerra et al., 2012). Age was also a significant factor, w ith  33%
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of those over 85 years old developing dementia in the follow-up period after a 

stay in ICU in comparison w ith just 7% of those between 66-69 years old.

1.7.2 Infection in AD

A number o f studies have indicated that AD patients are more vulnerable to the 

effects of systemic infection. Delirium, which is often caused by infection, is 

considered to be a risk factor for developing dementia (Jackson et al., 2004; 

MacLullich et al., 2009; Rahkonen et al., 2001; Rahkonen et al., 2000). In a recent 

study which examined individuals over a 10-year period, the incidence of 

delirium was associated w ith an 8-fold increase in developing dementia (odds 

ratio (OR) 8.7), where delirium also corresponded with a worsening of cognition 

in those already diagnosed with dementia (OR 3.1) (Davis et al., 2012). Incidents 

o f delirium in AD patients also result in greater cognitive decline (Pick et al., 

2002; Fong et al., 2009). It has been established that two or more infections over 

a 4-year period increased by 2-fold the risk o f developing AD (Dunn et al., 2005) 

and increased viral burden or general ill-health has also been associated with 

development of AD (Strandberg et al., 2004; Tilvis et al., 2004). Patients with AD 

are more likely to  need emergency hospitalisation than non-demented age- 

matched controls, and the incidence o f lower respiratory tract infections, 

pneumonia or UTIs is greater (Natalwala et al., 2008).

In AD patients, a resolved peripheral infection was associated with a 

significant cognitive decline when assessed 2 months later and this was 

accompanied by elevated IL-ip in the serum (Holmes et al., 2003). When 

examined over a 6-month period, a significant association was found between an 

increased rate of cognitive decline in AD patients with elevated TNFa in the 

serum after a peripheral infection (Holmes et al., 2009). The estimated survival 

tim e with dementia is between 3.9 and 7.1 years after onset (Fitzpatrick et al., 

2005), however, an 8-year follow-up study on patients with dementia revealed 

pneumonia doubles the risk of mortality, and an increased number of co­

morbidities corresponded with an increased mortality risk in dementia patients 

(Van Dijk et al., 1996). Furthermore, pneumonia is a common cause of death in
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AD (Fitzpatrick et al., 2005). In contrast, a history o f vaccination against a num ber 

o f d iffe ren t infectious diseases, including influenza, was associated w ith  a 

significantly decreased risk o f developing AD (Tyas et al., 2001; Verreault et al., 

2001). Oral daily antib io tic trea tm en t fo r 3 months in AD patients has also been 

shown to  slow cognitive decline when assessed 6 months later (Loeb et al., 

2004).

1.7.3 Chlamydia pneumonia

A num ber o f bacterial and viral pathogens have been implicated in the 

developm ent or progression o f AD (Itzhaki et al., 2004) including Chlamydia 

pneumonia, spirochetes and herpes simplex virus type 1 (HSV-1). A recent study 

found tha t viral or bacterial infectious burden (established using serologies fo r 

human cytom egalovirus (CMV), HSV-1, Borrelia burgdorferi, C. pneum onia  or 

Heliobacter pylori) was associated w ith  AD, moreover, significantly m ore AD 

patients than aged-matched controls were positive fo r 4 or 5 pathogens which 

was also associated w ith  increased Ap and pro-in flam m atory cytokines in the 

serum (Bu et al., 2014).

C. pneum onia  is a Gram-negative in tracellu lar bacteria which causes 

respiratory infections, its presence in the AD brain was firs t observed post­

m ortem  in 1998 (Balin et al., 1998) and confirm ed in several studies 

subsequently (Balin et al., 2008; Gerard et al., 2006; Gerard et al., 2005). AD 

patients have increased seropositiv ity to  C. pneumonia  (Bu et al., 2014) 

fu rtherm ore , a recent meta-analysis found C. pneumonia  is associated w ith  a 5- 

fold increase in the  incidence o f AD (Maheshwari and Esiick, 2014). Astrocytes, 

m icroglia and neurons can be infected w ith  C. pneumonia  and, in the AD brain, 

infected cells were found proximal to  AD-like pathology, where the organisms 

were both viable and m etabolically active (Gerard et al., 2006). In add ition, 

patients w ith  the  AP0E4 allele had an increased bacterial burden than th e ir 

AP0E4 negative counterparts (Gerard et al., 2005) especially in the hippocampus 

and fron ta l cortex. ApoE-lipoproteins are capable o f binding and neutralising LPS 

(de Bont et al., 1999), which is a constituent of, and secreted by. Gram-negative
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bacteria including C. pneum onia  (Di Pietro e t al., 2013). ApoE4 binds LPS less 

effective ly  than o ther ApoE isoforms (den Hartigh et al., 2012) which may  

provide a m echanism  by which A P0E4  carriers are m ore vulnerable to  th e  effects  

o f bacterial infection. Indeed, mice w ith  th e  A P 0E 4  gene have increased pro- 

in flam m ato ry  cytokines in th e  brain fo llow ing systemic adm in istration  o f LPS 

(Lynch et al., 2003).

In vitro  studies using neuronal cells dem on strate  th a t C. pneum onia  can 

m aintain  a chronic infection by inhibiting apoptosis in th e  host cell (Appelt e t al., 

2008) and it is suggested th a t inhibition o f apoptosis could prolong th e  C. 

pneum onia  infection in AD and as a result, con tribu te  to  neuro in flam m ation . 

Anim al studies have revealed th a t intranasal inoculation o f m ice w ith  C. 

pneum onia  induced AD-like changes in th e  brain, w ith  evidence o f deposits of 

fib rillar A3 associated w ith  reactive glia in several brain areas, including the  

hippocam pus (Little et al., 2004).

1 .7 .4  l-leliobacter pylori

H. pylori is a G ram -negative  bacterium  which has also been linked to  AD. H. pylori 

seropositiv ity is associated w ith  decreased cognitive function in o lder adults  

(Beydoun et al., 2013). AD patients w ere  found to  have a higher prevalence o f H. 

pylori than  controls in samples taken from  th e  gastric mucous m em brane  

(Kountouras et al., 2006). Sim ilarly, high H. pylori IgG levels w ere  observed in the  

serum  a n d /o r CSF o f individuals w ith  AD (Kountouras e t al., 2009a; M alaguarnera  

et al., 2004). AD patients w ith  a H. pylori in fection w ere  found to  have low er 

M M SE scores, and increased CSF tau levels than  non-in fected AD patients  

(Roubaud-Baudron et al., 2012). Furtherm ore H. pylori infection was a significant 

risk fac to r fo r developing dem entia  in a 20  year fo llo w -up  study (Roubaud  

Baudron et al., 2013). Eradication o f H. pylori in fection  in AD patients resulted in 

im proved cognition w hen tested  tw o  years la ter, in com parison w ith  M M SE  

scores fo r th e  same individuals previously positive fo r this bacterium , w hile  AD 

patients w ho w ere  still positive for H. pylori had fu rth e r declined over th e  tw o  

year period (Kountouras et al., 2009b). Eradication o f H. pylori also reduced the  

m o rta lity  ra te  o f AD patients in a 5 -year fo llo w  up study (Kountouras et al.,
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2010). It has recently been demonstrated that injection of H. pylori filtrates into 

rats impaired their spatial learning and memory, and increased the  

concentration of Ap4 2  in the brain which was associated with increased 

expression of PSEN-2 (Wang et al., 2014).

1.7.5 Spirochetes

Spirochetes are Gram-negative, neurotropic bacteria which can either be 

associated with a host or are free living. A range of studies have reported that 

spirochetes were detected in significantly more post-mortem brains of AD 

patients than controls (Miklossy, 1993, 2011; Miklossy et al., 1994; Riviere et al., 

2002) and it has been found that infection with spirochetes is associated with a 

10-fold increase in the incidence of AD (Maheshwari and Esiick, 2014). 

Periodontitis is a risk factor for the development o f AD (Kamer et al., 2008), 

indeed many of the spirochetes found in the AD brain were of the Treponema 

species which are periodontal pathogens (Riviere et al., 2002) and co-infection 

with different Treponema species occurred in some AD patients. In addition, LPS 

from the periodontal pathogen P. gingivalis had recently been detected in the  

AD brain (Poole et al., 2013). B. burgdorferi, another periodontal pathogen, can 

be found in the AD brain (MacDonald, 2007; Miklossy, 1993; Miklossy et al., 

2004; Riviere et al., 2002), where it was co-localised with A(3 plaques (Miklossy et 

al., 2004) and AD patients also have increased seropositivity to  B. burgdorferi (Bu 

et al., 2014). B. burgdorferi has also been found to  induce A3 deposition in vitro 

(Miklossy et al., 2006). it has been suggested that spirochete neuroinvasion may 

occur in an effort to evade detection by the immune system in the periphery 

(Livengood and Gilmore, 2006; Urosevic and Martins, 2008). Together, these 

results show that bacteria can invade the brain, with serious consequences for 

the developm ent of AD.

1.7.6 HSV-1 and CMV

Certain viral infections have been reported to be associated with CNS pathology. 

HSV-1 is often a livelong infection of the nervous system and is usually present in
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a la ten t form , though re-activation can occur. HSV-l has been found in the brains 

o f bo th  AD patients and contro l subjects (Jamieson et a!., 1991; Jamieson et a!., 

1992; Wozniak et a!., 2005). However, viral deoxyribonucleic acid (DNA) was 

found  in the  brain areas most affected in AD, including the hippocampus 

(Jamieson et al., 1991; Jamieson et al., 1992). It has been suggested tha t HSV-l 

m igh t contribu te  to  pathogenesis o f AD by inducing in flam m ation  in the areas 

m ost vulnerable in AD, particularly when present in com bination w ith  o ther risk 

factors, such as genetic susceptibility (Honjo et al., 2009). Indeed HSV-l infection 

induces APP processing in neuronal cells in vitro, producing Ap tha t was in part 

m ediated by activation o f P- and y-secretases (De Chiara et al., 2010; Piacentini 

et al., 2011). HSV-l is a risk facto r fo r developm ent o f AD in carriers o f the AP0E4 

alle le; the  frequency fo r this allele is higher in the HSV-l infected AD population 

than the non-infected AD patients (Itzhaki et al., 1997). AP0E4 increases 

susceptib ility to  HSV-l infection, as a much higher viral load was observed in 

APOE4-express\ng mice a fte r infection (Burgos et al., 2003; Burgos et al., 2006). A 

possible explanation fo r the link between infection and AP0E4 carriers is evident 

from  studies which revealed tha t HSV-l outcom petes ApoE4 fo r binding to  cell 

surface herparan sulphate proteoglycans (HSPG). This allows HSV-l to  bind to  

the  cell and become internalized via endocytosis or fusing w ith  the host cell 

m em brane (Itzhaki and Wozniak, 2006; Itzhaki et al., 2004; WuDunn and Spear, 

1989).

Like HSV-l, CMV is a la tent life long infection, and this virus was recently 

reported  to  be linked w ith  AD-pathology, specifically NFTs in the brain (Lurain et 

al., 2013). Furtherm ore, HSV-l or CMV viral burden was associated w ith  

cognitive im pairm ents in the  elderly as assessed by decreased MMSE scores 

(Strandberg et al., 2004). A recent study has also found tha t CMV seropositiv ity 

was associated w ith  an increased risk o f developing AD and greater rate o f 

cognitive decline in a 5-year fo llow -up study (Barnes et al., 2014). This is 

consistent w ith  a report tha t found an association between CMV and progression 

to  AD (Carbone et al., 2014). The frequency o f CMV seropositiv ity is higher in AD 

patients (Bu et al., 2014), in addition, PBMCs from  CMV^ AD patients have
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increased reactivity and produced more IFN-y after stimulation than PBMCs from 

CMV AD patients or CMV^ controls (Westman et al., 2014).

1.7.7 Infection in other neurodegenerative diseases

The role o f systemic or peripheral infection in other neurodegenerative or 

neuroinflammatory diseases has been investigated. One-third o f relapses in MS 

were associated w ith a systemic infection - typically respiratory tract infections 

(Buljevac et al., 2002; Buljevac et al., 2003; Sibley et al., 1985). Importantly, 

infection-induced relapses led to a more sustained deficit in patients with 

increased immune activation, which was not accompanied with changes in BBB 

permeability (Buljevac et al., 2002). This is consistent with studies in EAE, where 

staphylococcal enterotoxins (Schiffenbauer et al., 1993) or streptococcus 

pneumonia (Herrmann et al., 2006) aggravated clinical symptoms.

Up to  one third of stroke patients were observed to have a pre-existing 

infection (Emsley and Hopkins, 2008), w ith an association between infection and 

poor stroke outcome (Denes et al., 2010; Muhammad et al., 2011). It has also 

been suggested that chronic infection with specific pathogens, including C. 

pneumonia or ti. pylori increase the risk of stroke (Grau et al., 2010). Indeed the 

risk o f having a stroke is highest in the first 3 days post onset o f infection, and 

the infection-induced risk lasts for up to  3 months (Clayton et al., 2008; Smeeth 

et al., 2004).

1.7.8 Animal models o f systemic challenge

A number of animal studies have investigated the influence of a systemic

challenge on the CNS. A single intraperitoneal (i.p.) LPS injection induced

activation o f microglia and TNFa production in the CNS, and upregulation of

these markers was evident 10 months post-injection (Qin et al., 2007).

Furthermore, neurodegeneration of dopaminergic neurons was also apparent 7-

10 months after this single injection. It has recently been reported that LPS

injected i.p. enhanced production o f IL-6 in the brains of APPswe mice, which
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was  associated with enhanced  sickness behaviour  and significantly increased BBB 

leakage (Takeda et  al., 2013). Daily systemic LPS for 7 days induced amyloid 

deposi t ion in the  brain (Lee et al., 2008) and LPS adminis tered weekly for 12 

weeks  in APPswe mice increased APP expression and processing (Sheng et  al., 

2003), while LPS twice a week for 6 weeks in 3xTg-AD mice enhanced  Tau tangle 

pathology (Kitazawa et al., 2005). LPS can also induce robust changes in the  brain 

in Tg2576 and WT mice (Erickson and Banks, 2011; Sly et al., 2001). The 

concent rat ions of LPS used th roughou t  t hese  studies is qui te variable, however , 

they  suggest  tha t  a peripheral  stimulus can have a considerable  impact  on the  

CNS. Similar to  the  s tudies with LPS, systemic injections of polyinosinic- 

polycytidylic acid (poly l:C) predisposes WT mice to  develop AD pathology when 

injected during gestat ion, while injection in 3xTg-AD mice at 4 months  enhanced  

Ap deposit ion accompanied by neurodegene ra t ion ,  character ised by dystrophic 

neuri tes , 11 months  later (Krstic et  al., 2012).

1.7.9 O ther anim al m odels o f  infection

A limited num ber  of  s tudies have examined the  impact  of o the r  infectious 

pa thogens  in animal models  of AD. Infection of 3xTg-AD mice with mouse 

hepati tis virus (MHV) induced marked tau  pathology post-infection (Sy et al., 

2011). However , infection of  Tg2576 mice with s treptococcus pneumonia  3 t imes 

over a 3 mon th  period had no effect on the  course of neurodegenera t ive  disease, 

though important ly  the  mice were  given antibiotics 12 hours post-infection, thus 

limiting t h e  impact of infection (Ebert e t  al., 2010).

It is impor tant  to  note  tha t  an infection which has a s t rong ant i­

inf lammatory c om ponen t  may even be beneficial in AD, and it has recently been 

shown th a t  infection of Tg2576 mice with Toxoplasm a gondii a t  3 months  (which 

induced IL-10 and TGF-3) resul ted in lower amyloid pathology 6 months  post­

infection (Jung et al., 2012).
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1.7.10 Bordetella pertussis

Bordetella pertussis is a Gram-negative bacteria that causes whooping cough. 

While traditionally considered to be a strictly childhood disease, the incidence of 

B. pertussis is increasing worldwide and of significant concern is the finding that 

the incidence of B. pertussis is increasing in adults (Klein et al., 2012; McGuiness 

et al., 2013), and particularly those over 65 (Weston et al., 2012). It is estimated 

that 16 million people were infected in 2008 (Black et al., 2010) w ith recent 

outbreaks described in America, Australia and even Ireland ((CDC), 2012; Barret 

et al., 2010; Cherry, 2012; Roper and Surveillance Branch, 2009). In 1991 there 

were just 2,719 cases o f 6. pertussis in the US, which is in stark contrast to the 

48,277 cases reported in 2012 (http://www.cdc.gov/pertussis/fast-facts.htm l). 

Adults over the age of 20 constituted 21.6% of these cases, and 10% of reported 

deaths from pertussis occurred in adults over 55 years o f age. Adults, particularly 

the elderly, are at risk o f developing B. perfuss/s-induced complications including 

pneumonia and can require hospitalisation (Cortese et al., 2007). It has been 

suggested that the incidence o f B. pertussis is under-reported due to  the absence 

o f "classic" symptoms in adults such as the inspiratory whoop (Cortese et al., 

2007). The increasing incidence of B. pertussis may be due to increased detection 

methods, but also due to the short lived immunity generated from the newer 

acellular pertussis vaccine (Pa), which replaced the whole cell pertussis vaccine 

(Pw) approximately 20 years ago, as the latter was very reactogenic (Mills et al., 

2014).

B. pertussis secrete many virulence factors, such as pertussis toxin (PT), 

pertactin, LPS and tracheal cytotoxin (TCT), some of which bind to TLRs and NLRs 

(Fig 1.10). Studies in mice have revealed that IFN-y is required for clearance o f 

the bacteria from the lungs (Barbie et al., 1997; Mahon et al., 1997), though a 

role for IL-17 has also been established (Higgins et al., 2006; Ross et al., 2013). 

However, in an effort to  subvert the host's immune response, filamentous 

hemaglutinin (FHA) and adenylate cyclase toxin (ACT) produced by B. pertussis 

induces IL-10 and Treg cells which contribute to  the persistent infection, though 

may also protect the host by lim iting infection induced pathology (Higgins et al.,
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2003). As a result, infection in mouse models typically takes 35 days to clear 

(McGuirk et al., 1998), and can last from weeks up to  4 or 5 months in humans 

(Cortese et al., 2007; McGuiness et al., 2013).
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Figure 1.10 Innate and adaptive immune responses to infection with B. 
pertussis

On infection, B. pertussis binds to the cilia o f the trachea, bronchi, and 
bronchioles and can by phagocytosed by resident macrophages and immature 
DCs within the lung. Early in disease fu rthe r recruitment and in filtration o f DCs 
and macrophages occurs, fo llowed by NK cells and neutrophils. DCs migrate to 
the draining lymph node and present Ag to Ag-specific T cells, inducing activation 
o f the adaptive immune response. Infiltration o f CD4* and CDS* T cells occur in 
later stages o f infection. IFN-y production by NK cells, and Thl cells recruits and 
activates macrophages and neutrophils into killing B. pertussis via nitric oxide 
(NO) or reactive oxygen species. IFN-y also facilitates antibody secretion by B 
cells, opsonising the bacteria and targeting them fo r  phagocytosis. In addition, IL- 
17 triggers neutrophil recruitment and activation. B. pertussis also produces a 
range o f virulence factors, with pro- and anti-inflammatory effects. 
Lipopolysaccharide (LPS), adenylate cyclase toxin (ACT) and tracheal cytotoxin 
(TCT) induce pro-inflammatory cytokines that shape the adaptive immune 
response and fac ilita te  removal o f bacteria, but can also induce local lung 
pathology. However, filamentous hemaglutinin (FHA) and ACT induce IL-10 
production by DCs and macrophages, and IL-lO-producing Treg cells which 
together can inhib it the T cell response and lim it infection induced pathology. 
Blue arrows represent cytokine production which shapes the inflammatory 
adaptive immune response; black arrows, effector/inflam m atory immune 
response; red arrows, suppressive, anti-inflammatory responses. Figure adapted 
from  Higgs et al., 2012.
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1.8 Study aims

The aims of these studies were:

To examine the impact of T h l, Th2 and T h l7  cells on glial activation in 

vitro and in vivo by transferring A3-specific T h l cells into APP/PSl and non- 

transgenic mice.

To investigate the influence of a peripheral infection with the respiratory 

pathogen B. pertussis on AD-like pathology in APP/PSl mice, and to assess 

w hether there was an age-related susceptibility to infection induced changes.

To determ ine w hether chronic treatm ent with FTY720, which induces 

lymphocyte sequestration, impairs the ability of mice to resolve infection with B. 

pertussis.

To establish the effect of suppressing T cell migration into the brains of 

APP/PSl mice by treating mice with FTY720 during infection with B. pertussis, 

and to examine w hether this altered any infection-induced AD-pathology.
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Chapter 2 

Materials and Methods
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2.1 Animals

APPswe/PSldE9 mice on a C57BL/6 background were obtained from the Jackson 

Laboratory, US and bred in a specific pathogen free unit in the Bioresources Unit, 

Trinity College Dublin. APP/PSl mice and nontransgenic WT littermates were 

either 4 or 10 months old at onset of experiment. C57BL/6 mice (8 weeks old) 

were purchased from Harlan Laboratories, UK. GFP mice were on a C57BL/6 

background, expressing GFP complimentary DNA (cDNA) under a chicken p-actin 

promoter and CMV enhancer and were a gift from M atthew Campbell, School of 

Genetics and Microbiology. GFP mice were 6 months old when used for 

experimentation. All mice were maintained in groups under veterinary 

supervision and housed in individually ventilated cages under controlled 

conditions. The temperature was maintained at 22°-23°C with 12 h light-dark 

cycle, food (normal laboratory chow) and water was available ad libitum, and 

experimentation was carried out under a license granted by the M inister for 

Health and Children (Ireland) and with the appropriate ethical approval.

2.2 Genotyping APP/PSl mice

2.2.1 Isolation o f DNA

Ear punches or tail snips were taken from APP/PSl mice and the ir WT littermates

and either used directly or stored at -20°C until required. The DNA was isolated

using a DNeasy® blood and tissue kit (Qiagen, US) which supplied all buffers

necessary for the isolation. Tail snips (0.5 cm) or ear punches were placed in

DNase/RNase free 1.5 ml Eppendorf tubes (Sarstedt, Germany) w ith buffer ATL

(180 pil) and Proteinase K (20 nl) before overnight incubation at 56°C. Tubes were

vortexed and buffer AL (200 |il) was added. Samples were vortexed before

addition of ethanol (96-100%; 200 |il; Sigma-Aldrich, UK). The mixture was

transferred to  DNeasy Mini spin columns in 2 ml collection tubes which were

centrifuged at 6,000 x g for 1 min at room temperature (RT). Flow through and

collection tubes were discarded, the DNeasy Mini spin column was placed in a

new 2 ml collection tube. Buffer A W l (500 |il) was added and samples
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centrifuged fo r 1 min at 6 ,00 0  x g. The colum n was placed in a new  2 ml 

collection tube  and bu ffer A W 2 (500  |al) was added. The tubes Vi/ere centrifuged  

at 2 0 ,0 0 0  X g fo r 3 m in. The colum n was placed in a DNase/RNase free  1.5 ml 

m icrocentrifuge tub e , and buffer AE was added directly onto  th e  DNeasy  

m em b ran e  (100  |il). A fte r 1 min incubation at RT, th e  tubes w ere  centrifuged for  

1 min at 6 ,00 0  x g to  e lu te  th e  DNA. DNA concentrations w ere  quantified  using a 

N anoD rop S pecto p ho to m eter (N D -1000  v3.5 , NanoD rop Technologies Inc., US).

2 .2 .2  Polym erase chain reaction  (PCR) and  identification  o f  APPswe and  

PSENldES genes

The presence o f APPswe and PSENldE9 genes was assessed using PCR. As a 

positive control, the  expression o f th e  prion gene was also assessed. Separate  

PCRs w ere  carried out fo r each targ e t gene. The m asterm ix was prepared to  

contain th e  fo llow ing per sam ple: 1 nl o f th e  forw ard  p rim er (final concentration  

0 .5  n M ; p rim er sum m ary Table 2 .1), 1 |il o f th e  reverse p rim er (final 

concentration  0.5 |iM ; p rim er sum m ary Table 2 .1), 12.5 |il Go Taq® qPCR 

M asterm ix  (Prom ega; US) and 5.5 pil H2O. DNA (5 pil o f a 1 ng/pil solution) and the  

m asterm ix was added to  new  reaction tubes and placed in a therm ocycler (MJ 

Research Peltier Therm al Cycler-200, Biosciences, Ireland). The am plification  

process was as follows: stage 1, 94°C fo r 3 min; stage 2, 94°C for 30  sec 

(denaturing  step); stage 3, 52°C fo r 1 min (annealing step); stage 4, 72°C for 1 

min (extension step); stage 5, repeat 2 -4  fo r 35 cycles o f am plification; stage 6, 

final extension step, 72°C fo r 2 min to  ensure com plete  extension o f PCR 

products.

A 1% (w /v ) agarose gel (Life Technologies, Ireland) containing gel red 

(1 :10 ,0 00  dilution; Biotium , US) was prepared, th e  samples (5 |il) and a 100  base 

pair (bp) ladder (5 nl; Prom ega; US) w e re  loaded into individual wells. The  

sam ples w ere  separated by application o f 120 volts fo r 45  m in. PCR products  

w e re  visualized under an u ltrav io le t light and photographed using an u ltrav io let 

tran s lu m in ato r (Labworks U ltra  V io let, Bioimaging Systems, US). A P P /P S l mice
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were identified  as having both the APPswe and PSENldE9 genes, whereas WT 

mice had neither.

Table 2.1 Primers used for DNA amplification

APPswe forward: 

APPswe reverse:

5'-AGGACTGACCACTCGACCAG-3'

5'-CGGGGGTCTAGTTCTGCAT-3'

377 bp product

PSENldE9 forward: 

PSENldE9 reverse:

5'-AATAGAGAACGGCAGGAGCA-3'

5'-GCCATGAGGGCACTAATCAT-3'

608 bp product

Prion forward: 

Prion reverse:

5'-CTAGGCCACAGAATTGAAAGATCT-3'

5'-GTAGGTGGAAATTCTAGCATCATCC-3'

324 bp product

2.3 Generation of AP-specific T cell lines and in vivo transfer

Am yloid P1.42 (A3i_42; Life Technologies) was dissolved in high-perform ance liquid 

chrom atography (HPLC)-grade w ater to  provide a 12 m g/m l stock solution. It was 

d ilu ted to  2 m g/m l using sterile phosphate buffered saline (PBS) and allowed to  

aggregate fo r 48 h at 37°C while it was agitated at 200 rpm. AP i^ 2  was used 

im m ediately or stored at -20°C. GFP mice were injected subcutaneously (s.c.) 

in to the  rear footpad w ith  AP i^ 2  (75 ng/mouse) and CpG (25 ng/mouse) in a 

to ta l volume o f 50 nl i.e. 25 |il per foo t. The mice were boosted a fte r 21 days 

w ith  AP i_42 (75 |ig/m ouse) and CpG (25 |ig/m ouse; Sigma-Genosys). A fte r a 

fu rthe r 7 days the  draining popliteal lymph nodes and spleens were harvested. 

Lymph node and spleen tissue was dissociated through a sterile 70 |im  nylon 

mesh filte r (Thermo Fisher Scientific, Ireland), washed w ith  Roswell Park 

M em oria l Institu te  solution (RPMI; Sigma-Aldrich, UK) supplemented w ith  1% 

penicillin-streptom ycin, 1% L-glutamine and 10% feta l bovine serum (FBS) 

(Sigma-Aldrich, UK) and centrifuged at 1,200 rpm fo r 5 min. A cell count was 

perform ed and the cells were restim ulated ex vivo at 2  x 1 0  ̂ cells per ml w ith
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A3 i -42 ( 25 |ig /m l) and IL-12 (10 ng/m l) to produce T h l cells. After 4 days, IL-2 (5 

ng/ml) was added and incubation continued for a further 7 days.

Cells were washed with complete RPMI, centrifuged at 1,200 rpm for 5 

min and counted. Cells were injected i.v. into the tail vein of recipient mice at a 

concentration of 15 x 10^ cells/mouse in 100 |il PBS. Control mice were injected 

with 100 |il PBS alone. The mice were perfused and culled, as described in 

section 2.7, after 14 days to assess migration of GFP^ cells into the brain or after 

21 days to investigate changes in AP deposition.

2.4 B. pertussis respiratory challenge

B. pertussis infection of C57BL/6 or W T and APP/PSl mice was induced by 

aerosol challenge as described (McGuirk et al., 1998). 6. pertussis W ellcome 28 

was streaked onto Bordet-Gengou agar plates and grown at 37°C for 4 days; 

bacteria were transferred to Stainer-Scholte liquid medium for 24 h at 37°C. 

Bacteria were resuspended at 1.7 x 10^° colony forming units (CFU)/ml in 

physiological saline containing 1% casein and administered by aerosol challenge 

over a period o f 15 min using a nebulizer. This was followed by a rest period of 

10 min before returning the mice to their cages. In a separate series of 

experiments, the bacteria were resuspended at 5 x 10® CFU/ml and administered 

by aerosol challenge over a period of 10 min using a different nebulizer (PARI 

GmbH, Germany), followed by a rest period of 10 min before returning to cages. 

Preliminary experimentation verified that infection with the different 

concentrations (i.e. 1.7 x 10^° or 5 x 10® CFU/ml) in the two different nebulizers 

produced similar bacterial loads in the lungs. Infection with the pathogen was 

confirmed by performing CFU counts on the lungs of mice at various tim e points 

post-infection. The lungs w ere aseptically removed and homogenized in 1 ml of 

sterile 1% casein on ice. Undiluted and serially-diluted lung homogenate was 

spread onto Bordet-Gengou agar plates, and the CFU was established after 5 

days of incubation at 37°C. APP/PSl mice and W T litterm ates were 4 or 10 

months old on challenge with B. pertussis to investigate the effect of infection on 

the initial plaque development, or the period when plaques and
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neuro in flam m ation  was already apparent in this model. Mice were culled a fter 

56 days (Chapter 4) or 70 days (Chapter 6) unless otherw ise stated, as a result, 

mice were e ither 6 months or 12 months old at cull.

2.5 Immunization of mice against B. pertussis

M ice were immunised against B. pertussis using Pw (whole cell B. pertussis 41S, 

NIBSC, UK) or Pa (lnfanrix®-IPV, GSK, Ireland). M ice were immunised i.p. w ith  

1/50^*^ o f the human dose (100 |al/mouse) on day 0. A second (booster) 

im m unization was adm inistered on day 28. Treatm ent w ith  FTY720 began on day 

35, 7 days a fte r the second im m unization (as described in 2.6). Finally, on day 45 

mice were infected w ith  6. pertussis as described in 2.4.

2.6 FTY720 administration

C57BL/6 o r WT and APP/PSl mice received FTY720 (Santa-Cruz Biotechnology, 

US) daily in th e ir drinking w ater at a concentration o f 0.3 mg/kg. Control mice 

received untreated w ater only. Treatm ent w ith  FTY720 began e ither 3 or 10 days 

before in fection w ith  6. pertussis, and continued daily fo r the duration o f the 

experim ent.

2.7 Isolation of mononuclear cells from tissue

2.7.1 Isolation o f m ononuclear cells fro m  CNS tissue

APP/PSl mice and nontransgenic litterm ates were anaesthetised w ith  sodium 

pentobarb ita l (40 |il; Euthatal, Merial Animal Health, UK) and perfused 

in tracard ia lly w ith  sterile ice-cold PBS (20 ml). The brain was removed and placed 

in com plete RPMI solution. A single-cell suspension was prepared by passing the 

whole (i.e. not yet dissociated) brain tissue through a sterile 70 |im  nylon mesh 

filte r, washed w ith  complete RPMI solution and centrifuged at 1,200 rpm fo r 5 

min. The supernatant was removed and the remaining pellet was resuspended in 

com plete RPMI (2 ml) containing collagenase D (1 m g/m l, Roche, Ireland) and
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DNAse I (10  ng /m i, Sigm a-Aldrich, UK), and incubated fo r 1 h at 37°C  w ith  

agitation . Cells w ere  washed in com plete  RPMI and centrifuged at 1 ,200  rpm for 

5 m in. The supernatants w ere  discarded and cells w e re  resuspended in 1 .088  

g /m l Percoll (9 ml; Sigm a-Aldrich, UK). This solution was underlayed w ith  1.122  

g /m l Percoll (5 ml) and overlayed w ith  1 .072  g /m l Percoll (9 m l), 1 .030  g /m l 

Percoll (9 ml) and PBS (9 m l). Samples w ere  centrifuged at 1 ,250  x g fo r 45 min. 

M ononuclear cells w ere  rem oved from  th e  1 .08 8 :1 .07 2  and 1 .07 2 :1 .03 0  g /m l 

in terfaces as described in Figure 2.1, washed tw ice  in com plete  RPMI and 

counted.

2 .7 .2  Isolation o f  cells fro m  lung tissue

C 57BL/6 m ice w ere  euthanized w ith  CO2, th e  lung was aseptically rem oved and 

placed in 1% casein. The lung tissue was chopped bi-d irectionally  and incubated  

in Hanks Balanced Salt Solution (HBSS; 1 ml, S igm a-Aldrich, UK) containing  

collagenase D (1 m g /m l) and DNAse I (10  |ig /m l) fo r 1 h at 37°C  w ith  agitation. A 

single cell suspension was prepared by passing th e  tissue through a sterile 70  |im  

nylon mesh filte r, washed w ith  com plete  RPMI and counted.

2 .7 .3  Isolation o f  cells fro m  lym ph node tissue

The m ediastinal lymph node was rem oved, passed through a sterile  70  |im  nylon 

mesh filte r, and a cell count was perform ed.

2 .7 .4  F low  cytom etric analysis on cells prepared  ex vivo

Cell sam ples which w ere  in tended fo r in tracellu lar staining to  identify  T cell 

subsets w ere  centrifuged at 1 ,200  rpm fo r 5 min and cells w e re  incubated in the  

presence o f phorbol m yristate  acetate  (PM A; 10 ng /m l; Sigm a-Aldrich, UK), 

ionom ycin (1 txg/ml; Sigm a-Aldrich, UK) and brefe ld in  A (BFA; 5 pig/ml; Sigma- 

Aldrich, UK) fo r 5 h in com plete  RPMI at 37°C. Cells w ere  centrifuged at 1 ,200  

rpm  fo r 5 m in, resuspended in 50  |il PBS w ith  1 :1000  LIVE/DEAD® Fixable Aqua 

Dead Cell Stain kit (Life Technologies, Ireland) fo r 20 m in, washed w ith  PBS, and 

resuspended in 50  1̂ fluorescence activated cell sorting (FACS) b u ffer (2% bovine
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serum albumin (BSA) in PBS) containing CD16/CD32 FcvRHI (1:100) for 10 min to 

block low-affin ity IgG receptors and thus prevent non-specific binding of 

antibodies. Cells were prepared for intracellular staining using a cell 

permeabilisation kit (Dako, Denmark). For surface labelling, cells were incubated 

in FACS buffer (50 pl/sampie) containing the appropriate antibodies (CD45, CD3, 

CD4, CDS and either CD49b or N K l.l; Table 2.1 for details) fo r 15 min at RT at a 

1:100 dilution. Samples were fixed using IntraStain Reagent A (50 pl/sample; 

Dako, Denmark) or 2% paraformaldehyde (PFA; 50 nl/sample; Thermo Fisher 

Scientific, Ireland) for 15 min at RT, washed twice w ith FACS buffer, centrifuged 

at 1,200 rpm for 5 min and permeabilised with IntraStain Reagent B (50 

Hl/sample; Dako, Denmark) or 0.5% saponin (50 pl/sample; Sigma-Aldrich, UK) 

including intracellular antibodies (IFN-y and IL-17A; Table 2.2 for details) for 15 

min at RT in the dark. The cells were washed twice in FACS buffer and 

centrifuged at 1,200 rpm for 5 min. The appropriate compensation controls and 

fluorescence minus one (FMO) controls were also prepared during this time.

In separate FACS tubes, mononuclear cells from the CNS, which were not 

stimulated w ith PMA, ionomycin or BFA, were surface-stained to identify 

macrophage and microglial cells. These samples were blocked for 10 min with 

CD16/CD32 FcyRIII (1:100) to  prevent non-specific low-affin ity IgG receptors 

which are expressed on a range of cell types including APCs. Cells were incubated 

w ith the cell surface antibodies for 15 min (CD45, C D llb , CD80 and CD68; Table 

2.2 fo r details) at a 1:100 dilution washed twice in FACS buffer and centrifuged at 

1,200 rpm for 5 min. Propidium iodide (Pi; Sigma-Aldrich, UK) was added (1:100) 

immediately before reading the samples and was used as a live/dead stain. The 

appropriate compensation controls and FMO controls were also prepared.

During infection of C57BL/6 mice with B. pertussis, mononuclear cells

were stained to  identify infiltrating CD4^ CDS"̂  and T cells, B cells, NK cells

and NKT cells into the lung, or expansion of immune cells in the mediastinal

lymph node. These cells were divided and a proportion o f the T cells were

stained with CD44 and CD62L to identify naive, central memory and effector

memory subsets, while a separate group o f cells were stimulated with PMA,
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ionomycin and BFA for 5 h at 37°C before intracellular cytokine staining for IFN-y 

and IL-17 as described above.

Flow/ cytometric analysis was performed on an LSR Fortessa (BD 

Biosciences, UK; Table 2.3 for details), and data acquired using Summit software 

(Dako, Denmark). The results were analysed using FlowJo software (Tree Star, 

US). T cells from the brain were identified as being negative for LIVE/DEAD® 

Fixable Aqua Dead Cell Stain, CD45'  ̂ and CDB .̂ T helper cells were identified as 

CD45^CD3'^CD4'^ cells, whereas cytotoxic T cells were identified as 

CD45^CD3^CD8^ cells. NKT cells were identified as CD45^CD3^NK1.1^ or 

CD3'^CD49b'^. In cells prepared from the brain, microglia were identified as 

CDllb'^CD45'°'^ cells and macrophages were identified as CDllb'^CD45*’'®̂ cells, 

according to criteria used in previous reports (Becher and Antel, 1996; Sedgwick 

et al., 1991) though a CDllb^CD45'°"^'^®'^'“"’ population of microglial cells has 

been observed (Dick et al., 1997). In this study CD45, expression was found to be 

either high or low on the CDllb"^ cells.
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1.030 g/m l 

1.072 g/m l

1.088 g/m l 

b ^ 2 3 g ^

V

Myelin debris
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Figure 2.1 Percoll separation to isolate mononuclear cells from the CNS

Schematic representing the Percoll separation of cells. Shading is representative 

and does not reflect actual colour of Percoll layers, which are transparent. 

Mononuclear cells were obtained from the 1.088:1.072 and 1.072:1.030 g/ml 

interfaces, and the myelin debris was located at the 1.030 g/ml:PBS interface.
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Table 2.2 Antibodies used in flow cytometry

B220 eFIuor 605 NC 1/200 eBioscience

C D llb A780 1/100 eBioscience

CD19 FITC, eFIuor 450 1/400-600 eBioscience, BD 
Biosciences

CD3 APC, A780 1/100 BD Biosciences, 
eBioscience

CD4 A700 1/100 BD Biosciences, 
eBioscience

CD40 PE 1/100 BD Biosciences

CD44 PeCy7, eFIuor 605 
NC

1/100-200 eBioscience

CD45 eFIuor 605 NC 1/100 eBioscience

CD49b APC 1/200 eBioscience

CD49d 0F71O 1/50 eBioscience

CD62L PE-CF594 1/200 BD Biosciences

CD68 A488 1/100 AbD Serotec

CDS A780, PeCy7, PE 1/100-600 eBioscience

CD80 V450 1/100 BD Biosciences

IFN-v PeCy7, PE-CF594 1/50-200 BD Biosciences

IL-17 V450, eFIuor 450, 
FITC

1/50-400 BD Biosciences, 
eBioscience

LIVE/DEAD Aqua 1/1000 Life Technologies

N K l.l PerCPCy5.5 1/100 eBioscience

PI PI 1/100 Sigma-Aldrich

y6 PE-Cy5.5, APC 1/100-200 eBioscience
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Table 2.3 LSR Fortessa

Fluorescent labels and filte rs fo r the 488nm, 633nm, 405nm and 551nm lasers.

(488)530/30 FLl FITC, A488, GFP

(488)695/40 FL2 PerCP, PerCP-CyS.5, PerCP-eFluor 710

(633)670/30 FL3 APC, A 647, eFIuor 660

(633)730/45 FL4 A700

(633)780/60 FL5 APC-Cy7, APC-H7, A780, APC-eFluor 780, APC- 
Vio 770

(405)450/50 FL6 Brill Vio 421, V450, eF450, Pac Blue, Cell Trace 
V iolet

(405)525/50 FL7 Brill Vio 510, V500, Live/Dead Aqua, Qdot 525

(405)610/20 FL8 Brill Vio 605, eFIuor 605 NC, Qdot 605

(405)660/20 FL9 Brill Vio 650, Qdot 655

(405)710/50 FLIO Brill Vio 711, Qdot 705

(405)780/60 FLU Brill Vio 785, Qdot 800

(561)582/15 FL12 PE

(561)610/20 FL13 PI, PE-CF594, PE-TexasRed, PE-eFluor610

(561)670/30 FL14 PE-CyS

(561)710/50 FL15 PE-Cy5.5

(561)780/60 FL16 PE-Cy7, PE-Alexa 750, PE-Vio 770
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2.8 Preparation of tissue from mice

At the term ination of the experiment, APP/PSl and WT mice were anaesthetised  

with sodium pentobarbital (40 |jl; Euthatal, M erial Animal Health, UK) and 

perfused intracardially with ice-cold PBS (20 ml). The brains were rapidly 

removed and hemisected. A sagittal section of the brain was taken for 

immunohistochemical analysis, placed onto cork discs, covered with optim um  

cooling tem perature compound (OCT) (Sakura Tissue- Tek, Netherlands), snap- 

frozen in isopropanol on dry ice and stored at -80°C. Cortical tissue was snap- 

frozen in liquid nitrogen and stored at -80°C for analysis of AP and cortical tissue 

was also snap-frozen for later mRNA analysis. The remaining brain tissue, which 

included the cortex and hippocampus, was used to prepare mononuclear cells 

for flow  cytometric analysis as described in section 2.7.

2.9 Detection of AP

Snap-frozen cortical tissue was homogenised in 50m M  sodium chloride (NaCI; pH 

10) with 1% sodium dodecyl sulphate (SDS; Sigma-Aldrich) plus protease 

inhibitors which had a broad specificity for serine, cysteine, and acid proteases, 

and aminopeptidases (1:100, Sigma-Aldrich, UK) and centrifuged at 15,000 rpm  

for 40 min at 4°C. The supernatant, which was used for analysis of soluble A3, 

was taken and protein concentration assessed as described in 2.10. The samples 

were equalised to either 4 mg/m l or 5 m g/ml total protein using the  

homogenising buffer with lOX neutralising buffer (0.5M  Tris/HCL, pH 6.8) with a 

final volume of 30 |il per sample and stored at -20°C. For analysis of insoluble AP, 

the pellets were incubated in guanidine buffer (200 |il; 5 M guanidine-HCI/50  

m M  Tris-HCI, pH 8, Sigma-Aldrich, UK) plus protease inhibitors (1:100) for 4 h at 

RT with agitation. Samples were centrifuged at 15,000 rpm for 30 min at 4°C and 

the supernatant samples w ere equalised to 0.1 m g/m l with guanidine buffer with  

a final volume of 30 |il and stored at -20°C. Soluble and insoluble AP was 

assessed using "MSD® 96-well multi-spot 4G8 AP triple ultra-sensitive assay" kits 

according to the manufacturer's instructions (Meso Scale Discovery, US). Plates 

were blocked w ith 1% Blocker A (in IX  Tris Buffer; 150 n l/w ell) for 1 h at RT with
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v igorou s  shaking (3 0 0 -1 0 0 0  rpm). Plates w e r e  w a s h e d  th r e e  t im e s  in IX Tris 

w a sh  buffer, and d e te c t io n  an tib od y  so lu tion  w a s  ad d ed  (25 | i l /w ell;  6 0  nl 50X  

SULFO-TAG 4G 8 d e te c t io n  antibody , 3 0  |jl lOOX Blocker G in 2 9 1 0  nl 1% Blocker  

A /IX  Tris buffer). S tandards w e r e  prepared  by serial dilutions o f  reco m b in a n t  

h u m an  Ap protein  in 1% Blocker A /IX  Tris buffer (APi_3 8 , 0 -3 ,0 0 0  pg/m l; A(3i.4o, 0- 

1 0 ,0 0 0  pg/m l; A3i_42, 0 -3 ,0 0 0  pg/m l).  The so lu b le  protein  fraction w a s  further  

diluted 1:30 using 1% Blocker A /IX  Tris buffer, w h e r e a s  th e  inso lub le  protein  

fraction w a s  d iluted  a further  1 :100  with 1% Blocker A /IX  Tris buffer. S a m p les  

and s tandards  w e r e  ad d ed  to  th e  9 6 -w ell  p la tes  (25 lil /w ell) ,  incubated  for 2 h at 

RT with  v igorou s  shaking, w a s h e d  th r e e  t im e s  w ith  IX Tris buffer, and read in a 

S ecto r  Imager plate  reader  (M eso  Scale Discovery, US) im m ed ia te ly  after  

addition  o f  t h e  2X MSD read buffer (1 5 0  | i l /w ell) .  Ap co n c e n tr a t io n s  w e r e  

ca lcu la ted  with  re feren ce  t o  th e  standard curves and e x p ressed  as pg /m l.

In a se p a r a te  ser ies  o f  e x p er im en ts ,  so lu b le  and inso luble  AP w a s  

a s s e s s e d  using "MSD® AP p e p t id e  Panel 1 (4G8) V-PLEX" kits according  t o  th e  

m anufacturer 's  instructions (M e so  Scale Discovery, US) as th e  prev ious  kits w e r e  

no longer  com m ercia lly  available. P lates w e r e  blocked with  Diluent 35  (1 5 0  

| i l /w ell)  for 1 h at RT with  v igorous  shaking (3 0 0 -1 0 0 0  rpm). The p la tes  w e r e  

w a s h e d  th r e e  t im e s  in 0.05%  T w e e n -2 0  (Sigma-Aldrich) in PBS, and d e te c t io n  

an tib od y  so lu tion  w a s  ad d ed  (25 |il /w ell;  6 0  |il SOX SULFO-TAG anti-AP antibody,  

3 0  [jI o f  AP4 0  b locker in 2 9 1 0  nl Diluent 100). Standards w e r e  prepared  by serial 

dilutions o f  reco m b in a n t  hum an AP protein  in Diluent 35  (AP1.3 8 , 0 -1 0 ,6 7 5  pg/m l;  

APi -4 0 , 0 - 1 4 ,9 5 0  pg/m l; APi-4 2 , 0 -1 ,3 3 3  p g /m l) .  The so lu b le  protein  fraction w a s  

further d iluted 1 :30  using Diluent 35, w h e r e a s  th e  insoluble  protein  fraction w a s  

diluted a further 1 :200  with  Diluent 35. S a m p les  and s tandards  w e r e  a d d ed  to  

t h e  9 6 -w ell  p la tes  (25 lil /w ell) ,  incubated  for 2 h at RT with v igorous  shaking,  

w a s h e d  th r e e  t im e s  with 0.05%  T w e e n -2 0  in PBS, and read in a Sector  Imager  

plate  reader  (M e so  Scale Discovery, US) im m e d ia te ly  after addition o f  th e  2X 

MSD read buffer (1 5 0  |j l/w ell).  AP co n c e n tr a t io n s  w e r e  ca lcu lated  with  re feren ce  

t o  th e  standard  curves  and e x p r e sse d  as p g /m l,  h o w e v e r  th e  data g e n e r a te d  by 

Dr Keith McQuillan which ap p ea r  in Fig 3 .1 7  are e x p r e s se d  as p g /m g .
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2.10 Protein quantification

Cortical tissue was homogenised in 50m M  NaCI (pH 10) with 1% SDS plus 

protease inhibitors (1:100; as described in section 2.9). The protein  

concentrations were assessed using bicinchoninic acid (BCA) protein assay kit 

(Thermo Fisher Scientific, Ireland). Standards (0 m g/m l-1 mg/ml; BSA), and 

samples (diluted 1:5-50 as appropriate) were added to the 96-well plate in 

duplicate (25 |il/w ell). Pierce BCA reagent (200 |il/w ell; 1:50 Reagent B to  

Reagent A) was added to the plate and samples w ere incubated for 30 minutes 

at 37°C. The optical density was determined by measuring the absorbance at 

562nm . Protein concentrations were calculated relative to the standard curve 

and were equalised in samples using the appropriate homogenisation buffer for 

the soluble and insoluble protein fractions, described in section 2.9.

2.11 Immunohistochemical analysis

2.11.1 Coating of glass slides

Glass slides (Thermo Fisher Scientific, Ireland) were coated prior to sectioning of 

tissue to ensure the tissue would adhere to the slide. Gelatine (2.5 g; Fluka, 

Switzerland) was dissolved in 500 ml dHaO and heated. Chromium potassium 

sulphate (0.25 g; Sigma-Aldrich, UK) was added and solution heated to 60°C. The 

subbing solution was filtered through W hatm an filter paper (W hatman  

International, UK) and clean glass slides were incubated in this solution for 1 min. 

Slides were removed and allowed to dry overnight.

2.11.2 Preparation of tissue sections fo r immunohistochemistry

The tissue was allowed to equilibrate to -20°C for 2 h prior to  sectioning. Sagittal 

sections (10 pim thick) were prepared on the cryostat (Leica, M eyer, UK) and 

mounted on gelatine-coated glass slides (Fluka, Switzerland). This resulted in 3-4  

sections per slide, and as the sections were not placed on the slides 

consecutively, each section on the slide represented a different part of the brain
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tissue. The slides were allowed to  dry for 20 min and stored at -20°C for later 

immunohistochemical analysis.

2.11.3  Congo red identification o f amyloid plaques

Sections, which were allowed to equilibrate to RT for 30 min, w ere fixed in ice- 

cold methanol for 5 min, washed in PBS and incubated at RT for 20 min in 

saturated NaCI (200 ml; 80% ethanol in dH20) supplemented with sodium 

hydroxide (NaOH, 2 ml; 1 M ). Sections were incubated in filtered Congo red 

solution (200 ml; 0.2% Congo red dye in saturated NaCI solution with 2 ml NaOH; 

1 M ; Sigma-Aldrich) for 30 min and rinsed in dH20. The slides were incubated in 

methyl green solution (1% in dH20; Sigma-Aldrich) for 30 sec, washed and 

dehydrated by dipping in 95%, 100% and 100% ethanol. Sections were dried, 

incubated in 100% xylene ( 3 x 5  min; Sigma-Aldrich) and mounted using dibutyl 

phthalate in xylene (DPX; RA Lamb, UK). Slides were allowed to dry overnight, 

stored at RT and later examined using an Olympus 1x51 light microscope 

(Olympus, Tokyo, Japan). Micrographs were taken using an Olympus UCMAD3 

(Japan) at lOx magnification. Congo red plaques w ere quantified by counting the  

number of plaques per area of interest and averaging 3-8 sections (i.e. 1 or 2 

slides containing 3-4 sections each) per mouse.

2.11.4  Fibrinogen staining

Sections, which were allowed to equilibrate to RT for 30 min, were fixed in 4% 

PFA for 1 h, washed (PBS containing 0.02% Triton X-100; 3 x 5  min washes; 

Sigma-Aldrich, UK) and blocked with 10% normal goat serum /4%  BSA in wash 

buffer for 2 h. Sections were incubated with rabbit anti-human fibrinogen 

antibody (1:100 in block buffer; Dako, US), reported to  cross-react with murine 

tissue, overnight at 4°C. Sections were washed ( 3 x 5  min washes) and incubated 

with Alexa Fluor 647 goat anti-rabbit secondary IgG (1:1000; Life Technologies, 

UK) for 2 h at RT. Sections were washed ( 3 x 5  min) and mounted onto glass 

slides (Vectashield with 40,6- diamidino-2-phenylindole (DAPI); Vector 

Laboratories, UK). Sections were viewed on a Leica SP8 confocal microscope
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(Leica, Laboratory Instruments & Supplies Ltd, Ireland) at 40x magnification. 

Fibrinogen extravasation was quantified using Imaris imaging software (Bitplane, 

Switzerland) which calculated the area of fibrinogen reactivity per section, and 3- 

4 sections were averaged per mouse.

2.11.5  CD3 staining

Sections were allowed to equilibrate to RT for 30 min and subsequently fixed in 

4% PFA for 1 h. The slides were washed with PBS ( 1 x 3  min) and submerged in 

Citrate buffer (2.1 g in IL; pH 6; Sigma-Aldrich, UK) for 5 min in the microwave at 

full power with 5 min rest (x 2; total 20 min). Slides were washed in PBS ( 3 x 3  

min) and incubated in 0.04% pepsin in 0.1 M HCI (Sigma-Aldrich, UK) for 20 min. 

Sections washed in PBS ( 1 x 3  min) and submerged in 1% Triton X-IOO/PBS (15 

min). Samples were washed in PBS ( 1 x 3  min) and blocked with 10% normal goat 

serum (40 min; RT; Vector Laboratories, UK). Slides were incubated with rabbit 

anti-human CD3 antibody (1 /250  in block buffer; Dako) reported to cross react 

with murine tissue, overnight at 4°C. Slides were washed in PBS ( 3 x 3  min) and 

incubated with Alexa Fluor 647 goat anti-rabbit secondary IgG (1:1000; Life 

Technologies, UK) for 2 h at RT. Samples were washed with PBS ( 3 x 3  min) and 

mounted onto glass slides (Vectashield with DAPI; Vector Laboratories, UK). 

Sections were viewed on a Leica SP8 confocal microscope at 20x magnification. 

CD3 influx into the parenchyma was quantified by counting the  number o f T cells 

which had infiltrated into the hippocampus and averaging 3-4 sections per 

mouse.

2.12 Real-time PCR

2.12.1 RNA isolation

Total RNA was extracted from snap-frozen cortical tissue or snap-frozen lung 

tissue. The tissue was weighed, allowed to thaw, and incubated in 350 |il RAl 

and 3.5 |il P-mercaptoethanol before homogenisation using the hand-held 

homogeniser (Sigma-Aldrich, UK). The RNA was isolated according to the 

NucleoSpin® RNAII isolation kit (Macherey-Nagel Inc., Germany) which supplied
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the reagents below. The homogenised tissue was filtered through NucleoSpin® 

Filter units (violet) into collecting tubes and centrifuged (11,000 x g; 1 min). The 

NucleoSpin® Filter columns were discarded and 70% ethanol (350 pi; prepared 

using diethyl pyrocarbonate (DEPC)-H20; Sigma-Aldrich) was added to the 

homogenised lysate, now in the flow  through collecting tubes. NucleoSpin® 

column units (light blue), which bind the RNA, were placed into new 2 ml 

centrifuge tubes and the lysate/ethanol mixture was added and the columns 

centrifuged (8,000 x g; 30 s). The columns were placed in new collecting tubes, 

membrane desalting buffer was added (350 pi) and the samples were 

centrifuged (11,000 x g; 1 min). To digest the DNA, rDNase reaction mixture (95 

pi; mixture containing 10 pi reconstituted rDNase and 90pl reaction buffer for 

rDNase per sample) was applied directly to  the centre of the silica membrane of 

the column and incubated at RT for 15 min. The silica membrane was then 

washed and dried by adding RA2 buffer (200 pi) to the NucleoSpin® columns and 

centrifuged (8,000 x g; 30 s). The column was placed in a new collecting tube and 

washed with RA3 buffer (600 pi) and centrifuged (8,000 x g; 30 s). The flow ­

through was discarded and the column placed back in the same collecting tube. 

RA3 buffer (250 pi) was added to the NucleoSpin® columns and centrifuged 

(11,000 x g; 2 min). The column was placed in a new pre-labelled DNase/RNase 

free 1.5 ml microcentrifuge tube (NucleoSpin® RNA II). RNase-free water was 

applied to the silica membrane to elute the RNA (40 pi) and samples were 

centrifuged (11,000 x g; 1 min). The NucleoSpin® columns were discarded.

2.12.2 cDNA synthesis

Total RNA concentrations were determined using spectrophotometry (NanoDrop 

Spectrophotometer ND-1000), samples were equalised and cDNA synthesis was 

performed on 1 pg total RNA using a High Capacity cDNA RT kit (Applied 

Biosystems, Germany). The master mix was prepared from the reagents 

contained in the high-capacity cDNA kit (4 pi of lOX Reverse transcription buffer; 

1.6 pi of 25X dNTPs; 4 pi o f lOX random primers; 2 pi o f MultiScribe reverse 

transcriptase (50 U/pl) and 8.4 pi o f nuclease-free water per sample). The 

mastermix was added to the RNA in a 1:1 ratio, i.e. 20 pi of mastermix to 20 pi of
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RNA (equalised to  1 |ig to ta l). The contents w e re  m ixed, spun in th e  m ini 

centrifuge and placed in th e  therm al cycler (10  min at 25°C; 120 m in at 37°C). 

The cDNA was stored at -20°C  until required.

2.12.3 RT-PCR

R eal-tim e PCR was perfo rm ed  fo r th e  detection o f th e  prim ers listed in Table 2 .4  

using Taqm an G ene Expression Assays (Applied Biosystems, G erm any). The rea l­

tim e  PCR prim ers contained forw ard  and reverse prim ers, and a FA M -labelled  

M GB Taqm an probe fo r each gene (Applied Biosystems, G erm any). R eal-tim e  

PCR was conducted using an ABI Prism 7 30 0  instrum ent (Applied Biosystems, 

G erm any). A 25 |il volum e was added to  each w ell (2.5 pi o f cDNA, 1 .25  [il o f 

each prim er, 12 .5  pi o f SensiM ix™  II Probe M asterm ix  (Bioline) and 7.5 pi of 

nuclease free  H2O). 18S ribosom al RNA was th e  endogenous control (VIC labelled  

Taqm an probe. Applied Biosystems, Germ any; Assay ID 4319413E ). The cycles 

w ere  as follows: stage 1, 50°C fo r 2 min; stage 2, 95°C fo r 10 min; stage 3, 95°C  

fo r 15 s and; stage 4, 60°C fo r 1 m in. This was repeated  fo r 40  cycles, a fte r which  

th e  p late  was rem oved and th e  data analysed using th e  7500  Fast system V I . 3.1  

re lative quantita tive  study (Applied Biosystems, G erm any). Gene expression was 

calculated re lative  to  th e  endogenous control and to  th e  averaged re levant 

control samples giving an RQ value (2"' '̂’''', w h ere  Ct is th e  threshold cycle).
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Table 2.4 Gene expression assay numbers of the primers used in RT-PCR

Arginase-1 Mm00475988_ml

CCL2 Mm00441242_ml

CCL3 Mm00441258_ml

CCL5 Mm01302428_ml

C D llb  (Itgam) Mm00434455_ml

CD40 Mm0041895_ml

CD68 Mm03047340_ml

CD86 Mm01344638_ml

Claudin-5 Mm00727012_sl

CXCLl Mm00433859_ml

CXCLIO Mm00445235_ml

GFAP Mm01253033_ml

IL-10 Mm00439614_ml

IL-17a Mm00439618_ml

IL-lp Mm00434228_ml

IL-4 Mm00445259_ml

IL-6 Mm00446190_ml

Mannose receptor Mm 004485148_ml

NGF Mm00443039_ml

N0S2 Mm00440502_ml

Occludin Mm00500912_ml

TCRbJ Mm01166193_gl

TGFP Mm00441724_ml

TNFa Mm00443258_ml
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2.13 In vitro experiments

All cell culture work was carried out in a laminar flow hood using individually pre­

packaged, sterile disposable plastic equipment, the outside o f which was 

sterilised in 70% ethanol before bringing into the laminar flow  hood. Where 

necessary, liquids were sterilised by membrane filtration, passing the solution 

though a 0.2 [im filte r (Sigma-Aldrich, UK). For the brain dissections, all metal 

instruments used were sterilised by incubating overnight at 180°C, before 

subsequent treatm ent w ith 70% ethanol.

2.14 Ag-specific stimulation of lung or lymph node cells

Ag-specific immune responses were examined in lung and mediastinal lymph 

node cells of vehicle control- and FTY720-treated mice sacrificed 21 days after 

challenge with B. pertussis. Lung mononuclear cells were plated on 6-well plates 

for 2 h, non-adherent cells were removed and incubated w ith irradiated spleen 

cells (1:2 ratio) and heat killed 6. pertussis (10® CFU/ml) or medium only for 72 h. 

Mediastinal lymph node cells were incubated w ith irradiated splenocytes at a 1:1 

ratio, with heat killed B. pertussis (10® CFU/ml) or medium only for 72 h. 

Supernatants were removed and stored at -20°C fo r later analysis of IFN-y and IL- 

17 in supernatant samples using enzyme-linked immunosorbent assay (ELISA).

2.15 Preparation and treatment of glia

Primary glial cells were prepared from 1 day-old C57BL/6 mice (Bioresources 

Unit, Trinity College, Dublin, Ireland). The animals were sacrificed by 

decapitation, the brain was dissected free and placed into a sterile Petri-dish 

(Sarstedt, Germany). Using a sterile scalpel, the brain tissue was chopped bi- 

directionally and incubated in warm Dulbecco's modified Eagle medium (DMEM; 

Sigma-Aldrich, UK) supplemented with FBS (10%; Life Technologies, UK) and 

penicillin-streptomycin (1%; Life Technologies, UK). The tissue was triturated and 

filtered through a 40 ^m sterile nylon mesh filte r using a sterile Pasteur pipette, 

into 50 ml Falcon tubes. The Falcon tubes were centrifuged at 1,200 rpm for 5 

min at 20°C and the pellet was re-suspended in 5 ml DMEM. The glia were plated
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in T 2 5  flasks (S igm a-A ldr ich) and incu bated  fo r  2 4  h (5%  C O 2 ; N u a ire  F low CO 2 

in cub ato r;  Jencons, UK). M a c ro p h a g e  co lony s t im u la t in g  fa c to r  (M -CSF; 2 0  n g /m l ,  

R &D  Systems, US) and g ran u lo cy te  m a c ro p h a g e  co lon y  s t im u la t in g  fa c to r  (G M -  

CSF; 10  n g /m l ,  R & D  Systems, US) w e r e  a d ded  to  th e  m e d ia  w h ich  w as  rep laced  

e v e ry  3 days w i th  en rich ed  cu ltu re  m e d ia  fo r  1 0 -1 4  days until th e  glia w e r e  

co nf lu en t.

W h e n  th e  cells w e r e  co n f lu en t,  th e  flasks w e r e  w r a p p e d  w ith  Parafilm  

(V W R , Ire land ),  ensuring  an a ir - t igh t seal a ro u nd  th e  neck and cap, and ag ita ted  

at 2 0 0  rpm  fo r  2 h a t  RT. T he  s u perna tan ts  co n ta in in g  m icroglia  w e r e  t ra n s fe rre d  

in to  a 50  ml Falcon tu b e ,  cen tr i fu ged  at 1 ,2 0 0  rpm  fo r  5 m in, resu lt ing  in a pe lle t  

o f  microglia l cells. T he  p e l le t  w as  re -su sp en ded  in 1 ml D M E M ,  and a cell co un t  

w as p e r fo rm e d .  M icroglia l cells w e r e  p la ted  a t 3 x 10^ ce lls /m l in 2 4 -w e l l  plates.  

Cells w e r e  t r e a te d  th e  fo l lo w in g  day.

Astrocytes, w h ich  re m a in e d  a d h e re d  to  th e  T 2 5  flasks fo l lo w in g  ag ita t ion ,  

w e r e  incu bated  w ith  2 ml o f  T ry p s in -e th y le n e d ia m in e e te tra a c e t ic  acid (Trypsin-  

EDTA; S igm a-A ldrich , UK) fo r  5 min b e fo re  adding  5 ml D M E M  to  in ac tiva te  th e  

Trypsin-EDTA. T h e  c o n ten ts  w e r e  pou red  in to  a 5 0  ml Falcon tu b e  and  

cen tr i fu ged  a t 1 ,2 0 0  rp m  fo r  5 m in , resulting in a p e l le t  o f  astrocytes. This pe lle t  

w a s  re -susp en d ed  in 1 ml D M E M ,  and a cell co u n t w as  p e r fo rm e d .  Astrocytes  

w e r e  p la ted  at 3 x 10^ ce lls /m l in 6 -w e ll  p lates. Cells w e r e  t r e a te d  th e  fo l lo w in g  

day.

2.16 Cell counts

Cell counts  w e r e  p e r fo rm e d  by d ilut ing cells w i th  e i th e r  E th id ium  b ro m id e  

acrid ine  o ran ge  (EBAO) o r  T ryp an  blue (S igm a-Aldr ich , UK). A 10 pil a l iq u o t  o f  cell 

suspension w as p laced on a h a e m o c y to m e te r  (H ycor B iom edica l , UK) and  th e  

n u m b e r  o f  v iab le  cells w h ich  a p p e a r  g reen  u n d e r  a f luo rescen t  m icroscope  

(EBAO m e th o d )  o r  a p p e a r  w h i te  und er a light m icroscope  (tryp an  b lue m e th o d )  

w e r e  co un ted .
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2.17 Preparation and treatment of T cells

2.17.1 T cell polarization

T cells were prepared from 12 month-old C57BL/6 mice. The spleens were  

dissected free and filtered through a 70 |am sterile nylon mesh filter to create a 

single cell suspension. Red blood cells were lysed by incubating the splenocytes 

in ammonium chloride solution (1 ml; 0.87%; Sigma-Aldrich) for 2 min at RT. Cells 

were washed and centrifuged at 1,200 rpm for 5 min. 004"^ T cells were isolated 

from the splenocytes using a magnetic activated cell sorter (MACS) column 

(M iltenyi Biotec, UK) and a CD4'  ̂ T cell isolation kit (M iltenyi Biotec, UK). A cell 

count was performed, the cells were centrifuged and resuspended in 40 |il MACS 

buffer (0.5% BSA and 2 m M  EDTA in PBS; Sigma-Aldrich, UK) per 10^ total cells. 

Biotin-Antibody cocktail (10 nl per 10^ total cells) was added and samples were 

incubated for 10 min at 4°C. MACS buffer (30 îl) and Anti-Biotin MicroBeads (20 

til) was added per 10^ total cells and samples w ere incubated for a further 15 

min at 4°C. Cells were washed with MACS buffer (1-2 ml) and centrifuged at 

1,200 rpm for 5 min. Cells w ere resuspended in MACS buffer (500 nl per 10® total 

cells). The LS MACS column was rinsed with MACS buffer (3 ml) and the cell 

suspension was applied to the column. The entire flow-through was collected, 

and the column was washed 3 times, each with MACS buffer (3 ml). The flow ­

through containing enriched CD4'  ̂T cells was centrifuged at 1,200 rpm for 5 min. 

Cells w ere counted and plated at 2 x 10^ cells/ml in X-Vivo media (Lonza, 

Switzerland) supplemented with 1% penicillin-streptomycin, 1% L-glutamine and 

2 |jl (3-mercaptoethanol (Sigma-Aldrich, UK). These cells were stimulated ex vivo 

with aCD3/aCD28 antibody (1 ng/m l) and either IL-12 (10 ng/ml) to produce T h l 

cells, IL-4 (10 ng/m l) and a-IFN-y (5 |ag/ml) to produce Th2 cells, or a cocktail of 

IL -ip  (10 ng/m l), IL-23 (10 ng/m l), a-IFN-y (5 |ig /m l) and TGF-P (5 ng/m l) to  

induce T h l7  cells. On day 5, the supernatant was collected and stored for 

cytokine analysis using ELISA. The cells were counted and incubated with either 

isolated microglia or isolated astrocytes at a ratio of 1:2 (T cells: 

microglia/astrocytes; 1.5 x 10^ cells/ml: 3 x 10^ cells/ml) for 24 h.
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To am plify  th e  AP-specific T cells naturally  present in th e  spleen, 

splenocytes w ere  cultured w ith  AP1 .4 2  (15 n g /m l) plus IL-12 (10  n g /m l) to  

d iffe re n tia te  T h l  cells, IL-4 (10  ng /m l) and a-IFN -y  (5 n g /m l) to  produce Th2 cells, 

or IL -ip  (10  ng /m l), IL-23 (10  ng /m l), a -IFN -y  (5 |ig /m l) and TGF-3 (5 ng /m l) to  

induce T h l7  cells. IL-2 (10  n g /m l) was added on the  th ird  day to  the  T h l  and Th2  

cultures. On day 5 th e  supernatant was collected and stored fo r cytokine analysis 

using ELISA. The CD4^ T cells w ere  isolated by MACS on day 5 as described, 

counted and incubated w ith  e ith er isolated microglia or isolated astrocytes at a 

ratio  o f 1:2 (T cells: m icroglia/astrocytes; 1.5 x 10^ cells /m l:3  x 10^ cells /m l) w ith  

A P i-4 2  (15 |ig /m l) fo r 24 h. Control glia w ere  trea ted  w ith  A Pi- 4 2  alone.

A3i-42 used in cell culture was dissolved in HPLC-grade w a te r to  provide a 

6  m g /m l stock solution, which was diluted to  1 m g /m l using sterile PBS and 

allow ed to  aggregate fo r 48  h at 37°C and w ith  agitation o f 200  rpm . A p i^ 2  was 

used im m edia te ly  or stored at -20°C.

2.17.2 Co-culture o f T cells and glia

T cells w ere  co-incubated w ith  isolated microglia or astrocytes fo r a period o f 24  

h (T cells: m icroglia/astrocytes; 1.5 x 10^ cells/m l: 3 x 10^ cells/m l). A fte r th e  co­

incubation, th e  T cells w ere  collected separately by gently  p ipetting  th e  m edium  

which was centrifuged at 1 ,200  rpm fo r 5 m in, and supernatants w ere  rem oved  

and stored at -20°C  in 1.5 ml tubes (Sarstedt, G erm any). M icroglia and astrocytes  

(which are both m ore adheren t than T cells) w ere  rem oved from  th e  wells using 

Trypsin-EDTA (as described previously) and transferred  to  FACS tubes. These cells 

w ere  FACS stained (as described in 2.7) fo r the  appropria te  cell m arkers to  assess 

glial activation. M icroglia w ere  identified as C D llb '^  cells w hereas th e  purified  

astrocytes w ere  C D llb " . The expression o f CD40 on each o f these cell 

populations was determ in ed  a fte r the  24 h co-culture.

2.18 Analysis of cytokine and chemokine release using ELISA

96-w ell plates (N unc-lm m uno plate w ith  M axisorp surface, Sigm a-Aldrich, UK) 

w e re  coated w ith  capture antibody (see Table 2.5 fo r details) and incubated
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overnight at 4°C. The plates were washed 3 times using PBS containing 0.05% 

Tween-20 (PBS-T; pH 7.2-7.4). The plates were incubated in blocking buffer (100 

Hl reagent diluent; see Table 2.5) for 1-2 h and washed 3 times w ith PBS-T. 

Duplicate samples and standards were added to each well for 2 h at RT. 

Standards were prepared using serial dilutions o f the recombinant protein in 

DMEM. The plates were washed 3 times using PBS-T and incubated in detection 

antibody (100 |il) for 2 h at RT. Plates were washed a further 3 times in PBS-T and 

incubated w ith horseradish peroxidase (HRP)- conjugated streptavidin (50 |il; 

1:200 dilution in assay diluent. Table 2.5) for 20 min in the dark. Plates were 

washed 3 times in PBS-T and 100 |il substrate solution (1:1 

H2 0 2 :tetremethylbenzidine; R&D Systems, US) was added to each well. The 

reaction was stopped with 50 |il sulphuric acid (1 M H2SO4) and the optical 

density was determined by measuring the absorbance at 450 nm (Labsystem 

Multiskan RC, UK). A standard curve was constructed by plotting the standards 

against their absorption (GraphPad Prism v4.0; GraphPad Software, US). Protein 

concentrations from supernatants were expressed as pg/ml.
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Table 2.5 Cytokine expression using ELISA

TNFa 1% BSA 
in PBS

0.8 ng/ml 
in PBS

0-2 ng/ml 200 ng/ml 
in
Reagent
Diluent

DY410 R&D
Systems

IL-6 1% BSA 
in PBS

2 |ig/m l 
in PBS

0-2 ng/ml 150 ng/ml 
in
Reagent
Diluent

DY406 R&D
Systems

IFN-v 1% BSA 
in PBS

4 ng/ml 
in PBS

0-2 ng/ml 600 ng/ml 
in
Reagent
Diluent

DY485 R&D
Systems

IL-5 1% BSA 
in PBS

1 lig/m l 
in PBS

0-2 ng/ml 100 ng/ml 
in
Reagent
Diluent

DY405 R&D
Systems

IL-13 1% BSA 
in PBS

4 ng/ml 
in PBS

0-4 ng/ml 200 ng/ml 
in
Reagent
Diluent

DY413 R&D
Systems

IL-17 1% BSA 
in PBS

2 ng/ml 
in PBS

0-2 ng/ml 400 ng/ml 
in
Reagent
Diluent

DY421 R&D
Systems

2.19 Statistical analysis

Statistical analysis was performed using GraphPad Prism or GB-STAT. Data were 

analysed using student's f-test for independent means, 1-way analysis of 

variance (ANOVA), followed by post hoc comparisons using Newman-Keuls test, 

2-way ANOVA followed by Bonferroni post test or 3-way ANOVA followed by 

post hoc comparisons using Newman-Keuls test. Data are expressed as means 

with standard errors (SEM) and deemed statistically significant when p < 0.05.
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Chapter 3

A|3-specific T cells induce glial 

activation in vitro and infiltrate the 

brains of APP/PSl mice in vivo 

triggering Ap deposition
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3.1 Introduction

Microglia are resident tissue macrophages o f the CNS and as such, are 

responsible for mediating the innate immune response w ithin the brain and 

spinal cord. In their resting state, these cells use motile processes to  survey their 

microenvironment (Nimmerjahn et al., 2005), have low/ expression o f cell surface 

makers (such as MHC class II or co-stimulatory markers) w ith minimal production 

of cytokines or chemokines and are mainly involved in maintaining CNS 

homeostasis (Aguzzi et al., 2013; Goldmann and Prinz, 2013). Microglial 

activation can occur under a number o f conditions ranging from tissue damage, 

inflammation or infectious insult. When this occurs, microglia retract their 

branches forming an amoeboid shape and upregulate the expression o f many 

cell surface markers. Specific markers can distinguish whether the cell has 

entered a classically activated (M l) or alternatively activated (M2) state 

(Goldmann and Prinz, 2013; Saijo and Glass, 2011). While the division o f M l and 

M2 activation states is somewhat simplified, it corresponds w ith what is 

observed in macrophages, where M l is typically associated with an acute, pro- 

inflammatory response w ith the production o f TNFa, IL-6, IL-lp and NO. M2 is 

considered to play a role in tissue repair and healing, and is anti-inflammatory in 

nature w ith evidence of increased IL-10 production and an upregulation in the 

expression o f mannose receptor and arginase (Mantovani et al., 2013; Martinez 

and Gordon, 2014). These phenotypes are achieved in vitro using LPS or the T h l 

cell-derived cytokine, IFN-y, to polarize microglia to the M l activation state, 

whereas Th2 cell-derived cytokines such as IL-4 and IL-13 induce M2 activation 

(Goldmann and Prinz, 2013; Lynch, 2014; Mantovani et al., 2013). Therefore M l 

activation is often considered to be involved w ith the T h l cell response, whereas 

Th2 cells are associated w ith the M2 state.

Activated microglia are co-localised w ith A(3-containing plaques in post­

mortem AD brain tissue (McGeer et al., 1987; Togo et al., 2000). These cells 

secrete pro-inflammatory cytokines, including IL-ip and TNFa, in response to AP 

(Lue et al., 2001), both o f which have been shown to enhance the expression and 

the activity of (3-secretases and y-secretases (Liao et al., 2004; Sastre et al., 2008) 

and increased protein and mRNA levels o f these cytokines have been detected in
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post-mortem AD brain tissue (Griffin et al., 1989; Rao et al., 2011; Wood et al., 

1993). Therefore it has been suggested that M l activated microglia may 

contribute to the processing o f APP, the deposition o f AP and progression o f AD 

as a result (Glass et al., 2010; Lynch, 2014). Activated microglia express increased 

levels o f MHC class II, CD40, CD80 and CD86 (Aloisi et al., 2000b; McQuillan et al., 

2010; Prajeeth et al., 2014) which are necessary for antigen presentation to  T 

cells and, in AD, the microglia associated w ith A3 plaques express MHC class II 

(McGeer et al., 1987; Togo et al., 2000) and CD40 (Togo et al., 2000).

Astrocyte-mediated inflammation is another feature o f AD. As the most 

abundant cell in the CNS, astrocytes are responsible for many essential, complex 

functions in maintaining homeostasis w ithin the brain (Sofroniew and Vinters, 

2010). In AD, development o f A|3 plaques has been associated w ith activated 

astrocytes (Nagele et al., 2004) and increased GFAP expression is linked w ith 

increased Braak stage in AD patients (Simpson et al., 2010). While these glial cells 

are not often considered to have APC function, astrocytes express MHC class II in 

vitro and in vivo (Dong et al., 1999; Panek et al., 1992; Vass and Lassmann, 1990; 

Wong et al., 1984; Zeinstra et al., 2000), along with CD80 and CD86 (Nikcevich et 

al., 1997; Zeinstra et al., 2003). Additionally, astrocytes are capable of 

phagocytosing A(3 (Wyss-Coray et al., 2003) and do so via receptors including 

RAGE, CD36 and CD47 (Jones et al., 2013).

Under normal conditions, T cells which have previously encountered

antigen routinely enter the brain (Becher et al., 2000; Hickey, 2001). Indeed

antigen specificity is a critical step in T cell migration into the CNS, if T cells do

not recognise antigen in the perivascular area or subarachnoid space there is no

progression across the glia limitans into the brain parenchyma (Engelhardt and

Ransohoff, 2005; Owens et al., 2008) The role o f T cells in diseases of the CNS,

particularly MS, is well established. Studies using the EAE model have revealed

that T h l cells infiltrate the CNS and facilitate the recruitment of other immune

cells (O'Connor et al., 2008). In addition, IFN-y'^' mice have delayed onset of

disease which is associated w ith reduced infiltration o f 11-17"̂  T cells to  the CNS

(Dungan et al., 2014). Th l7  cells also have an important pathogenic role in

disease progression (Fletcher et al., 2010; Sutton et al., 2009), the onset o f EAE is
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not only delayed in IL-17" '̂ mice, but the severity is also considerably reduced 

(Komiyama et al., 2006).

Numerous reports have documented the presence o f T cells in the post­

mortem brain o f AD patients (Hartwig, 1995; McGeer et al., 1989; Parachikova et 

al., 2007; Pirttila et al., 1992; Rogers et al., 1988; Togo et al., 2002; Town et al., 

2005), and evidence of T cells in the hippocampus (Togo et al., 2002). AD patients 

have increased T cell reactivity to Ap (Monsonego et al., 2003; Saresella et al., 

2010; Saresella et al., 2012) w ith an A3-specific Th l7  response (Saresella et al., 

2011). Additionally it appears that the peripheral immune response is altered in 

AD, where patients have a significant shift in T cell populations from naive to 

effector memory or term inally-differentiated T cells (Larbi et al., 2009; Pellicano 

et al., 2012; Saresella et al., 2011; Schindowski et al., 2007; Speciale et al., 2007). 

However, efforts to activate the immune system and immunize AD patients 

against A3 (AN1792 trial) ultimately resulted in development of 

meningoencephalitis in 6% of patients (Schenk, 2002), probably due to  induction 

of IFN-y"  ̂ cells by the T h l adjuvant, QS-21, used in the trial (Wilcock and Colton, 

2008).

T cells have also been documented in the brains o f mouse AD models 

(Browne et al., 2013), and cell numbers infiltrating into the CNS were increased 

in 18 month-old APP/PSl mice (Jimenez et al., 2008). In vitro studies reveal that 

microglia adopt a pro-inflammatory phenotype in response to  the T h l cell 

cytokine, IFN-y or to supernatants derived from T h l cell cultures (McQuillan et 

al., 2010; Prajeeth et al., 2014; Seguin et al., 2003). It is well established that 

microglia in mixed glial cultures can interact with, and are activated by T cells 

(McQuillan et al., 2010; Murphy et al., 2010) and a number o f studies have 

shown that astrocytes are capable of acting as APCs for T cells (Constantinescu et 

al., 2005; Kort et al., 2006; Nikcevich et al., 1997; Soos et al., 1999; Soos et al., 

1998; Tan et al., 1998). However, to date, the interaction between astrocytes 

and T cells has been examined predominantly in the context o f EAE. The degree 

to  which T cells can activate these individual glial cells is poorly understood.
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particularly in the realm of AD. In addition, how microglia and astrocytes 

separately respond to the different T cell subtypes is yet to be fu lly investigated.
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Study aims

The aims of this study w ere:

1) To establish w h e th e r isolated microglia and isolated astrocytes  

respond to  T h l, Th2 or T h l7  cells in vitro.

2) To investigate w h e th e r A3-specific T cells exert sim ilar effects on 

these  glial cells in an antigen presentation capacity.

3) To assess th e  e ffect o f A3-specific T cells in vivo in A P P /P S l mice.
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3.2 Results

3.2.1 T h l cells induce microglial activation

It has been repor ted t h a t  Th l  cells and T h l7  cells induce microglial activation in 

mixed glial cultures  (McQuillan et  al., 2010) and th a t  this was regulated,  in part ,  

by Th2 cells. To investigate the  effect of T cells on isolated microglia and  

astrocytes,  purified microglia and purified astrocytes  were co-incubated with 

polarised T cells a t  a ratio of 2:1 for 24 h. The microglial cells were p repared  from 

1-day old C57BL/6 mice as descr ibed in section 2.15. CD4"  ̂T cells were  polarised 

in vitro with aCD3 and aCD28 under  Thl ,  Th2 or  Thl7-polarising condit ions as 

detai led in 2.17.

T cells cultured under  Thl-polarising condit ions secreted high levels of  

IFN-y, with low levels of IL-5 and IL-17 (Fig 3.1). Th2-polarised cells produced  IL-5 

with minimal IFN-y or IL-17, while T cells incubated with Th l7  polarising 

condit ions produced high levels of  IL-17 with low levels of  IFN-y or  IL-5 (Fig 3.1). 

After 24 h co-incubat ion of  glia with T cells, t he  superna tan ts  were  taken  and 

concentrat ions of IL-6 and TNFa were  m easured  using ELISA. CDllb'^ cells 

expressing CD40 were  quanti fied by FACS and expressed as a total  populat ion of 

cells expressing C D l l b  in t h e  microglial cultures  and C D l l b ’ cells expressing 

CD40 were  quanti fied and expressed as a total  populat ion of CDllb" cells for the  

astrocytic cultures. Incubation of microglia with Thl-polarised cells significantly 

increased the  product ion of TNFa into the  supe rna tan t  (Fig 3.2). An increase in 

CDllb'^CD40'^ cells was also observed (Fig 3.2B). Microglial cells were  

unresponsive to  incubat ion with Th2- or  Thl7-polarised cells (Fig 3.3, 3.4).

3.2.2 T h l and T h l7  cells induce activation of astrocytes

Similar to  tha t  observed with microglia, incubat ion of ast rocytes  with Th l -  

polarised cells resul ted in a significant product ion of IL-6 and TNFa into the  

superna tant ,  and a parallel increase in num ber  of CD40"^ astrocytes  (Fig 3.5A, B). 

Astrocytes were unresponsive to  incubat ion with Th2-polarised cells (Fig 3.6),
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however, incubation w ith Thl7-polarised cells increased supernatant 

concentration o f IL-6 with a parallel increase in CD40 expression on the 

astrocytes (Fig3.7A, B).

3.2.3 Ap-specific T h l cells induce microglial and astrocytic activation

Ap-specific Th l, Th2 and Th l7  cells were prepared as described in section 2.17 

and evaluated for their impact on microglia and astrocytes. T cells incubated 

under Thl-polarising conditions secreted high levels o f IFN-y, w ith some IL-13 

and low levels of IL-17 (Fig 3.8). Th2-polarised cells produced IL-13 with little  IFN- 

V and no IL-17, while T cells incubated w ith Th l7  polarising conditions produced 

high levels of IL-17 with no IFN-y (Fig 3.8). The Ap-specific polarised T cells were 

incubated w ith microglia or astrocytes at a ratio o f 2:1 in the presence o f Ap (15 

Hg/ml; section 2.17.2 for details). Ap-specific T h l cells induced a significant 

production o f TNFa and IL-6 in microglial co-cultures (Fig 3.9A) and while the 

expression of CD40 on microglial cells was increased after incubation w ith AP- 

specific T h l cells, this did not reach statistical significance. As demonstrated for 

polyclonal T cells, microglia were unresponsive to  incubation w ith AP-specific 

Th2 or Th l7  cells (Fig 3.10, 3.11).

AP-specific T h l cells induced a significant production of TNFa and IL-6 

into the supernatant in astrocytic cultures (Fig 3.12A). While incubation with 

Th2-polarised cells did not induce any response (Fig 3.13), there was a significant 

increase in IL-6 in the supernatant after incubation o f astrocytes w ith AP-specific 

Th l7  cells for 24 h (Fig 3.14A).

3.2.4 AP-specific T cells infiltrate the brains of APP/PSl mice

In order to  examine the effect of AP-specific T cells in vivo, GFP"̂  AP-specific T 

cells were generated from GFP mice. GFP mice were immunized s.c. into the foot 

pad w ith CpG and AP on days 0 and 21. Cells were polarised w ith IL-12 ex vivo as 

described in section 2.3. Surviving T cells were washed and injected i.v. (15 x 10^ 

cells/mouse) into 6-7 month old WT and APP/PSl mice. The mice were culled 14

103



days post-transfer to  assess m igration o f the GFP'  ̂ cells into the brain. The 

num ber o f CD45'^CD3'^ T cells was significantly increased in APP/PSl in 

comparison w ith  WT mice (Fig 3.15A), and the num ber o f GFP^ cells was also 

significantly greater in APP/PSl mice (Fig 3.15A). CDS"  ̂and CD4'  ̂T cells in filtra ted  

the  brain, and significantly more o f these were IFN-y"^ in APP/PSl mice (Fig 

3.15A).

The expression o f chemokines, which are chem oattractant fo r T cells, was 

assessed in the brains o f these mice using RNA extracted from  snap-frozen 

cortical tissue. The expression o f CCL3 and CXCLIO was significantly increased in 

APP/PSl mice which received Ap-specific T h l cells in comparison w ith  WT mice 

injected w ith  AP-specific T cells (Fig 3.16A, B). The expression o f CCL2 was also 

increased in APP/PSl mice; however this did not reach statistical significance.

3.2.5 Increased Ap deposition in the brains of APP/PSl mice following transfer 

of Ap-specific T cells

AP-specific T h l cells were prepared and injected in to  recipient mice as described 

in section 2.3. Recipients o f Ap-specific T cells were culled 21 days post-transfer 

to  assess changes in AP concentration in the brain. AP-containing plaques were 

quantified in the  brains o f 6  m onth-o ld  mice as described previously (Jankowsky 

et al., 2004) and the num ber o f AP-containing plaques in hippocampus and 

fron ta l cortex was significantly increased fo llow ing  transfer o f AP-specific T h l 

cells (Fig 3.17B). Consistently, the concentrations o f insoluble AP4 0  and AP4 2  and 

soluble AP4 0  and AP4 2 were increased in APP/PSl mice in comparison w ith  WT, 

and the concentration was significantly greater a fte r exposure to  AP-specific T h l 

cells (Fig 3.17C, D).
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Figure 3.1 T cells polarised in vitro to Thl, Th2 and Thl7 subtype.
CD4^ T cells isolated from the spleens of C57BL/6 mice were co­
incubated with aCD3/aCD28 antibody (1 |ig /m l) and either IL-12 (10 
ng/m l) to produce T h l cells, IL-4 (10 ng/m l) and a-IFN-y (5 ng/m l) to 
produce Th2 cells, or a cocktail of IL -ip  (10 ng/m l), IL-23 (10 ng/m l), a- 
IFN-y (5 |ig /m l) and TGF-(3 (5 ng/m l) to induce T h l7  cells. After 5 days 
supernatants were harvested and concentrations of IFN-y, IL-5 and IL-17 
were measured using ELISA. Values expressed as means ± SEM, n = 5 
independent in vitro experiments.

The data from Figures 3.1-14 were generated in collaboration with Dr 
Tara Browne and also appear in her thesis in Chapter 5.
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Figure 3.2 T cells polarised to the Th l subtype induce microglial 
activation.
Microglia prepared from 1 day-old C57BL/6 mice were co-incubated 
with polarised T cells at a ratio of 2:1. After 24 h, supernatants were 
harvested and (A) concentrations o f IL-6 and TNFa were measured 
using ELISA. The cells were surface-stained for C D llb  and CD40, and 
flow cytometric analysis was performed. (B) C D llb^ cells expressing 
CD40 were quantified by FACS and expressed as a percentage o f the 
total population of C D llb^ cells, w ith sample histogram of medium 
control (black), T h l cell incubation (blue), FMO control (solid grey). * p 
< 0.05, p = 0.06; Student's f-test for independent means. Values 
expressed as means ± SEM, n = 5 independent in vitro experiments. 
Con, Control.
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Figure 3.3 Th2 cells do not induce microglial activation.
Microglia prepared from 1 day-old C57BL/6 mice were co-incubated 
with polarised T cells at a ratio o f 2:1. After 24 h, supernatants were 
harvested and (A) concentrations o f IL-6 and TNFa were measured 
using ELISA. The cells were surface-stained for C D llb  and CD40, and 
flow cytometric analysis was performed. (B) C D llb^ cells expressing 
CD40 were quantified by FACS and expressed as a percentage o f the 
total population of C D llb^ cells, w ith sample histogram of medium 
control (black), Th2 cell incubation (blue), FMO control (solid grey). 
Values expressed as means ± SEM, n = 5 independent in vitro 
experiments. Con, Control.
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Figure 3.4 Thl7 cells do not induce a pro-inflammatory microglial 
response.
Microglia prepared from 1 day-old C57BL/6 mice were co-incubated 
w ith polarised T cells at a ratio o f 2:1. After 24 h, supernatants were 
harvested and (A) concentrations o f IL-6 and TNFa were measured 
using ELISA. The cells were surface-stained for C D llb  and CD40, and 
flow  cytometric analysis was performed. (B) C D llb^ cells expressing 
CD40 were quantified by FACS and expressed as a percentage o f the 
total population of C D llb^ cells, w ith sample histogram of medium 
control (black), Th l7  cell incubation (blue), FMO control (solid grey). 
Values expressed as means ± SEM, n = 5 independent in vitro 
experiments. Con, Control.
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Figure 3.5 T h l cells induce activation of astrocytes.
Astrocytes prepared from  1 day-old C57BL/6 mice w ere  co-incubated  

w ith  polarised T cells at a ratio o f 2:1. A fter 24 h, supernatants w ere  

harvested and (A) concentrations o f IL-6 and TN Fa w ere  m easured  

using ELISA. The cells w ere  surface-stained for C D l lb  and CD40, and 

flo w  cytom etric  analysis was perform ed. (B) C D l lb  cells expressing 

CD40 w ere  quantified by FACS and expressed as a percentage o f the  

to ta l population o f C D l lb  cells, w ith  sam ple histogram  o f m edium  

control (black), T h l  cell incubation (red), FM O control (solid grey). *  p < 

0 .05 , * *  p < 0 .01 , * * *  p < 0 .001; Student's M e s t for independent 
means. Values expressed as m eans ± SEM, n = 5 independent in vitro 

experim ents. Con, Control.
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Figure 3.6 Th2 cells do not induce astrocytic activation.
Astrocytes prepared from 1 day-old C57BL/6 mice were co-incubated 
with polarised T cells at a ratio of 2:1. After 24 h, supernatants were 
harvested and (A) concentrations of IL-6 and TNFa were measured 
using ELISA. The cells were surface-stained for C D llb  and CD40, and 
flow cytometric analysis was performed. (B) C D llb ' cells expressing 
CD40 were quantified by FACS and expressed as a percentage of the 
total population of C D llb  cells, with sample histogram of medium  
control (black), Th2 cell incubation (red), FMO control (solid grey). 
Values expressed as means ± SEM, n = 5 independent in vitro 
experiments. Con, Control.
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Figure 3.7 Thl7 cells induce a pro-inflammatory response in purified 
astrocytic cultures.
Astrocytes prepared from 1 day-old C57BL/6 mice were co-incubated 
w ith polarised T cells at a ratio o f 2:1. After 24 h, supernatants were 
harvested and (A) concentrations o f IL-6 and TNFa (not detectable) 
were measured using ELISA. The cells were surface-stained for C D llb  
and CD40, and flow cytometric analysis was performed. (B) C D llb  cells 
expressing CD40 were quantified by FACS and expressed as a 
percentage of the total population of C D llb  cells, w ith sample 
histogram of medium control (black), Th l7  cell incubation (red), FMO 
control (solid grey). * p < 0.05, * *  p < 0.01; Student's f-test for 
independent means. Values expressed as means ± SEM, n = 5 
independent in vitro experiments. Con, Control.
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Figure 3.8 AP-specific T cells polarised in vitro to Thl, Th2 and Thl7  
subtype.
Splenocytes o f C57BL/6 m ice w ere  co-incubated w ith  A3 (15 |ig /m l) and 

e ith e r IL-12 (10  n g /m l) to  produce T h l cells, IL-4 (10  n g /m l) and a-IFN -y  

(5 (Jg/ml) to  produce Th2 cells, or a cocktail o f IL-1(3 (10  n g /m l), IL-23 

(10  n g /m l), a-IFN -y  (5 |ig /m l) and TGF-(3 (5 n g /m l) to  induce T h l7  cells. 
A fter 5 days, supernatants w ere  harvested and concentrations o f IFN-y, 
IL-13 and IL-17 w ere  m easured using ELISA. CD4^ T cells w ere  isolated  

and used in co-culture experim ents w ith  e ith e r microglia or astrocytes. 
Values expressed as m eans ± SEM, n = 5 independent in vitro 

experim ents.
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Figure 3.9 Ap-specificThl cells induce activation of microglial cells.
Microglia prepared from 1 day-old C57BL/6 mice were co-incubated 
with A(3 (15 |ig /m l; control) or A(3 (15 ng/m l) with polarised A[3-specific 
T cells at a ratio of 2:1. After 24 h, supernatants were harvested and (A) 
concentrations of IL-6 and TNFa were measured using ELISA. The cells 
were surface-stained for C D llb  and CD40, and flow cytometric analysis 
was performed. (B) C D llb ^  cells expressing CD40 were quantified by 
FACS and expressed as a percentage of the total population of C D llb ^  
cells, with sample histogram of medium control (black), T h l cell 
incubation (blue), FMO control (solid grey). * p < 0.05, * * *  p < 0.001, p 
= 0.06; Student's f-test for independent means. Values expressed as 
means ± SEM, n = 5 independent in vitro experiments. Con, Control.
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Figure 3.10 Incubation with A^-specific Th2 cells does not induce 
microglial activation.
Microglia prepared from 1 day-old C57BL/6 mice were co-incubated 
w ith AP (15 ^g/m l; control) or AP (15 |ig /m l) w ith polarised A(3-specific 
T cells at a ratio of 2:1. After 24 h, supernatants were harvested and (A) 
concentrations of IL-6 and TNFa were measured using ELISA. The cells 
were surface-stained for C D llb  and CD40, and flow  cytometric analysis 
was performed. (B) C D llb^ cells expressing CD40 were quantified by 
FACS and expressed as a percentage of the total population o f C D llb^ 
cells, with sample histogram of medium control (black), Th2 cell 
incubation (blue), FMO control (solid grey). Values expressed as means 
± SEM, n = 5 independent in vitro experiments. Con, Control.

114



CD40

Figure 3.11 A^-specific T h l7  cells do not cause microglial activation in 
vitro.
Microglia prepared from 1 day-old C57BL/6 mice were co-incubated 
with AP (15 |ig /m l; control) or AP (15 ng/m l) with polarised AP-specific 
T cells at a ratio of 2:1. After 24 h, supernatants were harvested and (A) 
concentrations of IL-6 and TNFa (not detectable) were measured using 
ELISA. The cells were surface-stained for C D llb  and CD40, and flow  
cytometric analysis was performed. (B) C D llb ^  cells expressing CD40 
were quantified by FACS and expressed as a percentage of the total 
population of C D llb ^  cells, with sample histogram of medium control 
(black), T h l7  cell incubation (blue), FMO control (solid grey). Values 
expressed as means ± SEM, n = 5 independent in vitro experiments. 
Con, Control.
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Figure 3.12 A|3-specificThl cells induce astrocytic activation.
Astrocytes prepared from 1 day-old C57BL/6 mice were co-incubated 
with A(3 (15 |ig/ml; control) or AP (15 ng/ml) with polarised AP-specific 
T cells at a ratio of 2:1. After 24 h, superna tan ts  w ere  harvested  and (A) 
concentrations of IL-6 and TNFa w ere  m easured  using ELISA. The cells 
w ere  surface-stained for C D llb  and CD40, and flow cytometric  analysis 
was performed. (B) C D llb '  cells expressing CD40 w ere  quantified by 
FACS and expressed as a percentage of th e  total population of C D llb  
cells, with sample histogram of medium control (black), T h l  cell 
incubation (red), FMO control (solid grey). ** p < 0.01, *** p < 0.001; 
Student's  t-test for independen t m eans. Values expressed as m eans  ± 
SEM, n = 5 independen t  in vitro experiments. Con, Control.
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Figure 3.13 AP-specific Th2 cells do not induce astrocytic activation.
Astrocytes prepared from  1 day-old C57BL/6 mice w ere  co-incubated  

w ith  AP (15 |ig /m l; control) or AP (15 n g /m l) w ith  polarised AP-specific  

T cells at a ratio o f 2:1. A fte r 24 h, supernatants w ere  harvested and (A) 
concentrations o f IL-6 and TN Fa (not detectab le) w ere  m easured using 

ELISA. The cells w ere  surface-stained for C D l lb  and CD40, and flo w  

cytom etric  analysis was perform ed. (B) C D l lb  cells expressing CD40  

w ere  quantified by FACS and expressed as a percentage o f th e  total 
population o f C D l lb  cells, w ith  sam ple histogram o f m edium  control 
(black), Th2 cell incubation (red), FM O  control (solid grey). Values 

expressed as means ± SEM, n = 5 independent in vitro experim ents. 
Con, Control.
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Figure 3.14 A|3-specific T h l7  cells induce astrocyte IL-6 release.
Astrocytes prepared  from 1 day-old C57BL/6 mice were co-incubated 
AP (15 | ig/ml; control) or A(3 (15 (ig/ml) with polarised AP-specific T 
cells at  a ratio of 2:1. After 24 h, supe rna tant s  were  harvested and (A) 
concentrat ions of IL-6 and TNFa (not detectable)  were measured  using 
ELISA. The cells were surface-stained for C D l l b  and CD40, and flow 
cytometr ic  analysis was performed.  (B) C D l l b  cells expressing CD40 
were quantified by FACS and expressed as a percentage of  the  total 
populat ion of  C D l lb  cells, with sample histogram of  medium control 
(black); T h l7  cell incubation (red), FMO control (solid grey). ** p < 0.01; 
Student 's  f-test  for independen t  means.  Values expressed as m eans  ± 
SEM, n = 5 independen t  in vitro experiments .  Con, Control.
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Figure 3.15 A^-specific T h l cells migrate into the brain of APP/PSl 
mice.
AP-specific T h l cells were generated from GFP mice and injected i.v. 
into W T and APP/PSl mice. Mice were sacrificed 2 weeks post-injection, 
and mononuclear cells were isolated from the brain. Cells were surface 
stained for CD3, CD4, and CDS and intracellularly stained for IFN-y. Flow 
cytometric analysis was then performed. (A) Results are mean absolute 
number of cells in the brain. (B) Sample FACS plots of GFP^ T cells (gated 
on CD3), CD8^IFN-y% and CD4^IFN-y^ cells. * p < 0.05, * *  p < 0.01, * * *  p 
< 0.001; Student's M est for independent means. Data represent means 
± SEM from 1 experiment, n = 4.
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Figure 3.16 Increased chemokine expression in APP/PSl mice injected 
with AP-specificThl cells.
RNA was extracted from snap-frozen cortical tissue 14 days post­
injection w ith AP-specific T h l cells. (A) CCL3, (B) CXCLIO and (C) CCL2 
expression was assessed and values are expressed as relative quantities 
(RQ) normalised to the endogenous control gene, 18S, and relative to 
the averaged WT injected control group. * p < 0.05, * *  p < 0.01; 
Student's f-test for independent means. Data represent means ± SEM 
from 1 experiment, n = 4.
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Figure 3.17 AP-specific T h l cells increase Ap deposition in APP/PSl 
mice.
A3-specific T h l  cells w ere generated and injected i.v. into APP/PSl 
mice. M ice w ere sacrificed 3 weeks post-injection, cryostat sections 
w ere stained w ith Congo red to  assess A(3 plaques in hippocannpus and 
frontal cortex (A), the  average num ber of plaques per mouse was 
recorded (B). Amyloid levels w ere determ ined by M eso Scale from  snap- 
frozen cortical tissue. The concentrations o f insoluble AP4 0  andA342(C), 
soluble A340 3 nd AP4 2  (D) w ere established w ith reference to the  
standard curves. (B) * p < 0 .05; Student's t-test for independent means. 
(C and D )* p < 0 .05 , * *  p < 0 .01 , * * *  p < 0 .001; ANOVA, APP/PSl versus 
WT; p < 0 .05 , p < 0 .01 , p < 0 .001; ANOVA versus control untreated  
APP/PSl mice (n = 5-6); representative of 2 experim ents. Con, Control. 
These data w ere generated by Dr. Keith McQuillan w ho has kindly given 
me permission to also include here. They appear in his thesis in Figure 
5.15.
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3.3 Discussion

The influence of T cells on neuroinf lammation was assessed in vitro and in vivo. 

The data  dem ons t ra tes  tha t  Th l  cells are  capable of inducing a pro- inf lammatory 

response  from purified microglia and astrocytes in culture, whe reas  Th l7  cells 

preferentially activate astrocytes.  Transfer of A(3-specific Th l  cells resul ted in 

increased infiltration of IFN-y'  ̂T cells into the  brains of APP/PSl  mice, which was 

accompanied  by increased A(3-containing plaque deposit ion.

A num ber  of  s tudies  have demons t ra ted  T cell-induced activation of 

microglia in mixed glial cultures (McQuillan et  al., 2010; Murphy et  al., 2010) and 

in astrocytic cultures (Constant inescu et  al., 2005; Kort et  al., 2006; Nikcevich et 

al., 1997; Soos et  al., 1999; Soos et al., 1998; Tan et  al., 1998), though many of 

these  experiments  have examined this interaction in the  context  of  MS using 

myelin-specific T cells. In relation to  AD, the  effect of A3-specific Th l  cells on 

purified microglia and astrocytes  has not  been previously examined.  The results 

descr ibed here show tha t  microglia and astrocytes are  activated following co­

incubat ion with AP-specific or aCD3/aCD28-activated T h l  cells. A|3-specific Th l  

cells induced a significant product ion of the  pro- inf lammatory cytokines IL-6 and 

TNFa from both purified microglia and astrocytes,  and this was accompanied  by 

increased expression of CD40 on the  glial cells. This is consis tent  with previous 

studies f rom this laboratory where  AP-specific Th l  cells increased co-st imulatory 

molecule  expression and pro- inflammatory cytokine release from A(3-activated 

microglia in mixed glial cultures  (McQuillan et  al., 2010). As pro-inf lammatory 

cytokines can induce th e  product ion of A(3 in vitro when  IFN-y is presen t  (Liao et 

al., 2004; Sastre e t  al., 2008), this may explain why t ransfer red  A|3-specific Thl  

cells increase microglial activation and A3 accumulation in APP/PSl  mice. 

Conversely, AP-specific Th l7  cells only induced IL-6 release from astrocytes,  and 

aCD3/aCD28 activated T h l7  cells increased the  expression of CD40 on 

astrocytes,  along with IL-6 product ion. Astrocytes are a major  source of IL-6 

v\/ithin the  CNS (Van Wagoner  e t  al., 1999) and it has been dem ons t ra ted  t h a t  IL- 

17 can enhance  IL-6 signalling in astrocytic cultures (Ma et al., 2010), providing 

an explanat ion for the  finding t ha t  astrocytes,  and not  microglia, are  reactive to
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incubation w ith Th l7  cells. These results are consistent with a recently published 

study, where T h l cells, but not Th l7  cells induced CD40 expression on microglia 

(Prajeeth et al., 2014). Furthermore, treatm ent o f microglia w ith Thl-derived 

supernatants resulted in a pro-inflammatory response, whereas the microglial 

cells were unresponsive to  Thl7-derived supernatant. As a result, it is possible 

that the effect o f A^-specific Th l7  cells on cytokine production from  mixed glia in 

vitro (McQuillan et al., 2010) may be a result of Th l7  induced astrocytic 

activation, rather than a primary effect on microglia. However, it is im portant to 

note the A3-specific T cells were prepared differently in these studies.

AP-specific Th2 cells did not induce pro-inflammatory cytokines or co­

stimulatory molecule expression on microglia or astrocytes, which is consistent 

in their association w ith M2, as opposed to  M l,  activation (Goldmann and Prinz, 

2013). Microglia and astrocytes were similarly resistant to  aCD3/aCD28 

stimulated Th2 cells. While AP-specific Th2 cells are capable o f reducing T h l 

induced glial activation in vitro (McQuillan et al., 2010), adoptive transfer of 

these cells was not sufficient to reduce A3-mediated inflammation in the 

APP/PSl model (Browne et al., 2013). This is in conflict w ith a previous study 

which demonstrated that transfer of A3-specific Th2 cells was protective in 11 

month-old APP/PSl mice by reducing cognitive impairment when assessed 2 

months after injection, and also reducing amyloid deposition at blood vessels 

(Cao et al., 2009). Importantly, there are many differences between these 

studies ranging from the method used to  generate A3-specific T cells, the 

number o f cells transferred and the age o f recipient mice.

IFN-y is a potent inducer of CD40 in microglial cells, w ith a critical role for

TNFa as an intermediary in its induction (Nguyen and Benveniste, 2002). Ligation

of CD40 w ith its ligand (CD40L/CD154) induces increased co-stimulatory

molecule expression on APCs, such as MHC class II, CD80, CD86 and, to an even

greater extent CD40; this was associated w ith pro-inflammatory cytokine

production which included, but was not limited to, TNFa and IL-6 (Benveniste et

al., 2004). It has been reported that incubating microglia w ith A3 increases the

expression o f CD40, w ith a significant production o f TNFa when these cells were
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further treated w ith CD40L (Tan et al., 1999). Interestingly, APPswe transgenic 

mice deficient in CD40 or CD40L have decreased amyloid pathology with reduced 

microgliosis and astrocytosis throughout the brain (Laporte et al., 2006; Tan et 

al., 2002). The obvious source of CD40L is CD40L-expressing T cells, however, in 

the absence of T cell in filtration to the CNS another source may be astrocytes, 

which express CD40L in chronic inflammatory conditions (Calingasan et al., 

2002). Tissue prepared from AD patients have increased levels o f CD40^ 

microglia, which was co-localised with MHC class II (Togo et al., 2000), where the 

CD40^ microglial cells were also associated w ith A(3-plaques. Microglia treated 

w ith CD40L in vitro are reported to  have decreased phagocytic activity 

(Townsend et al., 2005), and A3/CD40L treated microglia are more effective APCs 

to AP-specific T cells. Importantly, the authors suggest that in the presence of T 

cells, or co-stimulatory molecules, microglia exhibit an ARC phenotype poor at 

phagocytosis, which in combination w ith pro-inflammatory T cell cytokine 

production could ultimately lead to enhanced Ap deposition. Other reports have 

confirmed that microglia are capable of phagocytosing amyloid in vitro, however 

this was inhibited in the presence of pro-inflammatory cytokines (Koenigsknecht- 

Talboo and Landreth, 2005), and ultrastructural analysis of microglia from AD 

patients was unable to detect any amyloid fibrils in the lysosomal compartment 

of these cells (Frackowiak et al., 1992). Together with reports that pro- 

inflammatory cytokines increased the activity o f (3- and y-secretases (Liao et al., 

2004; Sastre et al., 2008), this suggests that in the AD brain the microglial cells 

are aiding the production, rather than facilitating the removal, of amyloid. The 

role o f CD40-induced astrocyte activation is not well understood, however, 

studies in EAE demonstrate that treatm ent with an a-CD40 antibody reduced 

disease severity w ith decreased astrocyte-associated TNFa in vivo (Kim et al., 

2011).

As predicted, adoptive transfer o f GFP^ A[3-specific T h l cells revealed that

T cells injected into the periphery crossed the BBB and entered the CNS,

particularly in APP/PSl mice. Indeed, a large portion o f T cells found in the CNS

following i.v. injection were IFN-y'  ̂which is broadly consistent with the proposal

that infiltration of T h l cells occurs first in EAE and is followed by recruitment of
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o t h e r  i m m u n e  cells (O 'Connor  e t  al., 2008).  The n u m b e r  of  T cells in t h e  bra in 

w a s  significantly in creas ed  in APP/PSl  mice  c o m p a r e d  wi th WT mice; th is  m a y  be  

d u e  t o  t h e  p r e s e n c e  o f  A3 in t h e  bra ins  of  t h e s e  mice,  t h u s  p r o m o t in g  an t igen  

s t imula t ion of  t h e  T cells. The express ion o f  ch e m o k in e s  CCL3 and CXCLIO w a s  

significantly h igher  in cortical  t i ssue  p r e p a r e d  f rom t h e  APP/PSl  mice which m ay  

faci li tate T cell migrat ion across t h e  BBB. CCL3 and CXCLIO have  k n o w n  

c h e m o ta c t i c  p ro p e r t i e s  (Agostini e t  al., 2000; Schall e t  al., 1993) an d  t h e  

expr ess ion  of  t h e s e  c h e m o k in e s  has  b e e n  r e p o r t e d  in AD (Tripathy e t  al., 2007;  

Xia e t  al., 2000).  Impor tant ly ,  t r a n s f e r  of  t h e  AP-specific T h l  cells re su l t ed  in 

increased  co n c en t ra t i o n s  of  AP in t h e  bra ins  of  t h e  APP/PSl  mice (Browne e t  al., 

2013).  Transfer  of  A3-specific T h l  cells also induced  behav ioura l  deficits in 

APP/PS l ,  c o m p a r e d  wi th WT, mice w h e r e a s  Ap-specific T h l 7  cells did n o t  induce  

similar  deficits no r  did t h e s e  cells af fec t  t h e  depos i t ion  or  c o n c en t ra t i o n  of  Ap 

wi thin t h e  brain (Browne e t  al., 2013).  IFN-y pot en t ly  ac t ivate s  microglia 

(Benvenis te  e t  al., 2004; D o w n e r  e t  al., 2009)  and ,  in t h e  p r e s e n c e  of  o t h e r  

in f l am m ato ry  cytokines ,  results  in increased  p ro duc t ion  of  AP (Liao e t  al., 2004;  

Sas t r e  e t  al., 2008).  The i m p o r t a n ce  of  IFN-y is und er l ined by t h e  f inding t h a t  

neutra l i sa t i on  of  IFN-y a t t e n u a t e d  T h l  ce ll - induced increases  in b o th  microglial 

ac tivat ion and Ap p ro duc t ion  in vivo  (Browne e t  al., 2013).  As Ap also ac t ivate s  

microglia (Clarke e t  al., 2007; Lyons e t  al., 2007a)  it is poss ib le  t h a t  f u r th e r  

ac t ivation wi th IFN-y"  ̂ T h l  cells resul ts  in chron ic  microglial ac t ivation leading to  

t h e  e n h a n c e d  p ro duc t ion  of  AP wi th behavioura l  defici ts  in a f e e d b a c k  cycle.

T hes e  results  ar e  a t  var iance  wi th a r e ce n t  s tudy  in which i.c.v. inject ion 

of  AP-specific T h l  cells r e d u c e d  p laque  load in A PP/P S l  mice w h e n  as se sse d  28 

days  p o s t  inject ion (Fisher e t  al., 2014).  Whi le  t h e  expe r i m en ta l  des ign w a s  

d i f f eren t  b e t w e e n  t h e  t w o  s tudies ,  t h e  a u t h o r s  sugges t  t h a t  by inject ing t h e  cells 

d irec tly into t h e  ventric le  t h e  T cells c ros se d a t  t h e  ep e n d y m a l  layer o f  t h e  

ventr ic le  only, t h e r e f o r e  t h e  bra in ' s  v a scu la tu re  a n d  epi thel ial  layers w e r e  s p a r e d  

f r om  T cell in terac t ion,  ac tivation and resul t ing pathology.  Fisher an d  col leagues,  

(Fisher e t  al., 2014) p r o p o s e d  t h a t  bypass ing th is  s t e p  of cellular infi ltrat ion into 

t h e  p a r e n c h y m a  al lows t h e  T cells t o  s e c r e t e  a var ie ty  o f  p ro te in s  including
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cytokines and neurotrophic factors, which u ltim ate ly  prove beneficial to  the  

A P P /P S l mice under these circumstances.

The results observed w ith in  this chap ter go som e w ay in explaining w hy  

im m unization  w ith  synthetic Ap42 in th e  A N 1792  tria l induced aseptic 

m eningoencephalitis  in som e patients, and CD4^ and CD8^ T cell in filtration  into  

th e  brain. W h ile  th e  vaccination was successful at reducing plaque deposition  

and behavioural im pairm ents in anim al models o f AD (Janus et al., 2000; Schenk 

et al., 1999), th e  adjuvant used in these m odels was Freund's adjuvant. The 

adjuvant adm inistered to  AD patients, QS-21, induces an IFN-y* T h l  response, 

but also results in greater T N Fa  production and T cell pro liferation  to  th e  APe-20 

p eptide (which contains th e  Ap T cell ep itope in m ice (W iessner e t al., 2011)) 

than th a t induced by Freund's adjuvant (Cribbs et al., 2003). IFN-y-secreting T h l  

cells, as dem onstrated  by th e  data in this chapter, induces considerable  

microglial and astrocytic activation in vitro, and in vivo (Brow ne et al., 2013), 

u ltim ate ly  resulting in enhanced A3 deposition in A P P /P S l mice. Though the  

A N 1792  tria l fa iled , th e  data still proved encouraging fo r im m un o th erap y  as a 

long te rm  tre a tm e n t fo r AD. Patients w ho developed an ti-A N 1792  antibodies had 

reduced functional decline com pared w ith  those th a t received th e  placebo  

(Vellas et al., 2009) which corresponds to  th e  behavioural im provem ents  

dem onstrated  in th e  anim al models (Janus et al., 2000 ). A(3 im m unization  w ith  

o th e r adjuvants such as alum  has proven successful in th e  Tg2576 m odel, though  

only w hen th e  vaccine was adm inistered before  plaque developm ent (Asuni et 

al., 2006 ). There fore  an adjuvant which induces a Th2 based response, could 

prove m ore effective  and im portantly , safer fo r AD patients. Research is ongoing  

in to  o th e r m ethods o f im m unization against A(3 and include passive 

im m unization  i.e. i.v. in jecting anti-AP antibodies or injections o f concentrated  

im m unoglobulins (IVIg) from  healthy individuals, to  DNA im m unization  

(Lam bracht-W ashington and Rosenberg, 2013; W ilcock and Colton, 2008 ). An 

im p o rtan t caveat in these studies is th a t tre a tm e n t in clinical trials o ften  starts 

to o  late. Am yloid deposition occurs in hum ans decades before th e  cognitive  

deficits o f AD becom e apparent. In tervention  at this late  stage m ay slow disease

126



progre ss ion a t  bes t ,  highlighting t h e  n e e d  for early, preclinical t r e a t m e n t s  o f  t h e  

d isease .

To ge the r ,  t h e s e  results  implica te T h l  cells in exa ce r b a t in g  

neu ro in f l a m m a t io n  as a resul t  of  the i r  in terac t ion wi th microglia and  as t rocy tes ,  

w h e r e a s  increased  T h l 7  cell infil tration t o  t h e  bra in  m ay  e n h a n c e  a s t ro cy te -  

m e d i a t e d  n eu r o in f la m m at ion .  It w as  o b s e r v ed  t h a t  T h l  cells increased CD40 

expres s ion  on b o th  microglia an d  as t rocy tes ,  a long wi th  TNFa an d  IL-6 

p ro d u c t io n  into t h e  s u p e r n a t a n t .  However ,  T h l 7  cells induced  CD40 express ion 

and  IL-6 r e le as e  f rom as t ro c y te s  a lone .  A3-specific T h l  cells had  a similar ef fec t  

on  t h e s e  cells by inducing cytokine  re le ase  f r om  t h e  t w o  glial pop ula t ions ,  

w h e r e a s  A3-specific T h l 7  cells induced IL-6 re le ase  f r om  as t rocytes  only. 

Incubat ion wi th  Th2 cells had  no ef fec t  on  microglia o r  as t ro cy tes .  T ransfer  o f  A3- 

specific T h l  cells t o  A PP/P S l  mice re sul ted  in increased  con c en t ra t i o n  and  

depos i t ion  of  A3, which w as  as soc ia te d  wi th e n h a n c e d  IFN-v"" T cell migra t ion 

into t h e  brain.  Impor tant ly ,  t h e  proximity of  A3 p laq u es  wi th microglia and 

a s t ro c y te s  in t h e  CNS provides  increas ed  o p p o r tu n i t i e s  for  ant igen  s t imula t ion  of 

A3-specific T cells, t h e r e b y  po ten t i a t i n g  t h e  n eu r o in f l a m m a t io n  a l r eady  o b s e r v e d  

a t  this age,  and ul t imate ly  re sul ts  in e n h a n c e d  amyloid pathology.
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Table 3.1 Results summary of microglial or astrocytic activation following 

incubation with T cells in vitro

Microglia TNFa

IL-6

CD40

Astrocyte TNFa

IL-6

CD40

Table 3.2 Results summary of microglial or astrocytic activation following 

incubation with A^-specific T cells in vitro

Microglia TNFa

IL-6

CD40

Astrocyte TNFa

IL-6

CD40
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Chapter 4

Infection with B. pertussis induces T cell 

infiltration and AP deposition in the 

brains of older APP/PSl mice
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4.1 Introduction

AD is the most common neurodegenerative disease and accounts for over two- 

thirds o f all dementia cases. It is a progressive disease characterised by NFTs and 

deposits of A(3. These protein deposits are associated w ith dystrophic neurons, 

reactive astrocytes and activated microglia. It is estimated that AD affects about 

20 million people worldwide, and this figure is expected to reach over 100 

million by 2050 (Williams, 2009).

Although the aetiology o f AD is unknown, there is evidence to  suggest 

that inflammatory responses play a role in the pathogenesis o f AD (Mattson, 

2004; Weiner and Frenkel, 2006). Pro-inflammatory cytokines and chemokines 

are increased in the post-mortem brains o f AD patients or in animal models of 

AD (Akiyama et al., 2000; Streit et al., 2001). Activated microglia have been 

found in the brain o f AD patients with dementia or patients w ith MCI (Cagnin et 

al., 2001; Okello et al., 2009) and these cells secrete pro-inflammatory cytokines, 

such as IL-ip and TNFa. These cytokines promote expression and activity of 3- 

secretases and y-secretases (Liao et al., 2004; Sastre et al., 2008) and therefore 

microglial activation may contribute to deposition of A(5 and progression of AD 

(Glass et al., 2010). Activated microglia exhibit increased expression o f MHC class 

II, CD40, CD80 and CD86 (Aloisi et al., 2000b; McQuillan et al., 2010) and, in AD, 

there is increased MHC class II and CD40 expression on microglia associated with 

A3 plaques (McGeer et al., 1987; Togo et al., 2000), indicating enhanced APC 

function. Interestingly, there have been a number of reports demonstrating the 

presence o f T cells in the brain o f AD patients (Hartwig, 1995; McGeer et al., 

1989; Parachikova et al., 2007; Pirttila et al., 1992; Togo et al., 2002; Town et al., 

2005), since the original observation over 25 years ago (Rogers et al., 1988). 

Furthermore, inflammatory IFN-y-secreting T h l cells and IL-17-secreting Th l7  

cells have been shown to infiltrate the brain o f aged APP/PSl mice (Browne et 

al., 2013).

Although the environmental factors that precipitate the neurological 

changes associated with the development o f AD are unclear, it has been 

suggested that infectious agents may be involved. HSV-1 and C. pneumonia, as
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well as ant ibodies  against these  pa thogens,  have been found in t h e  pos t-mor tem 

brains (Hammond et  al., 2010) or intrathecal  samples  (Wozniak et  al., 2005) of 

AD patients.  Indeed HSV-1 infection has been suggested to  be a risk factor  in 

carriers of the  gene  for AP0E4 (Honjo e t  al., 2009; Itzhaki e t  a!., 2004), while viral 

load is related to  ApoE dosage  especially ApoE4 (Burgos et  al., 2006), and 

spirochetes  particularly B. burgdorferi and oral Treponema  (Honjo et  al., 2009) 

and CMV (Barnes et  al., 2014; Lurain et  a!., 2013) have also been  implicated as 

playing a role in t h e  pa thogenes is  of  AD. Furthermore,  a num ber  of  studies have 

shown tha t  infections can accelerate  cognitive decline in AD pat ients  (Holmes et 

al., 2009; Holmes et  al., 2003), but  the re  is little understanding of the  

mechanisms which underl ie this effect. Animal studies have revealed th a t  

intranasal inoculation of  mice with C. pneum oniae  induced AD-iike changes in 

brain, with evidence of  deposi ts  of  fibrillar A3 associated with reactive glia in 

several brain areas  including the  hippocampus  (Little e t  al., 2004). Similarly, 

peripheral  challenge with t h e  TLR agonists,  LPS or  poly l:C induced amyloid 

pathology in som e (Krstic e t  al., 2012; Sheng et  al., 2003), but  not  all (Kitazawa et 

al., 2005) animal models  of AD. However,  activation of the  immune system may 

also prove beneficial in AD as administ ra tion of a vaccine (Butovsky et  al., 2006; 

Olkhanud et al., 2012; Schenk et al., 1999) or TLR agonist  (Michaud et al., 2013) 

was effective in clearing A3 load and in som e  cases, prevent ing cognitive decline 

in mice. It has also been suggested tha t  bone marrow-derived dendritic cells 

(Butovsky et  al., 2007) and bone  marrow-derived microglia-like cells (Simard et 

al., 2006) have an impor tan t  role in plaque clearance.

In this s tudy the  influence of a peripheral infection with a respiratory 

pa thogen B. pertussis on AD-like pathology was examined in APP/PSl  mice. B. 

pertussis is a Gram-negative bacteria t h a t  causes  whooping cough,  a pers is tent  

and sometim es  fatal disease in young children, but  also an emerging problem in 

adults and older people.  Recent  s tudies  have shown tha t  t h e  prevalence of  6. 

pertussis infection is high in adults and increasing at a significant rate, especially 

in those  over  65 (Weston et al., 2012).
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Study aims

The aims of this study were:

1) To establish whether APP/PSl mice were more susceptible to the 

effects of a peripheral infection than WT animals.

2) To determine whether there was an age-related vulnerability to  any 

infection-induced changes in APP/PSl mice.

3) To investigate whether any change in AD-like pathology was 

accompanied by infiltration of peripheral immune cells.

134



4.2 Results

4.2.1 Respiratory infection promotes T cell infiltration into the brains of 

APP/PSl mice

Young (4 months) and older (10 months) WT and APP/PSl mice were infected 

w ith  B. pertussis by aerosol challenge w ith  live bacteria. Evidence o f successful 

infection was provided by perform ing CFU counts on lung homogenates removed 

from  groups o f mice 3 h and 21 days a fte r challenge. The mean CFU counts were 

logio 4.7 and 3.0 at 3 h and 21 days respectively, which is consistent w ith  

previous studies from  this laboratory (Dunne et al., 2010; Ross et al., 2013). Mice 

were killed 56 days post-infection, 3 weeks a fte r the pathogen is norm ally 

cleared (McGuirk et al., 1998), thus the mice were 6 o r 12 m onths-old at cull, and 

brain tissue was prepared fo r flow  cytom etry to  assess in filtra tion  o f imm une 

cells. The num ber o f CD45'^CD3'^ T cells was doubled in brains o f 12 m onth-o ld 

compared w ith  6 m onth-o ld  mice, but was significantly greater in o lder 6. 

perfuss/s-infected APP/PSl mice when compared w ith  genotype, age or non­

infected controls (Fig 4.1A). Analysis o f the  T cell subtypes also showed tha t 

infection w ith  B. pertussis caused a significant increase in the num ber o f CD4'  ̂

and CD8^ T cells in the brain o f o lder APP/PSl mice (Fig 4 .IB , C respectively) and 

there was an age-related increase in the num ber o f CDB"̂  T cells in APP/PSl mice 

at 12 months (Fig 4.1C). Intracellu lar cytokine staining revealed tha t a proportion  

o f the brain in filtra ting  CD4'^T cells were IFN-y"  ̂w ith  overall significant increase in 

T h l-typ e  cells in B. pertuss/s-infected mice (Fig 4.2A). Interestingly there was a 

significant increase in the  num ber o f IL-l?"^ and IFN-y'^IL-17'^ CD4'  ̂T cells in 6. 

pertuss/s-infected mice (Fig 4.2B, C). Similar results were obtained fo r CDS'" T 

cells, w ith  an infection-induced increase in CDS^IFN-y'^ T cells, especially in the 

o lder APP/PSl mice (Fig 4.3A). The num ber o f in filtra ting  IL -iy^  and IFN-v'^IL-17'^ 

CDS^T cells was also enhanced in brains o f infected mice (Fig 4.3B, C).

There was also a significant increase in the num ber o f CD45'^NK1.1'^CD3'^ T 

cells in the brain o f 12 m onth-o ld  B. pertuss/s-infected APP/PSl mice (Fig 4.4A)
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and parallel significant increases in the numbers o f these cells which were IFN-v^ 

(Fig 4.4B) and IL-17^ (Fig 4.4C).

The location of T cells was determined by staining cryostat sections for 

CDS before assessment by confocal microscopy. CD3^ T cells were found 

throughout the hippocampus of older B. pertussis-infected APP/PSl mice (Fig 

4.5). Importantly, many o f these cells were observed in the brain parenchyma.

The expression o f chemokines, which are chemoattractant for T cells, was 

assessed using RNA extracted from snap-frozen cortical tissue. CCL3 was 

significantly increased in APP/PSl mice even at 6 months and expression 

increased further w ith age, particularly in 6. perttvss/s-infected APP/PSl mice (Fig 

4.6A). CXCLIO was significantly increased in older APP/PSl mice (Fig 4.5B) and 

CCL5 expression was also increased in older APP/PSl mice, especially after 

exposure to infection (Fig 4.6C).

4.2.2 Increased microglial and macrophage activation in previously infected 

APP/PSl mice

Having demonstrated that peripheral infection promoted T h l and Th l7  

infiltration into the brain, the effect o f B. pertussis infection on microglia and 

astrocytes was assessed. Expression o f C D llb  mRNA, which is a marker of 

microglial activation, and GFAP mRNA, which is a marker o f astrocytic activation, 

were increased in the cortex of 12 month-old APP/PSl mice as previously 

reported (Gallagher et al., 2012; Gallagher et al., 2013), and infection w ith B. 

pertussis further increased expression of both markers (Fig 4.7A, B). In addition, 

the number of CDllb'^CD4S'°'" microglia expressing CD68 was increased in tissue 

prepared from 12 month-old APP/PSl mice and this number was significantly 

enhanced post-infection in the older APP/PSl (Fig 4.8B).

The expression o f CD80 on microglia and macrophages was assessed as 

an indicator o f the ir antigen-presenting capability and the number of 

C D llb ’̂ CD45'°'" microglia expressing CD80 was significantly increased in APP/PSl
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mice, particularly older infected APP/PSl mice, with an overall genotype effect 

observed (Fig 4.8A). The number of CDllb^CD45^'®*^CD80^ macrophages was also 

significantly increased in preparations from older B. pertuss/s-infected APP/PSl 

mice (Fig 4.9A). Mirroring the changes observed in microglia, infection caused a 

significant increase in the number of 0068"^ macrophages in the older APP/PSl 

mice, though infection also increased the number o f these cells in younger B. 

pertuss/s-infected APP/PSl mice (Fig 4.9B).

Activated microglia and macrophages produce inflam m atory cytokines 

and, consistent with this, it was found that expression of TNFa, IL -ip  and IL-6  

mRNA was significantly increased in cortical tissue prepared from older B. 

pertuss is-in fected  APP/PSl mice (Fig 4.10A-C); IL -lp  mRNA was also significantly 

increased in the older uninfected APP/PSl mice (Fig 4.10B).

4.2.3 Infection enhances A3 accumulation in aged APP/PSl mice

Deposition o f A(B has been reported in APP/PSl mice as young as 6  months of 

age (Jankowsky et al., 2004). Consistent with this, Ap-containing plaques were 

found in the hippocampus and the frontal cortex in cryostat sections prepared 

from 6  month-old mice (Fig 4.11). Plaque number was significantly increased 

with age and interestingly, the number of A3-containing plaques was further 

significantly increased in both the hippocampus and frontal cortex of older mice 

post-infection with B. pertussis  (Fig 4.11B, D). Analysis of insoluble A 340 and A 342 

provided further evidence of age-related increases that were exacerbated in 6 . 

pertL/ss/s-infected older APP/PSl mice (Fig 4.12C, D). Although soluble A 340 and 

A342 both increased in an age-related manner (Fig 4.12A, B), no additional effect 

of infection was observed. These findings demonstrate that a peripheral 

infection of older APP/PSl mice can enhance inflam m atory T cell infiltration into 

the brain and this is associated with the enhanced AP burden.
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Figure 4.1 Infection induces T cell infiltration into the brain of older 
APP/PSl mice.
Mice were infected w ith  6. pertussis and culled 56 days post-infection. 
M ononuclear cells were isolated from  the brains o f WT and APP/PSl 
mice, stained w ith  LIVE/DEAD®, and surface-stained fo r CD45, CDS, CD4 
and CDS. Flow cytom etric analysis was perform ed. Results are mean 
absolute num ber o f the indicated cells in the brain, w ith  sample FACS 
plots o f (A) CD45"CD3" T cells, (B) CD45^CD3^CD4+ T cells and (C) 
CD45^CD3^CD8^ T cells where numbers in quadrants are percentage o f 
positive cells. (A) CD45^CD3^ T cells; Age x genotype x infection 
interaction * p < 0.05, F(  ̂43)=4.22; 3-way ANOVA. (B) CD45^CD3^CD4+ T 
cells; Infection effect * * *  p < 0.001, F(^4^)=16.68; 3-way ANOVA. (C) 
CD45^CD3^CD8^ Age x genotype interaction * *  p < 0.01, F(^42)=8.56 and 
infection effect * *  p < 0.01, F(^^2)=9.91; 3-way ANOVA. * p < 0.05, * *  p 
< 0.01 in comparison to  relevant genotype contro l;  ̂ p < 0.05, p < 0.01 
in comparison to  relevant age contro l; ** p < 0.05, p < 0.01 in 
comparison to  relevant infection contro l; Newman-Keuls post hoc. Data 
represent means ± SEM from  3 infection experim ents, n = 6-9. Con, 
Control; B.P., B. pertussis; FSC, Forward Scatter.
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Figure 4.2 Respiratory infection induces IFN-y"  ̂ and IL-17"  ̂ CD4^ T cell 
infiltration into the brain of APP/PSl mice.
CD4^T cells were intracellularly stained for IFN-y and IL-17 and assessed 
by flow cytometry. Results are mean absolute number of the indicated 
cells in the brain. (A) CD4^IFN-y^; Infection effect * p < 0.05, F(^4^)=5.42; 
3-way ANOVA. (B) CD4^IL-17^; Genotype x infection interaction * p < 
0.05, F(^42)='^-58; 3-way ANOVA. (C) CD4^IFN-v'^IL-17'^; Infection effect 
* * *  p < 6.001, F(^42)=3S-55; 3-way ANOVA. * *  p < 0.01 in comparison to 
relevant genotype control;  ̂ p < 0.05, p < 0.01 in comparison to 
relevant age control; p < 0.05, *** p < 0.01 in comparison to relevant 
infection control; Newman-Keuls post hoc. (D) Sample FACS plots of 
IFN-y^ and IL-17^ CD4^ T cells where numbers in quadrants are 
percentage of positive cells. Data represent means ± SEM from 3 
infection experiments, n = 6-9. Con, Control; B.P., B. pertussis.
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Figure 4.3 Increased IFN-y^ and IL-17^ CD8^ T cells in the brains of 
APP/PSl mice following infection with B. pertussis.
CDS^T cells w ere  intracellularly stained for IFN-y and IL-17 and assessed 

by flow  cytom etry. Results are m ean absolute num ber o f the  indicated  

cells in th e  brain. (A) CDS^IFN-y^; Age x genotype interaction *  p < 0 .05 , 
F ( i 4 2 )= 6 .6 6 ; 3-w ay ANOVA. (B) CD8^IL-17^; G enotype x infection  

interaction * p < 0 .05 , 3-w ay ANOVA. (C) CDS^iFN-y^lL-l?^;
Age X genotype x infection interaction *  p < 0 .05 , F(^43)=4.32; 3-w ay  

ANOVA. * *  p < 0 .01  in com parison to  relevant genotype control; ^^p < 

0 .01  in com parison to  relevant age control; ** p < 0 .05 , *** p < 0 .01  in 

com parison to  relevant infection control; New m an-Keuls post hoc. (D) 
Sam ple FACS plots o f IFN-y^and IL-17^CD8^ T cells w here  num bers in 

quadrants are percentage o f positive cells. Data represent m eans ± SEM  

from  3 infection experim ents, n = 6-9 . Con, Control; B.P., B. pertussis.
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Figure 4.4 Infection with B. pertussis increases infiltration of IFN-y^ 
and IL-17^ NKT cells.
Mononuclear cells were prepared from the brain, stained with 
LIVE/DEAD®, and surface-stained for CD45, N K l.l and CD3. Cells were 
intracellularly stained for IFN-y and IL-17, and assessed by FACS. Results 
are mean absolute number of the indicated cells in the brain. (A) 
CD45^NK1.1^CD3^ NKT cells; Age x genotype interaction * * *  p < 0.001, 
F(̂  J = 12 .96 ; 3-way ANOVA. (B) IFN-y^ NKT cells; Age x genotype 
interaction * p < 0.05, F(^4o)=4.56; 3-way ANOVA. (C) IL-17" NKT cells; 
Age X genotype x infection interaction * p < 0.05, F(j^^3)=6.38; 3-way 
ANOVA. * *  p < 0.01 in comparison to relevant genotype control; " p < 
0.05, p < 0.01 in comparison to relevant age control; ** p < 0.05, **** p < 
0.01 in comparison to relevant infection control; Newman-Keuls post 
hoc. (D) Sample FACS plots of N K l. r  CD45+CD3" T cells and (E) IFN-y" 
and IL-17" NKT cells where numbers in quadrants are percentage of 
positive cells. Data represent means ± SEM from 3 infection 
experiments, n = 6-9. Con, Control; B.P., B. p ertu s s is .
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Figure 4.5 T cells infiltrate the hippocampus of B. pertussis-infected 
APP/PSl mice.
Mice were infected with B. pertussis  and culled 56 days post-infection. 
Cryostat sections were stained for CDS (red) and DARI (blue) and 
assessed by confocal microscopy to determine infiltrating T cells in the 
hippocampus. (A) Original magnification x20 , scale bar = 100 nm. (B and 
C) enlarged panels, scale bar = 30 urn. Data are representative of 3 mice 
per experimental group.
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Figure 4.6 Chemokine expression in cortical tissue from older APP/PSl 
is exacerbated by infection with B. pertussis.
RNA was extracted from  snap-frozen cortical tissue 56 days post­
infection. (A) CCL3, (B) CXCLIO and (C) CCL5 expression was assessed 
and values are expressed as relative quantities (RQ) normalised to  the 
endogenous control gene, 18S, and relative to  averaged young WT 
uninfected mice. (A) Age x genotype x infection interaction * *  p < 0.01, 
F ( ^ 4o ) = 7 . 4 8 ;  3-way ANOVA. (B) Age x genotype interaction * * *  p < 
o.dol, F(^4^)=20.13; 3-way ANOVA. (C) Age x genotype interaction * *  p
< 0.01, F(^4ĵ )=9.18 and infection effect * p < 0.05, F(j^4j^)=5.67; 3-way 
ANOVA. * p < 0.05, * *  p < 0.01 in comparison to  relevant genotype 
control;  ̂p < 0.05, p < 0.01 in comparison to  relevant age control; p
< 0.01 in comparison to  relevant infection control; Newman-Keuls post 
hoc. Data represent means ± SEM from  3 infection experiments, n = 6-9. 
Con, Control; B.P., B. pertussis.
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Figure 4.7 C D llb  and GFAP expression is enhanced in cortical tissue 
from older B. pertussis-infected APP/PSl mice.
RNA was extracted from snap-frozen cortical tissue and assessed for (A) 
C D llb  and (B) GFAP expression. Values are expressed as relative 
quantities (RQ) normalised to the endogenous control gene, 18S, and 
relative to the averaged young WT uninfected control group. (A) Age x 
genotype x infection interaction * p < 0.05, F(̂  4 3 )^4 .09; 3-way ANOVA. 
(B) Age X genotype x infection interaction * p < 0.05, F(^42)“^-26; 3-way 
ANOVA. * *  p < 0.01 in comparison to relevant genotype control; p < 
0.01 in comparison to relevant age control; ** p < 0.05, **** p < 0.01 in 
comparison to relevant infection control; Newman-Keuls post hoc. Data 
represent means ± SEM from 3 infection experiments, n = 6-9. Con, 
Control; B.P., B. p e rtu s s is .
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Figure 4.8 Increased microglial activation in APP/PSl mice.
Mononuclear cells were isolated from the brains of WT and APP/PSl 
mice, stained with PI, and surface-stained for CD45, C D llb , CD80 and 
CD68 and assessed by flow cytometry. Results are mean absolute 
number of the indicated cells in the brain. (A) CDllb^CD45'°'"CD80'^; 
Genotype effect * *  p < 0.01, 3-way ANOVA, and sample
FACS plots of CDllb^CD45'°'"CD86^ cells. (B) CDllb^CD45'°'*'CD68^; Age 
X genotype x infection interaction * p < 0.05, F(^^3)=5.53; 3-way ANOVA 
and sample FACS plots of CDllb+CD45'°'"CD68"cells. * p < 0.05, * *  p < 
0.01 in comparison to relevant genotype control; p < 0.01 in 
comparison to relevant age control; p < 0.01 in comparison to 
relevant infection control; Newman-Keuls post hoc. Numbers in 
quadrants are percentage of positive cells. Data represent means ± SEM 
from 3 infection experiments, n = 6-9. Con, Control; B.P., B. pertussis.
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Figure 4.9 The increased macrophage activation in APP/PSl is 
exacerbated by infection with B. pertussis.
M ononuclear cells prepared from  WT and APP/PSl mice were stained 
w ith  PI, surface-stained fo r CD45, C D llb , CD80 and CD68, and assessed 
by flow  cytom etry. Results are mean absolute num ber o f the indicated 
cells in the brain. (A) CDllb^CD45^'s^CD80^; Age x genotype x infection 
interaction * *  p < 0.01, F(j^4^)=10.73; 3-way ANOVA w ith  sample FACS 
plots o f CDllb"CD45^’'ŝ ’CD'80" cells. (B) CDllb^CD45^''g^'CD68"; Age x 
genotype interaction * * *  p < 0.001, F(j^3g)=50.44 and genotype x 
infection interaction * * *  p < 0.001, F(  ̂3g)=22.62; 3-way ANOVA and 
sample FACS plots o f CDllb^CD45^'8'^CD68^ cells. * *  p < 0.01 in 
comparison to  relevant genotype contro l; p < 0.01 in comparison to  
relevant age control; " p < 0.05, p < 0.01 in comparison to  relevant 
infection control; Newman-Keuls post hoc. Numbers in quadrants are 
percentage o f positive cells. Data represent means ± SEM from  3 
infection experiments, n = 6-9. Con, Control; B.P., B. pertussis.
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Figure 4.10 Cytokine expression increased in older APP/PSl mice.
RNA was extracted from snap-frozen cortical tissue and assessed for (A) 
TNFa, (B) IL -ip  and (C) IL-6 expression. Values are expressed as relative 
quantities (RQ) normalised to the endogenous control gene, 18S, and 
relative to the averaged young W T uninfected control group. (A) Age x 
genotype x infection interaction * p < 0.05, F(^^)=4 .79 ; 3-way ANOVA. 
(B) Age X genotype interaction * * *  p < 0.001, F(^4^)=17.42; 3-way 
ANOVA. (C) Age x genotype interaction * * *  p < 0.001, and
age X infection interaction * *  p < 0.01, F(^4^)=11.12; 3-way ANOVA. * p 
< 0.05, * *  p < 0.01 in comparison to relevant genotype control; "̂ p̂ < 
0.01 in comparison to relevant age control; " p < 0.05 in comparison to 
relevant infection control; Newman-Keuls post hoc. Data represent 
means ± SEM from 3 infection experiments, n = 6-9. Con, Control; B.P., 
B. pertussis.
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Figure 4.11 Infection increases plaque number in older APP/PSl 
mice.
Cryostat sections were stained with Congo red to assess AP plaques in 
hippocampus (A) and frontal cortex (C), the average number of plaques 
per area of interest per mouse was recorded. (B) Mean number of 
plaques in the hippocampus; Age x infection interaction * p < 0.05, 
F(i23)=4.87; 2-way ANOVA. (D) Mean number of plaques in the frontal 
cortex; Age x infection interaction * * *  p < 0.001, F(̂  22)^25.5; 2-way 
ANOVA. * * *  p < 0.001 in comparison to relevant age control;  ̂p < 0.05, 

p < 0.001 in comparison to relevant infection control; Newman-Keuls 
post hoc. Data represent means ± SEM from 3 infection experiments, n 
= 6-9. Scale bar = 200 |im. Con, Control; B.P., B. pertussis.
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Figure 4.12 Insoluble increased 56 days post-infection in older 
APP/PSl mice.
M ice w ere  infected w ith  B. pertussis and culled 56  days post-infection. 
Amyloid levels w ere  determ ined  by M eso Scale from  snap-frozen  

cortical tissue. The concentrations o f soluble AP^q (A) and AP^ 2  (B), 
insoluble AP^q (C) and AP ^ 2  (D) w ere  established w ith  reference to  the  
standard curves. (A) Age x genotype interaction * * *  p < 0 .001 , 
F(i4o)=22.46; 3-w ay ANOVA. (B) Age x genotype interaction * * *  p < 

0 .001 , F(^4j^)=40.32; 3-w ay ANOVA. (C) Age x genotype x infection  

interaction *  p < 0 .05 , F(^^3)=4.99; 3-w ay ANOVA. (D) Age x genotype  

interaction * *  p < 0 .01 , 3-w ay ANOVA. *  p < 0 .05 , * *  p <
0 .01  in com parison to  relevant genotype control; p < 0 .01  in 

com parison to  relevant age control; **** p < 0 .01  in com parison to  

relevant infection control; New m an-Keuls post hoc. Data represent 
m eans ± SEM from  3 infection experim ents, n = 6-9 . Con, Control; B.P., 
B. pertussis.
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4.3 Discussion

Infection is a risk factor for AD, therefore this study set out to  investigate the 

effect of infection on the brains of APP/PSl nnice in comparison w ith their WT 

counterparts, and to establish whether there was an age-related susceptibility to 

any infection-induced changes. The significant new findings of this study are that 

infection of mice with a common human pathogen can induce lasting changes in 

the brain of older APP/PSl mice. Specifically, a significant number of T h l and 

Th l7  cells were identified in the brains of 12 month-old APP/PSl mice, after the 

resolution of respiratory infection, and this was accompanied by increases in glial 

activation and A3 accumulation. These findings suggest that infection may be a 

major environmental factor in the progression o f AD-like pathology.

T cell in filtration into the brain occurs under normal conditions and was 

consistently observed in this experiment, however, there was a marked 

infiltration of T cells, NKT cells and macrophages into the brain of older B. 

perfuss/s-infected APP/PSl mice. CD4'  ̂T cells and CD8^ T cells were detected in 

the brains o f both infected and uninfected, 6 and 12 month-old, WT and APP/PSl 

mice but the cell number was markedly enhanced in older B. pertussis-mfected 

APP/PSl mice. It is significant that the changes were observed 3 weeks after the 

infection is normally cleared, indicating an age- and genotype-related co­

morbidity. The infiltrating T cells were predominantly IFN-y\ although infection 

also triggered infiltration o f IL-17^ T cells into the brains o f mice which were 

exposed to B. pertussis. IFN-y is a potent activator o f microglia (Benveniste et al., 

2004; Downer et al., 2009) and IFN-y'^T cells promote microglial activation in vivo 

(Browne et al., 2013) and in vitro (McQuillan et al., 2010) and as demonstrated in 

Chapter 3. Increased circulation o f IFN-y'^ T cells has also been reported in AD 

(Baglio et al., 2013; Fiala et al., 2005). Although IL-17'^T cells play a pivotal role in 

disease pathogenesis in EAE (Mills, 2008), the ir role in AD is less clear, though it 

has been reported that there is a skewing o f T cells in AD to  a Th l7  phenotype 

(Saresella et al., 2011). The present data demonstrated that IL-17^ T cells 

infiltrate the brain, particularly in older 6. pertussis-infected APP/PSl mice. Like 

A|3-specific T h l cells, Th l7  cells induce microglial activation in vitro in mixed glial
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cultures (McQuillan et al., 2010) and there fo re  it seems reasonable to  suggest 

tha t the presence o f both IL-17^ and IFN-y^T cells combine to  trigger the  marked 

increase in activated microglia observed in these mice. In this study, many o f the  

T cells in the APP/PSl brain were CDS^IFN-y"^. W hile the  role o f CD8'^ T cells in the  

progression o f AD pathology remains to  be established, it has been observed 

tha t a large proportion  o f the in filtra ting  peripheral cells in the human CNS are 

CDS'^T cells (Ousman and Kubes, 2012). Indeed these cells have been im plicated 

in the progression o f MS, w ith  increased numbers o f CDS'^T cells in the  MS brain 

which were associated w ith  plaques (Friese and Fugger, 2005).Consistent w ith  

the findings o f the present study, CD3^ cells have been identified in brain tissue 

prepared from  18 m onth-o ld APP/PSl mice, w ith  little  observed in 6 m onth-o ld 

APP/PSl mice (Jimenez et al., 2008).

An increase in CDllb^CD45^'®'^CD80^ and CDllb^CD45'''®^CD68^ 

macrophages was also observed in brains o f B. pertussis-infected  o lder APP/PSl 

mice. It has been proposed tha t in filtra ting  macrophages play a role in 

phagocytosis o f Ap and there fore  exert a protective effect (Town et al., 2008). 

However increased Ap deposition paralleled macrophage num ber in the  present 

study, suggesting tha t th e ir phagocytic potentia l was lim ited despite the  fact tha t 

expression o f CD68, a lysosomal m arker and proposed indicator o f phagocytic 

function, was increased on macrophages. IFN-y'^ NKT cells were also present in 

the  brain o f 6. pertuss/s-infected o lder APP/PSl mice. The role o f NKT cells in AD 

has not been addressed although these cells have a protective function  in EAE 

(Mars et al., 2008; Mayo et al., 2012), and in the m utan t superoxide dismutase 1 

G93A (mSODl) mouse model o f am yotrophic lateral sclerosis (Finkelstein et al., 

2011). Overall, the  significant find ing is tha t infection drives the in filtra tion  o f 

several IFN-y"  ̂ im m une cells particularly in older APP/PSl mice and the evidence 

indicates tha t this is associated, u ltim ately, w ith  increased A3 pathology.

The firs t evidence suggesting tha t T cell in filtra tion  occurred in AD was 

reported over 25 years ago (Rogers et al., 1988) and others have confirm ed this 

observation (Hartwig, 1995; McGeer et al., 1989; Monsonego et al., 2003;

Parachikova et al., 2007; P irttila  et al., 1992; Togo et al., 2002; Town et al., 2005).
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Interestingly, these cells have been identified in areas o f the brain where amyloid 

pathology is evident including the hippocampus and limbic regions (Rogers et al., 

1988; Togo et al., 2002) and have been found in close apposition to  activated 

microglia (Togo et al., 2002). This suggests the existence o f a causal relationship 

between T cells, m icroglial activation and amyloid pathology, which is consistent 

w ith  the current data dem onstrating parallel increases in T cell in filtra tion , 

m icroglial activation and increased A(3 accumulation. Im portantly, recent work 

from  this laboratory (part o f which appears in Chapter 3) shows tha t in jection o f 

AP'Specific T h l cells in to 6-7 m onth-old APP/PSl mice induced microglial 

activation and increased Ap deposition (Browne et al., 2013), substantiates this 

hypothesis.

In filtra tion  o f imm une cells may result from  the creation o f a chem otactic 

gradient as a consequence o f increased expression o f chemokines in the brain 

and this study found tha t there  was an age- and genotype-related increase in 

expression o f CCL3, CXCLIO and CCL5 tha t was enhanced in 6. perfuss/s-infected 

mice and all 3 chemokines have established lymphocyte chem otactic properties 

(Agostini et al., 2000; Murooka et al., 2008; Schall et al., 1993). Indeed, increased 

expression o f these chemokines has been reported in AD (Tripathy et al., 2007, 

2010; Xia et al., 2000), while  increased T cell expression o f CCR2, CCR5 and 

CXCR2 has also been reported (Liu et al., 2010; Man et al., 2007; Reale et al., 

2008). In filtra tion  o f imm une cells may also be a consequence o f increased BBB 

perm eability, which has been observed in aged animals (Blau et al., 2012) and 

APP/PSl mice (M inogue et al., 2014) and which is known to  occur fo llow ing  B. 

pertussis infection (Linthicum et al., 1982).

AD patients are more vulnerable to  the effects o f systemic infection w ith

evidence o f a significant decline in cognitive function associated w ith  persistent

increases in circulating in flam m atory cytokines fo llow ing peripheral infection

(Holmes et al., 2009; Holmes et al., 2003). It is also recognized tha t the  risk o f

developing AD is increased by infection or general ill-health (Dunn et al., 2005;

Strandberg et al., 2004; Tilvis et al., 2004), whereas a protective e ffect o f

vaccination against infection has been reported (Tyas et al., 2001; Verreault et
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al., 2001). Interestingly, th e  incidence o f pertussis is increasing in developed  

countries, probably due to  lim ited efficacy o f th e  current vaccine and th e  

increase is not only evident in infants, but also in adolescents and adults, 

including those over 50  (Klein et a!., 2012; McGuiness et al., 2013). In th e  US 

alone, 29.9%  o f pertussis cases occurred in adolescents, w ith  over 21%  o f cases 

occurring in adults in 2012  (h ttp ://w w /w .cdc.gov/pertuss is /surv -reporting .h tm l).

The e ffect o f peripheral infection on cognitive function was not assessed

in this study, how ever, Takeda and colleagues have reported  th a t LPS injected

i.p. enhanced sickness behaviour in APPswe mice (Takeda et al., 2013). Indeed it

has been dem onstrated  th a t LPS induced m em ory im pairm ents  in W T m ice (Lee

et a!., 2008 ), and in 3xTg-AD mice (Sy et a!., 2011). In th e  present study, th e  m ore

profound in flam m ato ry  effects induced by infection o f o lder A P P /P S l mice

included increased expression o f in flam m atory  cytokines as well as glial

activation. These changes w ere  associated w ith  increased concentrations of

insoluble A 340 and A 342. This suggests th a t the  underlying pathology endow s a

susceptibility to  subsequent infection and enhances pathogenic processes and is

broadly consistent w ith  th e  findings th a t infection o f 3xTg-AD mice w ith  M H V

induced m arked tau  pathology post-infection (Sy et al., 2011). Stahl and

colleagues (2006 ) reported  th a t intracerebral infection o f Tg2576 mice w ith  the

neurotrop ic  BDV resulted in a decrease in A(3-containing plaques in the

hippocam pus (Stahl et a!., 2006 ), how ever, A3 deposits increased in th e  walls of

cerebral vessels post-infection. An increase in m icroglial activation and increased

expression o f in flam m atory  cytokines was observed, prom pting  the  authors to

suggest th a t an in flam m ato ry  env ironm ent m ight enhance clearance o f AP,

which has been supported by som e groups (W ilcock e t al., 2011), but not by

others (Koenigsknecht-Talboo and Landreth, 2005; Yam am oto et al., 2007).

Indeed, it has been shown th a t an in flam m atory  environm ent, such as

predom inates in AD, inhibits effic ient phagocytosis (Koenigsknecht-Talboo and

Landreth, 2005) w hile  th e  in teraction  o f microglia w ith  T cells has also been

shown to  switch microglia fro m  a phagocytic to  an APC phenotype (Tow nsend et

al., 2005). Furtherm ore, IFN-y has been shown to  increase production o f AP

fragm ents  (Liao et al., 2004; Sastre e t al., 2008 ), which is im portan t in the
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p r e s e n t  co n tex t  b e c a u s e  o f  t h e  increased  n u m b e r  of IFN-y^ cells in t h e  bra in  of 

o ld e r  A PP/PSl  mice  post -infection.

It is conc lu ded  t h a t  infect ion wi th a c o m m o n  h u m a n  p a t h o g e n  has  

p e r s i s t en t  ef fec ts  on in f l am m at ory  ch a n g es  in t h e  brain,  par ticularly in o lder  

A PP/P S l  mice.  The ev iden ce  sug ges t s  t h a t  t h e s e  ch a n g es  ar e  driven by 

infil tration of IFN-y"  ̂ and IL-iy"^ cells and  resul t  in e x a c e r b a t e d  Ap pathology.  The 

d a t a  point  t o  infection as a significant addi t ional  fac to r  t o  t h e  rapid progress ion 

o f  pa tho logy  in AD and highlight t h e  i m p o r t a n c e  of vaccinat ion o r  t r e a t m e n t  of 

infect ions  in t h e  elderly.
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Chapter 5

Treatment with FTY720 during 

infection with B. pertussis reduces T 

cell influx into the lung and 

exacerbates the infection
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5.1 Introduction

The experiments in the previous chapter demonstrated that older APP/PSl mice 

are more vulnerable to  the effects of a respiratory infection, which induced 

increased T cell in filtration into the brain and ultimately resulted in enhanced A3 

deposition. Therefore, blocking T cell infiltration during infection w ith an 

immunomodulating drug like FTY720 may alleviate the infection-induced plaque 

burden in older APP/PSl mice. Before undertaking this experiment it was first 

important to investigate whether FTY720 had an effect on the ability o f mice to 

resolve infection w ith B. pertussis.

FTY720 is an immunosuppressant first described in 1995, and is derived 

from a modification of a metabolite isolated from the fungus Isaria sinclairii 

(Adachi et al., 1995; Suzuki et al., 1996). Early studies revealed that FTY720 was 

capable o f prolonging organ graft survival (Brinkmann and Lynch, 2002; Chiba et 

al., 1996; Chiba et al., 1998; Yanagawa et al., 1998), which correlated with 

decreased lymphocyte infiltration into the grafted tissues due to the enhanced 

homing of T cells to the lymph nodes. Further studies demonstrated that FTY720 

activates four subtypes of SIP receptors (Brinkmann et al., 2002; Mandala et al., 

2002) and that the effects o f FTY720 on lymphocyte sequestration are mediated 

by downregulating the S lP i receptor (Matloubian et al., 2004). In 2002 it was 

documented that FTY720 was effective at inhibiting the development o f EAE 

(Brinkmann et al., 2002) and this has been replicated many times since (Chiba et 

al., 2011; Choi et al., 2011). After a number o f clinical trials (Kappos et al., 2006; 

Kappos et al., 2010) FTY720 received FDA approval in 2010 for the treatm ent of 

MS and is now a widely available therapy for this disease. However, it was noted 

during the clinical trials that the incidence of lower respiratory tract infections 

was greater in patients that received FTY720 (Cohen et al., 2010; Kappos et a!., 

2010). In addition two fatal herpesvirus infections were reported in the phase III 

clinical tria l (Cohen et al., 2010).

Due to the increased incidence o f infections in patients taking FTY720, 

studies have been performed in animal models to  examine the host's ability to
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clear infection following FTY720 treatment, however, the literature remains 

conflicted on this issue. It has been reported that chronic treatm ent with FTy720 

impairs the clearance o f the enteropathogen Citrobacter rodentium  (Murphy et 

al., 2012), the helmith Nippostrongylus brasiliensis (Thawer et al., 2014), and the 

protozoan parasite Trypanosoma cruzi (Dominguez et al., 2012). FTY720 

treatm ent also reduces survival following infection w ith the murine adapted 

H lN l influenza virus (Ntranos et al., 2014). FTY720 treatm ent during 

immunization impaired the vaccine-mediated protection against mycobacteria 

induced by the BCG vaccine (Connor et al., 2010). Interestingly, FTY720 does not 

seem to  impair secondary infection (Thawer et al., 2014) or immune challenge 

when FTY720 treatm ent begins after vaccination (Connor et al., 2010). However, 

it has also been reported that FTY720 has no effect on infection with Leishmania 

amazonensis (Lopes et al., 2010). Furthermore, low doses of FTY720 did not alter 

the course o f infection w ith the lymphocytic choriomeningitis virus (Walsh et al., 

2010). In fact, FTY720 alleviates disease in a murine model o f cerebral malaria 

(Finney et al., 2011; Nacer et al., 2012). To date there are no studies that have 

examined the effect of FTY720 on the progression or clearance o f a bacterial 

infection o f the respiratory tract.

B. pertussis is a Gram-negative respiratory pathogen and is the causative

agent o f whooping cough. B. pertussis can infect infants, adolescents and adults

(Klein et al., 2012; McGuiness et al., 2013). Importantly, the incidence of

infection is increasing worldwide, w ith recent outbreaks reported in America,

Australia and Ireland ((CDC), 2012; Barret et al., 2010; Mills et al., 2014; Roper

and Surveillance Branch, 2009). In America alone there were 48,277 reported

cases o f B. pertussis in 2012, a significant increase on the 2,719 cases reported in

1991 {http://www.cdc.gov/pertussis/fast-facts.htm l). In addition, 21.6% of these

cases were in adults over 20 years old, w ith 10% of reported pertussis deaths

occurring in adults over 55 years o f age. It has been suggested that the incidence

of 6. pertussis is under-reported due to  the lack o f 'classic' symptoms, notably

the inspiratory whoop in adolescents and adults (Cortese et al., 2007). The

increasing incidence of 6. pertussis may be due to increased detection methods,

but also due to  the short lived immunity generated from  the newer Pa, which
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replaced Pw approximately 20 years ago, due to  safety concerns around the 

la tter (Mills et al., 2014).

On infection, B. pertussis binds to the cilia of the trachea, bronchi, and 

bronchioles (Higgs et al., 2012) and can also be found intracellularly in 

macrophages and ciliated epithelial cells of the lung (Carbonetti et al., 2007; 

Hellwig et al., 1999; Lamberti et al., 2010; Paddock et al., 2008). The first cells to 

respond to  B. pertussis are resident macrophages and immature DCs w ithin the 

lung; early in disease these are accompanied by further recruitment and 

infiltration o f DCs and macrophages, followed by NK cells and neutrophils (Byrne 

et al., 2004; Dunne et al., 2009; McGuirk et al., 1998; Ross et al., 2013). 

Infiltration o f CD4'  ̂and CD8'  ̂T cells occurs in later stages of infection (McGuirk et 

al., 1998; Ross et al., 2013). Experiments using SCID mice, that lack mature T and 

B cells, and nude mice, that lack mature T cells, have revealed the importance of 

the adaptive immune response in the clearance o f infection with 6. pertussis 

(Barbie et al., 1997). In addition, Ig' '̂ mice that lack mature B cells fail to clear 

infection (Mahon et al., 1997) and mice with an impaired IFN-y response have 

persistent bacterial infection (Barbie et al., 1997; Mahon et al., 1997). IL-17 

production is also required fo r effective clearance of the B. pertussis bacteria 

(Dunne et al., 2010; Higgins et al., 2006; Ross et al., 2013). B. pertussis produces 

a range of virulence factors, many of which subvert immune responses o f the 

host. These include FHA and ACT that induce IL-10 production by DCs and 

macrophages, and IL-lO-producing Treg cells which, together, can inhibit pro- 

inflammatory cytokine production, including IFN-y, and thus contribute to 

persistent infection (McGuirk et al., 2002; McGuirk and Mills, 2000; Ross et al., 

2004). However, this anti-inflammatory response may also protect the host by 

lim iting infection-induced pathology (Higgins et al., 2003). As a result, infection in 

mouse models typically takes 35-42 days to clear (Dunne et al., 2010; McGuirk et 

al., 1998; Ross et al., 2013), though it can last from weeks up to 4 or 5 months in 

humans (Cortese et al., 2007; McGuiness et al., 2013).
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Study aims

The aims of this study were:

1) To establish the effect of FTY720 on clearance of a primary infection 

w ith B. pertussis.

2) To investigate whether any changes in the bacterial load of FTY720- 

treated mice was accompanied by changes in the expansion o f T cells 

in the lymph node or in filtration o f T cells into the lung.

3) To examine whether FTY720 had a suppressive effect on T cell 

infiltration into the lung or bacterial clearance following B. pertussis 

challenge of immunised mice.
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5.2 Results

5.2.1 Chronic treatm ent with FTY720 significantly impairs the ability of mice to 

clear infection with B. pertussis

Mice were infected w ith B. pertussis by aerosol challenge. One group was given 

FTY720 (0.3 mg/kg) daily for the duration of the experiment and treatment 

began either 3 or 10 days before mice were infected w ith B. pertussis. Vehicle 

control- and FTY720-treated mice were culled at a number o f tim e points post­

challenge. The course o f infection was followed by determining the CPU counts 

at 3 h and 7, 21, 28, 42 and 60 days post-challenge. The mean CPU counts for 

vehicle control mice infected w ith 6. pertussis were consistent w ith previous 

studies (Dunne et al., 2010; McGuirk et al., 1998; Ross et al., 2013). Chronic 

treatm ent w ith PTY720 decreased the ability of mice to clear infection, and a 

significantly higher bacterial load in the lungs o f FTY720-treated mice was 

observed from days 28 to 60 post-challenge. Mice treated w ith PTY720 had 100- 

1500-fold more CPU in the lungs at later stages of infection w ith B. pertussis than 

vehicle control mice (Pig 5.1A, B).

5.2.2 FTY720 treatm ent significantly suppresses T cell infiltration into the lungs 

of B. pertussis-infected mice

The lungs o f PTY720- and vehicle control-treated mice were prepared for flow 

cytometry to assess infiltration of immune cells. The cells were either stained 

immediately to determine memory T cell populations or stimulated w ith PMA, 

ionomycin and BPA for 5 h to investigate intracellular cytokine production. The 

number of CD3‘̂ T cells in the lung significantly increased following infection with 

B. pertussis in vehicle control mice (Pig 5.2A) but the recruitment o f T cells was 

reduced in PTY720-treated mice. At later stages o f infection the tota l number of 

CD3"^T cells infiltrating the lungs of PTY720-treated 6. pertussis-infected mice was 

increased, though not significantly, in comparison with naive mice (Pig 5.2A). The 

number of CD3'^CD4'  ̂ T cells and CD3^CD8^ T cells in the lung was significantly 

increased following infection w ith B. pertussis in vehicle control mice, and these 

populations were decreased in PTY720-treated mice (Pig 5.2B, C).
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The number of CD3^ T cells expressing CD4 and CDS was also assessed 

following stimulation of ceils w ith PMA, ionomycin and BFA for 5 h. The number 

of CD3^CD4'^ and CDS^CDS"  ̂ T cells in the lungs of vehicle control mice infected 

with B. pertussis was increased on day 7 but numbers declined thereafter (Fig 

5.2F, G). Treatm ent with FTY720 significantly reduced the number o f CD3'^CD4'^ T 

cells and CD3'^CD8'  ̂ T cells in the lung following infection with B. pertussis (Fig 

5.2F, G). Importantly, the T cell numbers in the lung was similar when the  

analysis was imm ediate (Fig 5.2A-D) or after 5 h stimulation (Fig 5.2E-H).

It has been demonstrated previously that FTY720 preferentially retains 

naive and central memory T cell populations in the lymph node over effector 

mem ory cells (Brinkmann et al., 2010; Mehling et al., 2008). Here the number of 

CD62L^ (naive), CD62L'^CD44'^ (Tc m ) and CD44^ (T em ) CD4'  ̂T  cells was significantly 

increased in vehicle control B. pertussis-\nfected mice for the duration of the  

infection (Fig 5.3A). In contrast, the number of naive CD4‘̂ CD62L'  ̂ and 

CD4'^CD62L'^CD44'^ Tcm cells in the lung was significantly lower in FTY720-treated  

mice following infection with 6. pertussis, with minimal infiltration of either cell 

type observed (Fig 5.3A). Almost 95% of all CD4'^ T cells in the lungs of FTY720- 

treated mice were 0 0 4 4 ”̂ Tem cells (Fig 5.3). The num ber of CD4'^CD44'^ Tem cells 

was reduced in FTY720-treated mice in comparison with vehicle control-treated  

B. pertussis-'mfecXed mice on days 28 and 42 post-challenge, however on day 60 

following infection this population of T cells increased significantly in FTY720- 

treated B. pertussis-infected mice (Fig 5.3A). This is in contrast w ith the vehicle 

control infected mice, where similar numbers o f CD4^CD44^ Tem cells were  

present in the lung from day 28 post-challenge (Fig 5.3).

Comparable results were obtained for CD8'  ̂T cells, where the infiltration 

of naive CD8^CD62L^ CD8^CD62L^CD44^ Tcm and CD8^CD44^ Tem cells was 

significantly increased following infection (Fig 5.3B). However, the number of 

naive CD8^CD62L'^ and CD8'^CD62L'^CD44'^ Tcm cells was significantly lower in the  

lungs of FTY720-treated B. pertuss/s-infected mice compared with vehicle 

control-treated 6. perfuss/s-infected mice (Fig 5.3B).
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The expression o f CD49d, a marker o f activated T cells, was determ ined 

on CD4'^ and CD8^ in filtra ting  T cells in the lung. The proportion  CD4‘̂ CD49d^ T 

cells was sim ilar in vehicle contro l- and FTY720-treated B. pertussis-infected mice 

(Fig 5.4A, B), but the absolute num ber o f CD4'^CD49d'^ T cells was significantly 

increased in vehicle contro l-trea ted  6. perfuss/s-infected mice (Fig 5.5A). The 

p roportion  o f CD8'^CD49d’̂  T cells in the lung fo llow ed a sim ilar trend, although 

on day 28 post-challenge, there  was a greater proportion  o f CD8'^CD49d'^ T cells 

in FTY720-treated B. pertuss/s-infected mice than in vehicle contro l-trea ted 6. 

pertuss/s-infected mice. A significant increase in the absolute num ber o f 

CD8‘̂ CD49d'^ T cells in the  lungs o f FTY720-treated B. pertuss/s-i nfected mice was 

observed on day 28 only (Fig 5.4). These findings dem onstrate tha t FTY720 

prevents in filtra tion  o f CD4'^ and CD8^ naive and Tcm cells in to the lung. Influx o f 

004"^ Tem ceils is considerably delayed w ith  FTY720 treatm en t, however FTY720 

does not affect in filtra tion  o f CD8'^ Tem cells.

To investigate the effect o f FTY720 on in filtra ting  T h l and T h l7  cells into 

the lung, cells prepared from  the  lung were stim ulated fo r 5 h w ith  PMA, 

ionomycin and BFA ex vivo and stained intracellu larly fo r IFN-y and IL-17. There 

was a considerable influx o f IFN-y"^ and IL-17^ T cells into the lung fo llow ing 

challenge w ith  B. pertussis (Fig 5.5). Treatm ent o f mice w ith  FTY720 reduced the 

numbers o f IFN-y"  ̂and IL-17^ CD4'^and CD8^T cells in the  lung (Fig 5.5).

5.2.3 FTY720 treatm ent reduces the number of I  cells in the mediastinal lymph 

nodes of B. pertuss/s-i nfected mice

The mediastinal lymph nodes were also prepared fo r flow  cytom etric analysis 

and cells were e ither stained im m ediately to  determ ine memory T cell 

populations or stim ulated fo r 5 h w ith  PMA, ionomycin and BFA to  investigate 

in tracellu lar cytokine production. The num ber o f C D 3\ CD3'^CD4'^ and CD3'^CD8'^ 

T cells was significantly increased in the lymph nodes o f mice infected w ith  6. 

pertussis (Fig 5.6) and FTY720 prevented the infection-induced increase in CDB"̂  

and CD3^CD4'^ T cells in the lymph node (Fig 5.6A, B). Analysis o f PMA, ionomycin 

and BFA stim ulated cells showed tha t the num ber o f C D 3\ CD3^CD4'^ and 

CDS^CDS"  ̂ T cells in the  lymph nodes was significantly low er in FTY720-treated
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mice post-infection with B. pertussis (Fig 5.6E-G). Stimulation of the lymph node 

cells did not affect their viability.

The number of naive CD4^CD62L^ CD4^CD62L^CD44^ Tcm and CD4^CD44^ 

Tem cells was increased in the lymph nodes of vehicle control mice on day 28 

post-challenge with B. pertussis (Fig 5.7A, B), perhaps due to infection-induced T 

cell expansion. However, FTY720 prevented the infection-induced increase in 

CD4‘̂ CD62L'  ̂ and CD4'^CD62L'^CD44^ Tcm/ which remained comparable to  

uninfected mice (Fig 5.7A, B). On day 60 post-challenge the number of 

CD4'^CD62L'^ and CD4'^CD62L'^CD44^ Tcm cells were comparable in the vehicle 

control- and FTY720-treated infected groups, although CD4'^CD44'^Tem cells were  

significantly increased in FTY720-treated 6. perft/ss/s-infected mice (Fig 5.7E-G).

The number of CD8^CD62L^ CD8^CD62L^CD44^ Tcm and CD8^CD44^ Tem 

cells was increased in the lymph nodes 28 days post-challenge with B. pertussis 

(Fig 5.8A-C), although the number of CD8‘̂ CD62L^ T cells was lower in mice 

treated with FTY720 (Fig 5.8A). The number of CD8^CD62L'^ and 

CD8'^CD62L'^CD44'^TcM cells was similar in the FTY720- and vehicle control-treated  

infected mice on day 60 post-challenge (Fig 5.8E, F), w here CD8^CD44^Tem cells 

were significantly increased in FTY720-treated B. pertt/ss/s-infected mice (Fig 

5.8G). The changes on day 60 were mirrored by an increase in the number of 

CD4^CD49d'^ and CD8'^CD49d'^ T cells in the lymph nodes of FTY720-treated B. 

pertussis-'mfected mice (Fig 5.9A, B).

To investigate changes in T h l and T h l7  cells in the mediastinal lymph 

node, cells stimulated with PMA, ionomycin and BFA w ere stained intracellularly 

for IFN-y and IL-17. The number of CD4'^IFN-y^ and CD4^IL-17^ T cells was 

increased in the lymph nodes of mice following infection with B. pertussis and 

this was decreased in FTY720-treated mice (Fig 5.10A). However, on day 60 the  

number of CD4'^IL-17^ T cells was significantly increased in FTY720-treated 6. 

pertuss/s-infected mice. No significant change was observed in CD8'  ̂T cells (Fig 

5.10B).
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5.2.4 Decreased Ag-specific response in lymph node and lung mononuclear 

cells prepared from FTY720-treated 6. pertuss/s-infected mice

On day 21 post-infection with B. pertussis, the macrophage-depleted cells from 

the lungs (Fig 5.11A) or cells from the mediastinal lymph node (Fig 5.11B) of 

vehicle control- and FTY720-treated mice were incubated with APCs (1:2 ratio), 

heat-killed B. pertussis or medium only fo r 72 h. IFN-y and IL-17 was quantified in 

the supernatants using ELISA. Re-stimulation o f lung and lymph node 

mononuclear cells from  B. pertuss/s-infected mice w ith heat killed B. pertussis 

significantly increased IFN-y and IL-17 production into the supernatant (Fig 

5.11A, B). However, the production of IFN-y was significantly lower in lung cells 

prepared from FTY720-treated B. perfuss/s-infected mice (Fig 5.11A). In addition, 

IL-17 production was significantly reduced in the lymph node cells from FTY720- 

treated B. perfuss/s-infected mice (Fig 5.11B). These data are consistent with the 

reduction o f T h l and Th l7  cells in FTY720-treated 6. perfuss/s-infected mice.

5.2.5 Decreased yS T cell and NKT cell influx into the lungs of FTY720-treated 6. 

pertuss/s-infected mice

It has been demonstrated that y6 T cells infiltrate the lung early after infection 

w ith 6. pertussis (McGuirk et al., 1998). The majority o f yS T cell in filtration into 

the lung occurred on day 7 following challenge (Fig 5.12A), and treatm ent with 

FTY720 decreased this population in the lung and lymph node (Fig 5.12, 5.13). 

FTY720 significantly lowered the yS’̂ IFN-y'  ̂ T cell population in the lung and 

lymph node (Fig 5.12, 5.13) in addition, the number of y6"'IL-17'^ T cells was 

reduced in the lungs o f FTY720-treated B. perfuss/s-infected mice, though this 

did not reach statistical significance (Fig 5.12C). On day 60 post-challenge, the 

number of IFN-y'^ and IL-17^ yS'^T cells was significantly increased in lymph nodes 

o f FTY720-treated 6. perfuss/s-infected mice (Fig 5.138, C).

Previous studies from this laboratory demonstrated that NK cells infiltrate 

the lung early in the course of infection following challenge with B. pertussis. 

Influx o f NK cells peaked on day 7 post-challenge and the number o f NK cells was 

significantly increased in the lungs o f FTY720-treated 6. perfuss/s-infected mice
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(Fig 5.14A). There was no effect of FTY720 on the number of IFN-v^ and IL-17"  ̂NK 

cells in the lung however, the number o f IFN-v^ NKT cells was significantly 

decreased in FTY720-treated 6. pertussis-infected mice on day 7 post-challenge 

(Fig 5.14B; C). Infection w ith B. pertussis did not affect NK or NKT cells in the 

lymph nodes o f vehicle control- and FTY720-treated mice (Fig 5.15). However; 

the number of IFN-v"  ̂and IL-17'^ NK cells and NKT cells was significantly increased 

on day 60 post-challenge in FTY720-treated mice (Fig 5.158, C).

Analysis o f in filtrating B cells into the lung revealed an increase in 0019”̂ 

and 6220'^ cells throughout the course o f infection w ith B. pertussis (Fig 5.16A, B) 

w ith similar numbers observed for the CD19^ and 8220"  ̂ populations. The effect 

o f infection was attenuated in FTY720-treated B. pertuss/s-infected mice (Fig 

5.16A, 8). However, the population of B220^ cells in the lymph node increased 

significantly on day 60 post-challenge (Fig 5.16C).

5.2.6 Increased inflammatory cells infiltrate into the lung of FTY720-treated 

mice during infection with B. pertussis

Having demonstrated that FTY720 modulates the number o f T cells and 8 cells in 

the lung following 6. pertussis-\nfect\on, innate immune cell in filtration into the 

lung was examined. The number of macrophages (CD3'CD19 SSC'"̂ FSĈ '®̂ ), but 

not neutrophils (CD3'CD19 SSC'"‘FSC'"'), was increased in the lung o f B. pertussis- 

infected mice on day 28 post-challenge, however, both populations were 

significantly increased in FTY720-treated mice on days 28 and 42 post-infection 

with 6. pertussis (Fig 5.17A, 8). The number o f eosinophils (CD3CD19' 

SSC '̂^^FSC'"*) was significantly increased in vehicle control mice on day 42 post­

challenge (Fig 5.17C), but the number o f eosinophils was significantly reduced in 

FTY720-treated B. pertussis-infected mice at this time point.

5.2.7 Chemokine and cytokine expression significantly reduced in lung tissue 

from FTY720-treated B. pertuss/s-infected mice

The mRNA expression of chemokines, which are chemoattractant fo r T cells, was

assessed in snap-frozen lung tissue. CCL3, CXCLIO and CCL2 mRNA were

significantly increased in the lungs o f mice 7 days post-infection w ith 6. pertussis
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(Fig 5.18A-C). However, the expression o f these chemokines did not increase in 

FTY720-treated B. perfuss/s-infected mice (Fig 5.18A-C); except fo r a small 

change in CCL3 expression on day 21 post-challenge (Fig 5.18A).

During the course o f infection w ith  B. pertussis the production o f pro- 

in flam m atory cytokines in the lung is im portan t in the contro l and clearance o f 

the  bacteria (Higgs et al., 2012). The expression o f TNFa, IL-1(3, N0S2 and IL-6 

increased significantly in the lungs o f mice 7 days post-challenge w ith  B. pertussis 

(Fig 5.19A-D) and these were significantly decreased in FTY720-treated B. 

pertussis-infected  mice (Fig 5.19A-D). A nti-in flam m atory cytokines such as IL-10 

and TGF-P, and Treg cells are also induced during the  course o f infection w ith  B. 

pertussis. The expression o f TGF(3l and IL-10 was increased in the  lung from  day 

7 post-infection w ith  6. pertussis (Fig 5.20); however, this response was delayed 

in FTY720-treated B. perfuss/s-infected mice and did not appear until day 21 

post-challenge (Fig 5.20B, C). The expression o f the M2 marker, mannose 

receptor was significantly increased in the lungs o f mice on day 21 post-infection 

w ith  B. pertussis (Fig 5.20A), but was delayed until day 42 post-challenge in 

FTY720-treated 6. pertuss/s-infected mice (Fig 5.20A).

It has previously been shown tha t FTY720 can increase the  expression o f 

the barrier-form ing TJ proteins o f endothelia l cells (Natarajan et al., 2013) and 

there fo re  expression o f claudin-5 and occludin was assessed. On day 42 post­

challenge, occludin mRNA was increased in tissue prepared FTY720-treated B. 

pertussis-infected mice (Fig 5.21A, B), but no change was observed at o ther tim e 

points.

5.2.8 FTY720 does not impair clearance of B. pertussis in immunised mice

The results so far dem onstrate tha t chronic trea tm en t w ith  FTY720 impairs the 

ability  o f mice to  clear a prim ary infection w ith  6. pertussis and this was 

associated w ith  decreased T cell in filtra tion  in to  the lung, and decreased T cell 

expansion in the lymph node. The ability o f FTY720 to  alter clearance o f infection 

in immunised mice was addressed, using tw o  licensed human pertussis vaccines; 

Pw and Pa. It has previously been dem onstrated tha t vaccination w ith  Pw is
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more effective than Pa, and is associated w ith the induction of T h l cells (Barnard 

et al., 1996; Redhead et al., 1993; Ross et al., 2013). Mice were immunised w ith 

Pw or Pa on day 0 and boosted on day 28. Treatment with FTY720 began on day 

35 and mice were infected w ith 6. pertussis on day 45. Mice were culled on day 

3, 7 and 10 post-challenge. B. pertussis colonies were not detectable in either 

Pw- or Pa-immunised, vehicle control mice on day 7 or 10 post-challenge, and 

FTY720 did not affect bacterial load, nor enhance the duration o f infection in 

mice immunised w ith Pw or Pa (Fig 5.22).

5.2.9 Immunization with Pw increases effector memory T cell infiltration into 

the lungs of B. pertussis-infected mice

Immunization did not enhance B cell infiltration into the lung on days 3 or 7 post­

challenge, however, FTY720 treatm ent significantly reduced the B cell numbers 

in the lungs o f Pa- and Pw-immunised B. perfuss/s-infected mice (Fig 5.23A, B). 

Immunization with Pw increased T cell infiltration into the lung on days 3 and 7 

post-infection with B. pertussis to  a significantly greater extent than mice 

immunised w ith Pa (Fig 5.23A, B). While FP('720 reduced the number of 

infiltrating T cells, there was still a significant T cell influx in Pw-immunised 6. 

perfuss/s-infected mice (Fig 5.23A, B). CD3'^CD4'  ̂ T cells were significantly 

increased in the lungs o f mice immunised w ith Pw and subsequently challenged 

with 6. pertussis, this was 3-fold greater than in Pa-immunised mice (Fig 5.24A, 

B). The number of CD3'^CD4'  ̂ T cells was significantly lower in the lungs of 

FTY720-treated Pw- and Pa-immunised mice, although CD4'  ̂ T cells remained 

significantly higher in Pw-immunised FTY720-treated mice compared w ith Pa- 

immunised FTY720-treated mice (Fig 5.24A, B). CD3'^CD8^T cells were also lower 

w ith FTY720 treatm ent in Pw- and Pa-immunised mice, though these numbers 

were 2-fold higher in Pw-immunised FTY720-treated mice (Fig 5.24A, B).

The mice in this experiment were immunised and received a booster 

vaccination 4 weeks later, which confers protective immunity in the host. This 

leads to  rapid clearance o f B. pertussis bacteria just days after challenge (Higgins 

et al., 2006; Ross et al., 2013) as verified here. Therefore the memory phenotype 

of the cells infiltrating the lung was assessed. Immunization w ith Pw increased
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the  num ber o f CD4'^CD44'^ Tem cells in the lung on days 3 and 7 post-challenge, to  

a significantly greater extent than mice immunised w ith  Pa (Fig 5.25A, B). The 

num ber o f CD4'^CD62L'^ and CD4'^CD62L'^CD44'^ Tcm cells in filtra ting  the lung was 

com plete ly ablated in all FTY720-treated mice (Fig 5.25A, B). FTY720 reduced the 

num ber o f CD4'^CD44* Tem cells in the lung, however, CD4'^CD44'^ Tem cells 

remained significantly increased in Pw- compared w ith  Pa-immunised, FTY720- 

treated mice fo llow ing infection (Fig 5.25A, B). Similar results were obtained fo r 

CDS"̂  T cells; im m unization w ith  Pw increased CD8'^CD44'^ Tem cell influx in to  the 

lung (Fig 5.26A, B), however, the num ber o f CD8'^CD62L'^ and CD8'^CD62L'^CD44'^ 

Tcm cells in filtra ting  the lung was significantly lower w ith  FTY720 trea tm en t (Fig 

5.26A, B). CD8^CD44'^ Tem cell in filtra tion  was unaffected by FTY720. These 

findings dem onstrate the effectiveness o f imm unization w ith  Pw over Pa in mice 

and highlight tha t trea tm en t w ith  FTY720 only impairs clearance o f a prim ary 

in fection w ith  B. pertussis, FTY720 does not prolong the duration o f infection in 

previously immunised mice. The influx o f e ffector T cells to  the lung still occurs to  

a large degree w ith  FTY720 trea tm en t, and as a result the immunised mice can 

clear B. pertussis infection as normal.
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Figure 5.1 Chronic FTY720 treatment significantly impairs clearance of 
infection with B. pertussis.
Mice were treated w ith FTY720 daily, starting from day -10 (A) or day -3 
(B). Vehicle control- and FTY720-treated mice were infected w ith 6. 
pertussis at 5 x 10® CFU/ml on day 0 and sacrificed at various time 
points after infection. CFU counts were determined on lung 
homogenate. (A) FTY720 x time post-infection interaction * * *  p < 
0.001; 2-way ANOVA. (B) FTY720 treatment effect * * *  p < 0.001, time 
post-infection effect * * *  p < 0.001; 2-way ANOVA. * p < 0.05, * * *  p < 
0.001; Bonferroni post hoc. Data represent means ±  SEM, n = 4 per time 
point.
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Figure 5.2 FTY720 treatm ent suppresses T cell infiltration into the  
lungs of B. pertussis-infected  mice.
Vehicle contro l- and FTY720-treated mice were infected w ith  B. 
pertussis and culled at various tim e points post-infection, a group o f 
naive uninfected vehicle control- and FTY720-treated mice were also 
culled on day 28 o f the experiment. Cells were isolated from  the lungs 
o f mice, e ither stained w ith  LIVE/DEAD, and surface-stained fo r CD3, 
CD4, and CDS (A-C) or stimulated w ith  PMA, ionomycin and BFA for 5 h, 
stained w ith  LIVE/DEAD, and surface-stained fo r CD3, CD4 and CDS (E- 
G). Flow cytom etric analysis was perform ed. Results are mean absolute 
numbers o f the indicated cells in the lung. (A-C)* p < 0.05, * *  p < 0.01 in 
comparison to  naive uninfected contro l; Newman-Keuls post hoc (E) 
CD3^T cells; FTY720 treatm ent x tim e  post-infection interaction * p < 
0.05; 2-way ANOVA, (F) CD3^CD4^ T cells; FTY720 treatm ent x tim e 
post-infection interaction * p < 0.05; 2-way ANOVA (G) CD3^CD8^ T 
cells; FTY720 treatm ent x tim e post-infection interaction * *  p < 0.01; 2- 
way ANOVA. (E-G) * *  p < 0.01, * * *  p < 0.001 in comparison to  relevant 
B. perfuss/s-infected vehicle control mice; Bonferroni post hoc. Sample 
FACS plots o f (D) CD3^ CD3^CD4^ and CD3^CDS^ T cells from  lung cells 
im m ediately FACS stained, or (H) a fter 5 h stim ulation, where numbers 
in quadrants are percentage o f positive cells. Data represent means ± 
SEM, n = 4 per tim e point, representative o f 2 experiments. Con, 
contro l; B.P., B. pertussis] D, Day; N, Naive.
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Figure 5.3 FTY720 reduces naTve and central m em ory T cell infiltration  
into the lungs o f B. pertuss/s-infected mice.
(A) CD4^ and (B) CD8^ T cells were surface-stained fo r CD62L^ and CD44^ 
and assessed by flow  cytom etry to  determ ine naive (CD62L^), central 
m em ory (CD62L^CD44^) and effector m em ory (CD44^) populations. 
Results are mean absolute numbers o f the indicated cells in the lung. * 
p < 0.05, * *  p < 0.01, * * *  p < 0.001 in comparison to  uninfected control; 
 ̂ p < 0.05, p < 0.01, p < 0.001, in comparison to  relevant B. 

pertussis-infected  vehicle control mice; Newman-Keuls post hoc. (C) 
Sample FACS plots o f m em ory CD4^ and CD8+ T cells in the lung where 
numbers in quadrants are percentage o f positive cells. Data represent 
means ±  SEM, n = 4 per tim e point. Con, control; B.P., B. pertussis; D, 
Day.

175



80-1

*oO)
Q
P  40

0-1
Naive D 28 D 42 D 60

B~P

B
60-1

■DO
Q
P  30- 
oo Q 
O

O-"
Naive D 28 D 42 D 60

FTY720

o
_x,

+*D

o
+

Q
O
f t OJ

1.5n

03
Q 
O 

+
oo Q 
O 
ft 0.0->

□  Control 
■  FTY720

Naive D 28 D 42 D 60
B. P.

0.5-

X I
*

h\itk
Naive D 28 D 42 D 60

D
Con

B P

FTY720

■DO)
Q
O

51.1 47.2

CD3

18.5 33.6

CD3

Figure 5.4 CD49d^T cells infiltrate the  lungs of B. pertuss/s-infected  
mice, w ith  the absolute num ber but not the frequency reduced by 
treatm ent w ith  FTY720.
(A) CD4^ and (B) CD8^ T cells were surface-stained fo r CD49d^ and 
assessed by flow  cytom etry. Results are mean percentage and absolute 
numbers o f the indicated cells in the lung, w ith  sample FACS plots o f (C) 
CD4^CD49d^ and (D) CD8^CD49d^ T cells where numbers in quadrant are 
percentage o f positive cells. * p < 0.05, * *  p < 0.01, * * *  p < 0.001 in 
comparison to  relevant uninfected contro l; p < 0.001 in comparison 
w ith  relevant infected vehicle control mice; Newman-Keuls post hoc. 
Data represent means ±  SEM, n = 4. Con, control; B.P., B. pertussis; D, 
Day.
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Figure 5.5 FTY720 treatm ent suppresses IFN-y"  ̂ and IL-17^ cell 
in filtration into the lungs of B. pertuss/s-infected mice.
CD4^ and CD8^ T cells were stimulated with PMA, ionomycin and BFA 
for 5 h, intracellularly stained for IFN-y and IL-17 and assessed by flow 
cytometry. Results are mean absolute numbers o f the indicated cells in 
the lung. (A) CD4^IFN-y^ T cells, CD4+IL-17'^ T cells; time post-infection 
effect * p < 0.05; 2-way ANOVA. (B) CD8^IFN-y^ T cells; FTY720 
treatment effect * *  p < 0.01; 2-way ANOVA, CD8^IL-17^ T cells; FTY720 
treatment effect * *  p < 0.01; 2-way ANOVA. Sample FACS plots of (C) 
CD4^IFN-y^ or IL-17^ T cells, (D) CD8^IFN-y^ or IL-17^ T cells, numbers in 
quadrant are percentage o f positive cells. Data represent means ± SEM, 
n = 4 per time point, representative of 2 experiments. Con, control; D, 
Day; N, Naive.
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Figure 5.6 FTY720 treatment reduces the number of T cells in the 
mediastinal lymph nodes of 6. pertuss/s-infected mice.
B. pertussis-infected and naive uninfected vehicle contro l- and FTY720- 
treated mice were culled on day 28 (A-D) or various tim e points (E-H) 
post-infection. Cells were isolated from  the mediastinal lymph nodes, 
e ither im m ediately stained w ith  LIVE/DEAD, and surface-stained fo r 
CD3, CD4, and CDS (A-D) or stimulated w ith  PMA, ionomycin and BFA 
fo r 5 h, stained w ith  LIVE/DEAD, and surface-stained fo r CDS, CD4 and 
CDS (E-H). Flow cytom etric analysis was perform ed. (A) CD3^ T cells; 
FTY720 trea tm ent x B. pertussis infection interaction p = 0.06, FTY720 
treatm ent effect * p < 0.05, B. pertussis infection effect * *  p < 0.01; 2- 
way ANOVA. (B) CD3^CD4^ T cells; FTY720 trea tm ent x B. pertussis 
infection interaction * p < 0.05; 2-way ANOVA. (C) CD3^CD8^ T cells; 6. 
pertussis infection effect * *  p < 0.01; 2-way ANOVA. (E) CD3^T cells; 
FTY720 trea tm ent effect * *  p < 0.01; 2-way ANOVA (F) CD3^CD4^ T cells; 
FTY720 trea tm ent effect * * *  p < o . O O l ;  2-way ANOVA, (G) CDS^CDS^ T 
cells; FTY720 treatm ent effect * * *  p < 0.001; 2-way ANOVA. Results are 
mean absolute numbers o f the indicated cells in the lymph node w ith  
sample FACS plots o f (D) CD3^ CD3^CD4^ and CD3^CD8^ T cells from  
im m ediate FACS stain, or (H) a fter 5 h stim ulation, where numbers in 
quadrants are percentage o f positive cells. (A-D) * *  p < 0.01, * * *  p < 
0.001 in comparison to  uninfected control; p < 0.01, in comparison to  
relevant infected vehicle control mice; Bonferroni post hoc. (E-H) * p < 
0.05 in comparison to  relevant B. perfuss/s-infected vehicle control 
mice; Bonferroni post hoc. Data represent means ±  SEM, n = 4 per tim e 
point. Con, control; B.P., B. pertussis; FTY, FTY720; D, Day; FSC, Forward 
scatter.
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Figure 5.7 FTY720 reduces the number of naVve and central memory 
CD4* T cells in lymph nodes of B. pertussis-infected mice on day 28 
post-infection.
6. perfuss/s-infected and naive uninfected vehicle control- and FTY720- 
treated mice were culled on day 28 (A-D) o r day 60 (E-H) post-infection. 
CD4^ T cells were surface-stained fo r CD62L^ and CD44^ and assessed by 
flow  cytom etry. Results are mean absolute numbers o f the indicated 
cells in the mediastinal lymph node, w ith  representative FACS plots. (A) 
CD4^CD62L^; FTY720 x infection interaction * p < 0.05; 2-way ANOVA. 
(B) CD4^CD62L^CD44^; FTY720 x infection interaction * p < 0.05; 2-way 
ANOVA. (C) CD4^CD44^; infection effect * p < 0.05; 2-way ANOVA. * *  p < 
0.01 in comparison to  uninfected control; p < 0.01 in comparison to 
relevant 6. perfL/ss/s-infected vehicle control mice; Bonferroni post hoc. 
(G) * p < 0.05; Student's f-test. Numbers in quadrants are percentage o f 
positive cells. Data represent means ±  SEM, n = 4 per tim e  point. Con, 
control; B.P., B. pertussis; FTY, FTY720.
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Figure 5.8 Effector m em ory CD8^ T cells unaffected by FTY720 
treatm ent in the lymph nodes of B. pertussis-infected mice.
B. perfuss/s-infected and naive uninfected vehicle control- and FTY720- 
treated mice were culled on day 28 (A-D) or day 60 (E-H) post-infection. 
CD8^ T cells were surface-stained fo r CD62L^ and CD44^ and assessed by 
flow  cytom etry. Results are mean absolute numbers o f the indicated 
cells in the mediastinal lymph node w ith  sample FACS plots. (A) 
CD8^CD62L^; FTY720 effect * p < 0.05, x infection effect * p < 0.05; 2- 
way ANOVA. (B) CD8^CD62L^CD44^; infection effect * *  p < 0.01; 2-way 
ANOVA. (C) CD8^CD44^; infection effect * p < 0.05; 2-way ANOVA. * p < 
0.05 in comparison to  uninfected contro l; Bonferroni post hoc. (G) * p < 
0.05; Student's M est. Numbers in quadrants are percentage o f positive 
cells. Data represent means ±  SEM, n = 4 per tim e point. Con, control; 
B.P., B. pertussis; FTY, FTY720.
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Figure 5.9 Number of CD49d^ T cells increased in the lymph nodes of 
FTY720-treated B. pertussis-infected mice on day 60 post-infection.
B. pertuss/s-infected vehicle control- and FTY720-treated mice were 
culled on day 60 post-infection. (A) CD4^ and (B) CD8^ T cells were 
surface-stained fo r CD49d and assessed by flow  cytom etry, w ith  sample 
FACS plots o f CD4^CD49d^ and CD8^CD49d^ T cells in the lymph node 
where numbers in quadrants are percentage o f positive cells. Results 
are mean absolute numbers o f the indicated cells in the mediastinal 
lymph node, p = 0.06,* p < 0.05; Student's f-test. Data represent means 
±  SEM, n = 4 per tim e point. Con, contro l; FTY, FTY720.
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Figure 5.10 FTY720 treatm ent suppresses IFN-y^ and IL-17^ T cell 
numbers in the lymph node of B. pertussis-mfected mice.
CD4^ and CD8^ T cells were stimulated w ith PMA, ionomycin and BFA, 
intracellularly stained for IFN-y and IL-17 and assessed by flow  
cytometry. Results are mean absolute numbers o f the indicated cells in 
the mediastinal lymph node. (A) CD4^IFN-y^ T cells; FTY720 treatment x 
tim e post-infection interaction * p < 0.05; 2-way ANOVA, CD4^IL-17^ T 
cells; FTY720 treatment x time post-infection interaction * p < 0.05; 2- 
way ANOVA. (B) CD8^IFN-y^ T cells; FTY720 treatment x time post­
infection interaction * p < 0.05; 2-way ANOVA, CD8^IL-17^ T cells. 
Sample FACS plots o f (C) CD4"IFN-y+ or IL-17" T cells, (D) CDS'IFN-y" or 
IL-17^ T cells, numbers in quadrant are percentage o f positive cells. * p 
< 0.05 in comparison to relevant B. perft/ss/s-infected vehicle control 
mice; Bonferroni post hoc. Data represent means ±  SEM, n = 4 per time 
point, representative of 2 experiments. Con, control; D, Day.
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Figure 5.11 Decreased Ag-specific response by lung T cells from  
FTY720-treated B. pertussis-infected mice.
(A) Lung m ononuclear cells from  vehicle contro l- and FTY720-treated B. 
pertussis infected mice were prepared ex vivo on day 21 post-infection, 
incubated w ith  irradiated spleen cells (APCs; 1:2 ratio), heat killed B. 
pertussis (HK B.P.) or medium only fo r 72 h. (B) Cells prepared from  the 
mediastinal lymph node were incubated w ith  APCs (1:1 ratio), HK B.P. or 
m edium only fo r 72 h. IFN-y and IL-17 was assessed in supernatant 
samples using ELISA. (A) IFN-y concentration; FTY720-treatment x Ag- 
recall interaction * *  p < 0.01; 2-way ANOVA, IL-17 concentration; 
FTY720-treatment x Ag-recall interaction p = 0.08, Ag-specific effect * * *  
p < 0.001; 2-way ANOVA. (B) IFN-y concentration; Ag-recall effect * * *  p
< 0.001; 2-way ANOVA, IL-17 concentration; FTY720-treatment x Ag- 
recall interaction * p < 0.05; 2-way ANOVA. * p < 0.05, * *  p < 0.01, * * *  
p < 0.001 in comparison w ith  relevant medium contro l; p < 0.01, p
< 0.001 in comparison w ith  relevant FTY720 trea tm en t control; 
Bonferroni post hoc. Data represent means ±  SEM, n = 4. Con, control; 
FTY, FTY720; HK B.P, heat killed B. pertussis; D, Day.
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Figure 5.12 FTY720 treatm ent suppresses T cell infiltration into the  
lungs of B. pertussis-infected  mice.
y6 T cells were stim ulated w ith  PMA, ionomycin and BFA fo r 5 h, 
intracellularly stained fo r IFN-y and IL-17 and assessed by flow  
cytom etry. Results are mean absolute numbers o f the indicated cells in 
the  lung (A) y6 T cells; FTY720 treatm ent effect * p < 0.05, tim e post­
infection effect * * *  p < 0.001; 2-way ANOVA. (B) y6^IFN-y^ T cells; 
FTY720 trea tm en t x tim e post-infection interaction * p < 0.05; 2-way 
ANOVA (C) y6"IL-17^ T cells; FTY720 trea tm en t effect p = 0.06, tim e 
post-infection * * *  p < 0.001; 2-way ANOVA. Sample FACS plots o f (D) y6 
T cells and (E) yS^IFN-y^ or IL-17^ T cells, numbers in quadrant are 
percentage o f positive cells. * *  p < 0.01 in comparison to  relevant B. 
pertuss/s-infected vehicle control mice; Bonferroni post hoc. Data 
represent means ± SEM, n = 4 per tim e  point, representative o f 2 
experiments. Con, control; D, Day; N, NaTve.
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Figure 5.13 FTY720 treatm ent suppresses yd T cell numbers in the  
lymph nodes of B. pertussis-infected  mice.
V6 T cells were stimulated w ith PMA, ionomycin and BFA, intracellularly 
stained for IFN-y and IL-17 and assessed by flow cytometry. Results are 
mean absolute numbers o f the indicated cells in the mediastinal lymph 
node. (A) y6 T cells; FTY720 treatment x time post-infection interaction
* p < 0.05; 2-way ANOVA. (B) y6^IFN-y  ̂T cells; FTY720 treatment x time
post-infection interaction **  p < 0.01; 2-way ANOVA. (C) y6^IL-17^ T 
cells; time post-infection effect * p < 0.05; 2-way ANOVA. * p < 0.05, **  
p < 0.01 in comparison to relevant 6. pertuss/s-infected vehicle control 
mice; Bonferroni post hoc. Numbers in quadrants are percentage of 
positive cells. Data represent means ± SEM, n = 4 per time point, 
representative o f 2 experiments. Con, control; D, Day.
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Figure 5.14 FTY720 treatm ent alters IFN-y^ NKT cell infiltration into  
the  lungs o f B. pertussis-infected mice.
Cells were prepared from the lung, stimulated with PMA, ionomycin 
and BFA for 5 h, stained with LIVE/DEAD, and surface-stained for CD49b 
and CDS. Cells were intracellularly stained for IFN-y and IL-17, and 
assessed by FACS. Results are mean absolute numbers o f the indicated 
cells in the lung with sample FACS plots, numbers in quadrants are 
percentage of positive cells. (A) CD49b^CD3 NK cells; FTY720 treatment 
X time post-infection interaction * *  p < 0.01; 2-way ANOVA. 
CD49b^CD3^ NKT cells; time post-infection effect * * *  p < 0.001; 2-way 
ANOVA (B) IFN-y^NK cells; time post-infection effect * * *  p < 0.001; 2- 
way ANOVA , IL-17^ NK cells; time post-infection effect * * *  p < 0.001; 2- 
way ANOVA. (C) IFN-y^ NKT cells; FTY720 treatment x time post­
infection interaction p = 0.06, time post-infection effect * *  p < 0.01; 2- 
way ANOVA, IL-17^NKT cells, time post-infection effect * * *  p < 0.001; 2- 
way ANOVA. * p < 0.05, * *  p < 0.01 in comparison to relevant 6. 
pe/'tuss/s-infected vehicle control mice; Bonferroni post hoc. Data 
represent means ± SEM, n = 4 per time point, representative o f 2 
experiments. Con, control; D, Day; N, Naive.
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Figure 5.15 FTY720 treatment suppresses IFN-y^ and IL-17^ NK and 
NKT cell populations in the mediastinal lymph nodes of B. pertussis- 
infected mice.
Cells were prepared from the mediastinal lymph node, stained with 
LIVE/DEAD, and surface-stained for CD49b and CDS. Cells were 
intracellularly stained for IFN-y and IL-17, and assessed by FACS. Results 
are mean absolute numbers of the indicated cells in the lymph node. 
(A) CD49b^CD3- NK cells. CD49b^CD3^ NKT cells; time post-infection 
effect * p < 0.05; 2-way ANOVA (B) IFN-y" NK cells; FTY720 treatm ent x 
tim e post-infection interaction * p < 0.05; 2-way ANOVA, IL-17" NK cells; 
FTY720 treatment x tim e post-infection interaction **  p < 0.01; 2-way 
ANOVA. (C) IFN-y" NKT cells; FTY720 treatment x time post-infection 
interaction * *  p < 0.01, IL-17" NKT cells; FTY720 treatment x time post­
infection interaction * *  p < 0.01; 2-way ANOVA. * p < 0.05, * *  p < 0.01, 
* * *  p < 0.001 in comparison to relevant 6. perfuss/s-infected vehicle 
control mice; Bonferroni post hoc. Numbers in quadrants are 
percentage of positive cells. Data represent means ± SEM, n = 4 per 
tim e point, representative of 2 experiments. Con, control; D, Day.
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Figure 5.16 FTY720 treatm ent suppresses B cell infiltration into the 
lungs of B. pertussis-infected mice.
Vehicle control- and FTY720-treated mice were infected w ith  6. 
pertussis and culled at various tim e points post-infection, a group o f 
naive uninfected control- and FTY720-treated mice were also culled on 
day 28. Cells were isolated from  the lungs or mediastinal lymph nodes 
o f mice, stained w ith  LIVE/DEAD, and surface-stained fo r CD19 or B220, 
flow  cytom etric analysis was perform ed. Results are mean absolute 
numbers o f the indicated cells w ith  sample FACS plots o f (A) lung CD19^ 
B cells, (B) lung B220^ B cells and (C) lymph node B220^ B cells, where 
numbers in quadrants are percentage o f positive cells. (A) * p < 0.05, * *  
p < 0.01 in comparison to  relevant uninfected control;  ̂ p < 0.05, in 
comparison to  relevant vehicle control infected mice; Newman-Keuls 
post hoc. (B) FTY720 trea tm ent effect * * *  p < 0.001; 2-way ANOVA. (C) 
FTY720 trea tm en t x tim e post-infection interaction * *  p < 0.01; 2-way 
ANOVA. (B and C) * p < 0.05 in comparison to  relevant B. pertussis- 
infected vehicle control mice; Bonferroni post hoc. Data represent 
means ± SEM, n = 4 per tim e point, representative o f 2 experiments. 
Con, control; B.P., B. pertussis; D, Day; FTY, FTY720.
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Figure 5.17 FTY720 treatment increases innate cell infiltration into the 
lungs of B. pertussis-infected mice.
(A) Macrophages were identified as CD3■CD19■SSC'"*FSC '̂®^ (B) 
Neutrophils were CD3 CD19 SSC'"*FSC"^ (C) Eosinophils were CD3 CD19' 
SSC^'shpsc'"t. Results are mean absolute numbers o f the indicated cells 
in the lung and the diagrams are sample FACS plots o f Macrophages, 
Neutrophils o r Eosinophils from  (E) day 42 or (F) day 60 post-challenge 
where numbers in quadrants are percentage o f positive cells. * p < 0.05, 
* *  p < 0.01, * * *  p < 0.001 in comparison to  relevant uninfected control; 
 ̂ p < 0.05 in comparison to  relevant infected vehicle control mice; 

Newman-Keuls post hoc. Data represent means ±  SEM, n = 4 per tim e 
point. Con, control; B.P., B. pertussis; D, Day; FTY, FTY720, Eos, 
Eosinophils; Mac, Macrophage; Neut, Neutrophil; SSC, Side Scatter; FSC, 
Forward Scatter.
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Figure 5.18 Decreased chemokine expression in the lungs of FTY720- 
treated infected mice.
RNA was extracted from  snap-frozen lung tissue and assessed fo r (A) 
CCL3, (B) CXCLIO, and (C) CCL2 expression. Values are expressed as 
relative quantities (RQ) normalized to  the endogenous contro l gene, 
18S, and relative to  the averaged naive vehicle control mice. * p < 0.05, 
* * *  p < 0.001 in comparison to  relevant naive uninfected mice; p < 
0.001, in comparison to  relevant 6. perfuss/s-infected vehicle control 
mice; Newman-Keuls post hoc. Data represent means ± SEM, n = 4 per 
tim e  point. B.P., B. pertussis; D, Day.
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Figure 5.19 Decreased cytokine expression in the lungs of FTY720- 
treated infected mice.
RNA was extracted from snap-frozen lung tissue and assessed for (A) 
TNFa, (B) IL-ip, (C) N0S2 and (D) IL-6 expression. Values are expressed 
as relative quantities (RQ) normalized to the endogenous control gene, 
18S, and relative to the averaged naive vehicle control mice. * * *  p < 
0.001 in comparison to naive uninfected mice; p < 0.001, p < 0.001 
in comparison to relevant 6. perfL/ss/s-infected vehicle control mice; 
Newman-Keuls post hoc. Data represent means ± SEM, n = 4 per time 
point. B.P., B. pertussis; D, Day.
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Figure 5.20 Delayed anti-inflammatory cytokine expression in the 
lungs of FTY720-treated infected mice.
RNA was extracted from snap-frozen lung tissue and assessed for (A) 
Mannose receptor, (B) TGPpi, and (C) IL-10 expression. Values are 
expressed as relative quantities (RQ) normalized to the endogenous 
control gene, 18S, and relative to the averaged naive vehicle control 
mice. * p < 0.05, * *  p < 0.01, * * *  p < 0.001 in comparison to relevant 
naive uninfected mice;  ̂ p < 0.05, p < 0.001 in comparison to 
relevant B. perftvss/s-infected vehicle control mice; Newman-Keuls post 
hoc. Data represent means ± SEM, n = 4 per time point. B.P., B. 
pertussis; D, Day.
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Figure 5.21 Expression o f tight junction proteins in the lungs of B. 
pertussis-infected mice.
RNA was extracted from snap-frozen lung tissue and assessed for (A) 
Claudin 5 and (B) Occludin expression. Values are expressed as relative 
quantities (RQ) normalized to the endogenous control gene, 18S, and 
relative to the averaged naive vehicle control mice. * p < 0.05 in 
comparison to relevant naive uninfected mice; Newman-Keuls post hoc. 
Data represent means ± SEM, n = 4 per tim e point. B.P., B. pertussis; D, 
Day.
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Figure 5.22 FTY720 treatm ent does not affect the protective efficacy of 
Pa or Pw in mice.
Mice were immunised w ith Pa or Pw (acellular or whole cell pertussis 
vaccine respectively) on day 0, boosted on day 28, on day 35 a group of 
mice began treatm ent w ith FTY720 (0.3 mg/kg/day). On day 45 vehicle 
control- and FTY720-treated mice were infected with B. pertussis at 5 x 
10® CFU/ml and culled on day 3, 7 and 10 post-infection, a group of 
non-immunised vehicle control mice were also infected w ith B. pertussis 
and culled. CPU counts were determined on lung homogenate. Data 
represent means ± SEM, n = 4 per time point. Con, control; Pa, acelluler 
pertussis vaccine; Pw, whole cell pertussis vaccine; FTY, FTY720.
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Figure 5.23 FTY720 trea tm ent suppresses B cell and T cell infiltration  
into the lungs of immunised B. pertuss/s-infected mice.
Mice were immunised and infected with B. pertussis as described in 
Figure 22. Cells were isolated from the lungs o f mice, stained with 
LIVE/DEAD, and surface-stained for B220 and CDS. Flow cytometric 
analysis was performed. Results are mean absolute numbers o f the 
indicated cells in the lung from day 3 (A), day 7 (B) w ith sample FACS 
plots o f (C) B220^ B cells or CD3^ T cells where numbers in quadrants are 
percentage o f positive cells. * p < 0.05, **  p < 0.01, * * *  p < 0.001 Pa- in 
comparison to Pw-immunised mice;  ̂ p < 0.05, p < 0.01, p < 0.001 
FTY720 treatment in comparison to relevant vehicle control mice; " p < 
0.05, p < 0.01, ****” p < 0.001 immunised mice in comparison w ith non­
immunised control; Newman-Keuls post hoc. Data represent means ± 
SEM, n = 4 per time point. Con, control; Pa, acelluler pertussis vaccine; 
Pw, whole cell pertussis vaccine; N.I., Non-immunised mice.
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Figure 5.24 Immunization with Pw increases recruitment of CD4^ T 
cells into the lung following B. pertussis infection, and this is 
suppressed by FTY720.
Mice were immunised and infected with B. pertussis as described in 
Figure 22. CD3^ T cells were surface-stained w ith CD4 or CDS and 
assessed by flow  cytometry. Results are mean absolute numbers of the 
indicated cells in the lung from day 3 (A), day 7 (B) with sample FACS 
plots of (C) CD3^CD4^T cells or CD3^CD8  ̂T cells where numbers in 
quadrants are percentage of positive cells. * * *  p < 0.001 Pa- in 
comparison to Pw-immunised mice;  ̂ p < 0.05, p < 0.01, p < 0.001 
FTY720 treatment in comparison to relevant vehicle control mice; ** p < 
0.05, p < 0.01, ****** p < 0.001 immunised mice in comparison with non­
immunised control; Newman-Keuls post hoc. Data represent means ± 
SEM, n = 4 per time point. Con, control; Pa, acelluler pertussis vaccine; 
Pw, whole cell pertussis vaccine; N.I., Non-immunised mice.
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Figure 5.25 Im m unization w ith  Pw increases effector m em ory T cell 
in filtration into the lungs of B. pertuss/s-infected mice.
Mice were immunised and infected w ith 6. pertussis as described in 
Figure 22. CD3^CD4^T cells were surface-stained w ith CD62L and CD44 
and assessed by flow  cytometry. Results are mean absolute numbers of 
the indicated cells in the lung from day 3 (A), day 7 (B) and w ith sample 
FACS plots (C) where numbers in quadrants are percentage of positive 
cells. * * *  p < 0.001 Pa- in comparison to Pw-immunised mice;  ̂ p < 
0.05, p < 0.01, p < 0.001 FTY720 treatment in comparison to 
relevant vehicle control mice; p < 0.01, ****** p < 0.001 immunised mice 
in comparison with non-immunised control; Newman-Keuls post hoc. 
Data represent means ± SEM, n = 4 per time point. Con, control; Pa, 
acelluler pertussis vaccine; Pw, whole cell pertussis vaccine; N.I., Non­
immunised mice.
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Figure 5.26 FTY720 treatm ent suppresses naive and central m em ory  
CDS^T cell in filtration into the lungs of B. pertuss/s-infected mice.
Mice were immunised and infected w ith  B. pertussis as described in 
Figure 22. CD3^CD8^T cells were surface-stained w ith  CD62L and CD44 
and assessed by flow  cytom etry. Results are mean absolute numbers o f 
the  indicated cells in the lung from  day 3 (A), day 7 (B) w ith  sample FACS 
plots (C) where numbers in quadrants are percentage o f positive cells. 
* * *  p < 0.001 Pa- in comparison to  Pw-immunised mice; p < 0.01, 
p < 0.001 FTY720 trea tm ent in comparison to  relevant vehicle control 
mice; **** p < 0.01, ****** p < 0.001 immunised mice in comparison w ith  non­
immunised control; Newman-Keuls post hoc. Data represent means ± 
SEM, n = 4 per tim e point. Con, control; Pa, acelluler pertussis vaccine; 
Pw, whole cell pertussis vaccine; N.I., Non-imm unised mice.
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5.3 Discussion

FTY720 is a recently approved therapy fo r MS, and successfully reduces the 

relapse rate, MRI endpoints and risk o f d isability progression in patients w ith  

re lapse-rem itting MS. However, results from  clinical tria ls have shown tha t lower 

respiratory trac t infections are almost tw ice as frequent in FTY720-treated 

patients when compared w ith  patients taking the placebo (Cohen et a!., 2010; 

Kappos et a!., 2006; Kappos et al., 2010). The present study set ou t to  investigate 

the  effect o f FTY720 on the  clearance o f a respiratory infection w ith  the Gram- 

negative bacteria B. pertussis, and to  establish w hether in filtra tion  o f immune 

cells, especially T cells, to  the  lung was altered w ith  chronic FTY720 treatm ent. 

The data dem onstrate tha t FTY720 impaired the ability  o f mice to  clear a primary 

in fection w ith  B. pertussis and this significant delay in bacterial clearance 

persisted long a fte r vehicle contro l mice resolved the infection. There was a 

significant reduction in in filtra tion  o f T cells and B cells in to  the lungs o f FTY720- 

treated B. pertussis-infected  mice. Im portan tly  th is reduction reflected a 

decrease in the num ber o f both memory and Ag-specific T cells. Mice immunised 

w ith  Pa or Pw rapidly cleared 6. pertussis fo llow ing  aerosol challenge. In the case 

o f Pw, this was associated w ith  influx o f CD4'^CD44'^ Tem cells in in to the lung. 

Im portantly, FTY720 trea tm en t in immunised mice did not affect the ir ability  to  

clear infection w ith  6. pertussis.

FTY720 obtained FDA approval in 2010 a fte r numerous clinical tria ls 

(Cohen et a!., 2010; Kappos et al., 2006; Kappos et al., 2010). The 

im m unom odula tory drug had improved efficacy in MS patients in comparison to  

IFN-pia, an established firs t line therapy, as assessed by MRI measures and 

relapse rate (Cohen et al., 2010). The evidence fo r a continued effect o f FTY720 is 

up to  4 years trea tm ent, and the  average age o f participants at the beginning o f 

the study was 35-38 years old (Kappos et al., 2015). It has not been established 

w he ther FTY720 is as effective in older participants or the elderly. Reported 

adverse events w ith  FTY720 include transient bradycardia and macular oedema 

(in <1% o f patients). This is thought to  be caused predom inantly through the 

action o f FTY720 at S lP i receptors, which are expressed on a variety o f cell 

types, including those o f the heart, brain and endothelium  (Brinkmann et al.,
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2010). The increased incidence of respiratory infections with FTY720 treatm ent 

was associated with an increase in bronchitis and pneumonia (Cohen et al., 2010; 

Kappos et al., 2010), which are predominantly caused by viral or bacterial 

infections respectively (Knutson and Braun, 2002; Mandell et al., 2007).

The present study demonstrates that chronic treatm ent with FTY720 

impairs the clearance of the respiratory pathogen B. pertussis. This is consistent 

with previous reports that demonstrate FTY720 impairs the clearance of 

infections with the gut pathogen Citrobacter rodentium  (M urphy et al., 2012) or 

with the helmith parasite Nippostrongylus brasiliensis (Thawer et al., 2014). In 

addition to an impaired bacterial clearance in FTY720-treated mice, the number 

of lung infiltrating T cells and B cells was considerably reduced throughout the  

period after infection. It has been proposed that FTY720 mediates its effects on T 

cells by inducing retention in the lymph node through functional antagonism of 

the SIP receptor, thus trapping the T cells (Matloubian et al., 2004). However, as 

Tem cells lack CCR7, they do not require S IP  signalling for lymph node egress, and 

are spared from the effects of FTY720 (Brinkmann et al., 2010; Mehling et al., 

2008). As a result, effector T cells should, in theory, expand as normal in 

response to  infection. It has been suggested that the pathogenic T cells in MS are 

Tcm cells, therefore selective retention of these in the lymphoid organs would 

prove an ideal therapy for this disease (Brinkmann et al., 2010). In the present 

study, the numbers of naive and Tcm cells in the lung w ere significantly increased 

following infection with B. pertussis. In contrast, influx of both populations into 

the lung was lower in FTY720-treated infected mice. Tem cells made up more than 

90% of the €04"^ T cells in the lung of FTY720-treated B. pertuss/s-infected mice; 

although it was weeks before these mice had a number of Tem cells in the lung 

that was comparable to that of vehicle control-treated infected mice. This 

reduced effector memory response is in agreement with previous reports on the 

effects of the parasite Nippostrongylus brasiliensis (Thawer et al., 2014), 

however, this is the first study to demonstrate the phenomenon during FTY720- 

treatm ent in a bacterial respiratory infection.

Following initial treatm ent with FTY720, the number of T cells in the

blood rapidly decreases which concurs with the previously-reported transient
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increase in the number of T cells in the lymph nodes and spleen (Chiba et al., 

1998; Morris et al., 2005). However, with prolonged use, the total number of 

lymphocytes in the body was significantly reduced (Morris et al., 2005). It has 

been suggested that this could, in part, be due to the inhibition of T cell egress 

from the thymus (Matloubian et al., 2004; Morris et al., 2005; Rosen et al., 2003; 

Yagi et al., 2000). In addition, naive T cells require regular cell contact with DCs 

for survival, an interaction which likely occurs on T cell entry into the lymphoid 

organ (Feuillet et al., 2005; Marrack and Kappler, 2004; Sprent et al., 2008). As 

FTY720 induces T cell retention in the lymph node and prevents their circulation, 

this limits potential T cell: DC interaction and cell viability. In this study, the 

number of CD4'  ̂ and CD8'  ̂ naive and Tcm cells was reduced by 60-69% in the 

mediastinal lymph nodes of uninfected mice after treatm ent with FTY720. The 

data revealed that the number of T cells in the lymph nodes increased 

significantly after infection with 6. pertussis, perhaps due to T cell expansion in 

response to the respiratory pathogen. However, FTY720 prevented the  

expansion of T cells in the lymph node following infection with B. pertussis. In 

particular, the CD4^ naive and Tcm populations were unchanged in the lymph 

nodes of FTY720-treated mice on day 28 post-challenge which mirrored the  

decreased number of these cells in the lungs of FTY720-treated mice following 

infection with 6. pertussis. In line with this, the B. pertussis Ag-specific response 

of T cells in both the mediastinal lymph node and the lung was reduced following 

FTY720 treatm ent, though FTY720 does not affect T cell proliferation in vitro 

(Brinkmann et al., 2001; Mehling et al., 2008; Xie et al., 2003). Together, this 

suggests that preventing the circulation of naive T cells affects adequate T cell 

expansion in the lymph nodes resulting in a suppressed Ag-specific immune 

response, perhaps as a direct result of limiting the number of naive T cells and 

therefore, the T cell repertoire, available for activation during immune challenge.

The results of this study are consistent with a previous study in an Ag- 

challenged mouse model (Xie et al., 2003), where FTY720-treated mice had a 

reduced Ag-specific T cell response. It has been suggested that lymphocytes 

treated with PT are resistant to the effects of FTY720 (Brinkmann et al., 2000), 

although PT is a toxin secreted by B. pertussis, its production was not sufficient
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to  overcome the immunosuppressive effects of FTY720 in B. perfuss/s-infected 

mice. It is important to note that DCs generated in the presence o f FTY720 have 

an impaired ability to stimulate T cells, v\/ith a shift in cytokine production from 

IL-12 to IL-10 resulting in decreased IFN-y-producing T cells (Muller et al., 2005). 

While this effect has not been demonstrated in vivo, it has been observed that 

FTY720 can impair DC migration in vitro and in vivo (Czeloth et al., 2005), 

providing an alternative explanation for the delayed T cell expansion in FTY720- 

treated B. perfuss/s-infected mice.

In the present study, there was an increase in the number o f Tem cells in 

the mediastinal lymph node of FTY720-treated infected mice 60 days after 

challenge. This w/as mirrored by an increase in Tem cells in the lungs o f FTY720- 

treated mice on day 60 post-challenge which, at this time point only, was 

comparable to vehicle control-treated B. pertussis-infected mice. It appears that 

60 days after initial challenge, FTY720-treated mice are finally in the process of 

establishing an immune response through the expansion o f effector memory 

cells in the draining lymph node and subsequent migration to  the lung. This 

suggests that the immunosuppressive effect o f FTY720 can eventually be 

overcome by the host, though the mice still had a considerable bacterial burden 

at this time point. Interestingly, CD3"̂  T cells typically infiltrate the lungs of 

untreated mice from day 7 post-challenge (McGuirk et al., 1998), w ith clearance 

o f B. pertussis on day 42 post-infection (Dunne et al., 2010; Ross et al., 2013). 

While it has previously been demonstrated that FTY720 can impair the clearance 

o f a mucosal infection due to suppression o f the immune response (Murphy et 

al., 2012), changes were examined up to 14 days post-challenge and did not 

investigate whether FTY720 was associated w ith chronic infection in the weeks 

afterwards when vehicle control mice were infection-free. However, a recent 

study by Thawer and colleagues using Nippostrongyius brasiliensis infection 

(Thawer et al., 2014) suggested that FTY720 had no effect on re-infection o f mice 

though, critically, the mice were given an anti-helm inthic drug to  clear the 

primary infection. Additionally, vaccinated mice treated w ith FTY720 during 

infectious challenge only, were as protected from  BCG mycobacterial infection as 

vehicle control vaccinated mice (Connor et al., 2010).
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Immunization o f mice facilitates rapid clearance o f infection w ith B. 

pertussis, which is mediated by protective immunity induced by T cells, yet the 

full mechanism is still unclear. Immunization w ith Pw induced T h l and Th l7  

responses in mice, whereas immunization with Pa induced Th l7  cells, but 

predominantly Th2 responses w ith clearance of infection mediated largely via 

humoral immunity (Barnard et al., 1996; Higgins et al., 2006; Mills et al., 1993; 

Redhead et al., 1993; Ross et al., 2013). These studies also demonstrated that 

Pw- is more effective than Pa-immunization, by inducing quicker clearance of 

infection w ith B. pertussis.

Immunization against 6. pertussis began in the 1940s using Pw, but due 

to  the side effects caused by this vaccine it was replaced by Pa in the late 1990s. 

However, a recent study has demonstrated that the immunity induced by Pa is 

short lived; protection wanes in children just 5 years after the last vaccine dose 

(Klein et al., 2012). The significant finding from the present experiments is that 

Pw induces a significant influx of CD4* Tem cells into the lung following challenge 

w ith B. pertussis, which is several-fold higher than that observed in Pa- 

immunised mice. The generation o f this large pool o f effector CD4'  ̂T cells may be 

one mechanism for the increased effectiveness o f Pw- over Pa-immunization. 

Importantly, chronic treatment w ith FTY720, which began after immunization 

but before bacterial challenge, did not impair the ability of mice to clear infection 

w ith B. pertussis. Bacterial clearance was still associated with a marked increase 

in CD4'  ̂ Tem cell in filtration into the lung of Pw- compared with Pa-immunised 

mice. It appears that FTY720 treatment considerably impairs the development of 

an Ag-specific immune response during primary infection, however, once this 

effector memory population is established (either by primary challenge or as in 

this study, immunization) efficient clearance o f the pathogen occurs.

An effective T h l response is required for clearance o f B. pertussis.

Furthermore, IFN-y from NK cells and y6 T cells also contribute to protection.

Studies in murine models reveal y6 T cells, which are a source o f IFN-y, are

recruited to the lung early in infection (McGuirk et al., 1998). In addition, y6 TCR'

mice infected with B. pertussis have increased lung pathology in comparison to

wild-type controls (Zachariadis et al., 2006). IFN-y-secreting T h l cells are induced
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following infection with B. pertussis (Dunne et al., 2010; Mills et al., 1993; Ross et 

al., 2013), and IFN-y'^' mice and IFN-yR'^' mice had reduced pathogen clearance, 

w ith many IFN-yR'^’ mice succumbing to lethal infection (Barbie et al., 1997; 

Mahon et al., 1997). Macrophages are also crucial in the resolution o f B. 

pertussis infection (Carbonetti et al., 2007) and, activation o f macrophages by 

IFN-y is important for NO production and subsequent killing of B. pertussis 

(Mahon and Mills, 1999). The impaired T cell response in FTY720-treated mice 

can reduce IFN-y production by Th cells, constraining protective immunity 

through activation of bacterial killing by macrophages in the lung; this is 

reflected by the prolonged respiratory infection observed in FTY720-treated 

mice. This hypothesis is supported by the decreased expression o f N0S2 and pro- 

inflammatory cytokines in the lungs o f FTY720-treated B. pertussis infected mice.

Along w ith IFN-y'^ T cells, IL-17 secreting Th l7  cells are induced in mice 

infected with B. pertussis (Dunne et al., 2010; Ross et al., 2013). Furthermore, IL- 

17A'^' mice have significantly impaired bacterial clearance (Ross et al., 2013), 

which was associated w ith decreased neutrophil recruitment to the lung. 

Although it is established that IL-17 can function in neutrophil recruitment (Laan 

et al., 1999; McKinley et al., 2008; Miyamoto et al., 2003) it also has a role in 

activating macrophages to kill B. pertussis (Higgins et al., 2006). This is consistent 

w ith the observation that depletion o f neutrophils does not affect bacterial load 

post-infection w ith B. pertussis (Andreasen and Carbonetti, 2009; Harvill et al., 

1999).

While the effect o f FTY720 on T cells is profound, this drug has also been

shown to affect B cell circulation (Morris et al., 2005) and migration o f marginal

zone B cells to  the follicles (Cinamon et al., 2004). In addition, FTY720 prevents

the production o f high-affinity, class-switched antibodies due to inhibition of

germinal centre formation in the lymph node (Han et al., 2004). In the present

study, the absolute number of B cells in the lung o f B. pertuss/s-infected mice

was significantly reduced with FTY720 treatment. This was mirrored by a

significant decrease in B cells in the lymph node in FTY720-treated B. pertussis-

infected mice. It is possible that the enhanced duration of infection in FTY720-

treated mice is, in part, due to the reduction in B cell number and in class-
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switched antibodies in the lung. This is consistent w ith previous reports which 

document a requirement for B cells in the resolution o f infection w ith B. pertussis 

(Hendrikx et al., 2011; Leef et al., 2000; Mahon et al., 1997).

FTY720 (and SIP) can promote vascular endothelial barrier integrity 

(Finney et al., 2011; Peng et al., 2004; Sanchez et al., 2003), by enhancing the 

distribution o f the TJ proteins of endothelial cells (Brinkmann et al., 2004; Lee et 

al., 2006; Peng et al., 2004). In MS, restricting T cell entry is thought to be the 

major mechanism for the therapeutic benefits o f FTY720 (Miron et al., 2008). The 

enhanced effect o f FTY720 on TJ proteins has also been demonstrated in a model 

o f experimental autoimmune uveoretinitis, where it promotes the integrity of 

the blood-ocular barrier (Copland et al., 2012) and it promotes vascular integrity 

in a model o f cerebral malaria (Finney et al., 2011). However, FTY720 had little 

effect on the expression o f the TJ proteins claudin-5 and occludin, both of which 

are expressed throughout the lung endothelium (Morita et al., 1999; Saitou et 

al., 1997). Together these findings suggest the reduced T cell number in the lung 

may be due to the effect of FTY720 on the initial expansion o f Ag-specific, 

effector T cells in the draining lymph nodes and trafficking o f these cells out of 

the lymph node to the lung, as opposed to an inability o f the cells to  cross the 

endothelial barriers and enter the lung.

In conclusion, treatm ent o f mice w ith FTY720 reduced the ir ability to 

clear a primary infection w ith 6. pertussis, w ith an increase in the bacterial load 

especially from 42 to 60 days post-challenge. The number o f lung-infiltrating T 

cells and B cells was suppressed in FTY720-treated 6. pertuss/s-infected mice, 

and reflected a decreased Ag-specific response in both the lungs and mediastinal 

lymph node. These findings may explain the increased rate o f respiratory tract 

infections observed in patients with autoimmune disease during treatm ent with 

certain immunomodulatory drugs, and highlight the importance of both 

vaccination and early detection o f infection in patients taking FTY720.
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Chapter 6

FTY720 treatment during infection with 

B. pertussis attenuates the infection- 

induced increase in AD-pathology in

APP/PSl mice
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6.1 Introduction

Neuroinf lammation is a comm on  feature  of  neurodegenera t ive  diseases, 

including AD (Akiyama et al., 2000). Numerous s tudies  have dem ons t ra ted  tha t  

pro-inf lammatory signalling is enhanced  in AD; the  mRNA or protein expression 

of  IL-ip, IL-6 and IL-18 is increased in the  brain (Griffin e t  al., 1989; Ojala e t  al., 

2009; Wood et  al., 1993), circulation or CSF of AD patients along with TNFa and 

IL-12p40 (Akiyama et al., 2000; Brosseron et  al., 2014; Vom Berg et  al., 2012). 

Indeed,  inflammation has been implicated in t h e  progression of AD at least in 

t e rm s  of  A3 accumulat ion, as pro- inf lammatory cytokines can enhance  the  

expression and activity of 3-secretases  and y-secretases  (Liao et  al., 2004; Sastre 

e t  al., 2008) and inhibit phagocytosis of AP (Koenigsknecht-Talboo and Landreth, 

2005; Pan et a!., 2011). TNFa and IL-13 decreases  t h e  expression of BBB TJ 

proteins in vitro (Kebir e t  al., 2007; Minagar and Alexander, 2003), as does A3 

(Carrano et al., 2011; Marco and Skaper, 2006; Tai e t  al., 2010), and it has been  

repor ted  t ha t  AD pat ients  have increased BBB permeabi lity (Farrall and Wardlaw,  

2009), with decreased expression of claudin-5, occludin and ZO-1 TJ proteins  in 

A3-associated vessels (Carrano et al., 2011). A leaky BBB facilitates infiltration of 

peripheral immune  cells, including T cells and macrophages,  into the  brain. A 

num ber  of  studies have d ocum en ted  T cells in t he  brains of AD patients (Hartwig, 

1995; McGeer e t  al., 1989; Parachikova et al., 2007; Pirttila et  a!., 1992; Rogers et 

al., 1988; Togo et al., 2002; Town et al., 2005), along with macrophages,  whose  

infiltration was at sites of  disrupted TJs in vascular endothel ial  cells (Fiala e t  al., 

2002). Consistent  with the  infiltration of  T cells, microglia in the  AD brain express  

MHC class II and CD40 (McGeer e t  al., 1989; McGeer  e t  al., 1987; Per lmutter  et  

al., 1992; Togo e t  al., 2000), indicating enhanced  APC function.

Infection has also been implicated as a risk factor  for the  deve lopm ent  of 

AD. It has been dem ons t ra ted  th a t  infection is associated with cognitive decline 

in AD pat ients  (Holmes et al., 2009; Holmes et  al., 2003). A recent  study found 

th a t  viral or bacterial infectious burden (for CMV, HSV-1, B. burgdorferi, C. 

pneum onia  or H. pylori) was associated with AD, indeed more AD pat ients  were  

positive for 4 or  5 pa thogens  than  aged-m atched  controls (Bu et al., 2014). C.
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pneumonia and HSV-1 have been detected in the post-mortem AD brain (Honjo 

et al., 2009), where infectious burden with C. pneumonia was higher in carriers 

of the AP0E4 allele (Gerard et al., 2005) and HSV-1 is also a risk factor for 

developm ent of AD in AP0E4 carriers (Honjo et al., 2009). Infection with other 

pathogens including spirochetes (Maheshwari and Esiick, 2014), CMV (Barnes et 

al., 2014) and H. pylori (Roubaud-Baudron et al., 2012) have also been implicated 

with AD progression and are often associated with reduced MMSE scores. As 

demonstrated in Chapter 4, infection of older APP/PSl mice with a common 

respiratory pathogen induces T cell infiltration, microglial activation and 

ultim ately results in enhanced AP accumulation in the brain. Therefore, 

preventing T cell infiltration into the brain during the period of infection could 

prove an ideal therapy for the prevention of infection-induced amyloid 

deposition.

FTY720 is a derivative of the fungus Isaria sinclairii and has 

immunosuppressant effects (Adachi et al., 1995; Suzuki et al., 1996). FTY720 is 

structurally similar to SIP and acts as a "functional antagonist" of the S lP i 

receptor, resulting in receptor internalization which prevents S lP i from  

responding to  SIP, which traps T cells in lymphoid organs (Brinkmann et al., 

2010), and reduces T cell num ber in the circulation (Morris et al., 2005). FTY720 

treatm ent reduced symptoms of disease in EAE (Brinkmann et al., 2002; Foster et 

al., 2007) and in MS patients (Kappos et al., 2006; Kappos et al., 2010), which is 

believed to  be a direct result of reduced T cell infiltration into the brain 

(Brinkmann et al., 2010), though effects of FTY720 on astrocyte activation have 

also been reported (Choi et al., 2011). FTY720 has also proved beneficial in 

animal models of AD where treatm ent reversed behavioural deficits associated 

with injection of A(3 (Asle-Rousta e t al., 2013; Fukumoto et al., 2014; Hemmati et 

al., 2013), however, the effect of long-term FTY720 treatm ent in transgenic AD 

models has not yet been examined.

W hile the results in Chapter 5 demonstrated that FTY720 enhanced the

duration of infection with B. pertussis, this was associated with significantly

reduced T cell influx into the lung with reduced lung inflammation. Therefore,

FTY720 was used as a chronic treatm ent in APP/PSl mice in an effort to reduce T
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cell infi l tration t o  t h e  brain dur ing infect ion and t h e r e b y  r e d u c e  t h e  T cell- 

a s soc ia te d  in f l am m ato ry  r e s p o n s e  t h a t  m ay  lead t o  e n h a n c e d  A(3 b u rd e n  in t h e  

brain.
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Study aims

The aims of this study were:

1) To establish w hether FTY720 is neuroprotective in APP/PSl mice.

2) To determ ine w hether FTY720 can reduce T cell infiltration into the 

APP/PSl mouse brain during infection with B. pertussis.

3) To investigate w hether FTY720 can attenuate any infection-induced 

changes in AD-like pathology.
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6.2 Results

6.2.1 Chronic treatm ent with FTY720 during infection with B. pertussis 

significantly reduces infection-induced neuroinflammation

C57BL/6 mice were infected w ith  B. pertussis by aerosol challenge. One group 

was given FTY720 (0.3 mg/kg) daily fo r the duration o f the experim ent. 

T reatm ent began 10 days before mice were infected w ith  B. pertussis. Vehicle 

contro l- and FTY720-treated mice were culled at 3 h, 7, 21, 28, 42 and 60 days 

post-challenge. The expression o f pro- and anti-in flam m atory markers was 

assessed using RNA extracted from  snap-frozen cortical tissue. The expression o f 

TCRbJ, IL-17a, TNFa and CD40 all increased significantly in the brain a fter 

infection w ith  B. pertussis (Fig 6.1). The expression o f TCRbJ did not increase w ith  

infection in mice treated w ith  FTY720, while  the  expression o f IL-17a, TNFa and 

CD40 were significantly decreased in the brains o f FTY720-treated B. pertussis- 

infected  mice in comparison w ith  vehicle contro l-treated infected mice (Fig 6.1). 

The expression o f IL-4 increased significantly in the  cortex o f B. perfuss/s-infected 

FTY720-treated mice on day 21 post-challenge (Fig 6.2A). The expression o f IL-10 

and arginase-1 increased w ith  FTY720 trea tm en t in infected mice, however, this 

did not reach statistical significance (Fig 6.2B, C).

6.2.2 Infection of APP/PSl mice with B. pertussis

Older (9-10 months) WT and APP/PSl mice were infected w ith  B. pertussis by 

aerosol challenge w ith  live bacteria. A group o f WT and APP/PSl mice were given 

FTY720 (0.3 mg/kg) daily fo r the duration o f the experim ent, trea tm en t began 3 

days before infection w ith  B. pertussis. Evidence o f successful infection was 

provided by perform ing CFU counts on lung homogenates removed from  a group 

o f mice at 3 h a fte r challenge, the mean CFU counts were logio 4.4 (Fig 6.3), 

which is consistent w ith  results described in Chapter 4 and 5 and is in agreement 

w ith  studies from  this laboratory (Dunne et al., 2010; Ross et al., 2013). Vehicle 

contro l- and FTY720-treated mice were free from  infection by day 70 post­

challenge (Fig 6.3).
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A group of vehicle control WT and APP/PSl mice infected with B. 

pertussis were culled on day 35 post-challenge to determine whether there was 

any genotype effect in the ir ability to  resolve infection with B. pertussis. The 

splenocytes of WT and APP/PSl mice were isolated and incubated w ith medium 

only, heat killed B. pertussis, or stimulated w ith aCD3/PMA for 72 h to  

investigate the Ag-specific T cell response (Fig 6.4). IFN-y and IL-17 was 

quantified in the supernatants using ELISA. Re-stimulation o f splenocytes from B. 

pertussis infected mice w ith heat killed 6. pertussis induced significant IFN-y and 

IL-17 production (Fig 6.4), as did aCD3/PMA. Importantly there was no genotype 

effect to  the Ag-specific responses in the spleens o f APP/PSl mice.

6.2.3 Respiratory infection induces T cell infiltration into the brains of APP/PSl 

mice

FTY720- and vehicle control-treated, infected WT and APP/PSl mice, along w ith 

non-infected controls, were culled 70 days post-infection and brain tissue was 

prepared for flow cytometry to assess infiltration o f immune cells. Mice were 

culled on day 70 post-challenge, rather than day 56 as in Chapter 4, due to the 

results from Chapter 5 which demonstrated that chronic treatm ent w ith FTY720 

enhanced the duration o f infection in mice. The proportion of CD3^CD4'^ T cells 

was decreased in the brains o f FTY720-treated mice (Fig 6.5A). In addition, the 

percentage, as opposed to the absolute number, o f CD3^CD4'^ and CD3"^CD8  ̂ T 

cells was increased in mice infected w ith B. pertussis, especially vehicle control- 

treated APP/PSl mice (Fig 6.5A, B). Intracellular cytokine staining revealed that 

many o f the CD4^T cells in the brain were IFN-y"  ̂ (Fig 6.6A). Consistent w ith the 

results described in Chapter 4, there was a significant increase in IL-17"  ̂and IFN- 

y' ÎL-17'  ̂ CD4'  ̂T cells in B. pertuss/s-infected APP/PSl mice (Fig 6.6B, C). CD8'  ̂ T 

cells revealed similar changes, w ith an infection-induced increase in the 

proportion of IL-17'^ and IFN-y'^IL-17‘̂  CD8^ T cells in the brain (Fig 6.7B, C). To 

determine the extent o f T cell infiltration into the brain parenchyma, cryostat 

sections were prepared and stained with CD3 before assessment by confocal 

microscopy. CD3^ T cells were found in the hippocampus of most mice, however 

there was a significant increase in the numbers o f T cells which had infiltrated
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in to the hippocampus parenchyma of APP/PSl vehicle control, infected and non­

infected mice (Fig 6.8). Interestingly, a proportion o f the T cells in APP/PSl mice 

were found in close apposition to other brain cells (Fig 6.9). FTY720 significantly 

reduced the number o f T cells in the hippocampus of both WT and APP/PSl 

mice, even after infection w ith 6. pertussis. While the FACS data demonstrated 

an FTY720-induced reduction in the proportion o f €04"^ T cells in the brain, 

immunohistochemical analysis indicated that FTY720 prevented T infiltration into 

the brain parenchyma (Fig 6.8). Importantly, many o f the T cells in WT or FTY720- 

treated mice were localised w ithin ventricles or blood vessels (Fig 6.8A).

The expression of chemokines was assessed using RNA extracted from 

snap-frozen cortical tissue. Expression o f CCL2 and CXCLl was significantly 

increased in the brain following infection w ith B. pertussis (Fig 6.10A, D). CCL3 

and CXCLIO were significantly increased in all APP/PSl mice (Fig 6.10B, E) and 

CCL5 expression was also increased in APP/PSl mice, however, this was the only 

chemokine reduced after treatm ent w ith FTY720 (Fig 6.IOC).

6.2.4 FTY720 promotes BBB integrity in APP/PSl mice

It has previously been suggested that FTY720 can increase the expression o f TJ 

proteins of endothelial cells (Natarajan et al., 2013), therefore the leakage of 

fibrinogen into the hippocampus was assessed as a measure o f BBB permeability. 

Fibrinogen immunoreactivity was found in the ventricles of mice, however, 

greater fibrinogen leakage from the ventricle into the hippocampus was 

observed in vehicle control, infected and non-infected APP/PSl mice (Fig 6.11A). 

The dentate gyrus o f the hippocampus also revealed similar changes (Fig 6.11B), 

which were quantified (Fig 6.11C). The fibrinogen leakage into the dentate gyrus 

was increased in vehicle control APP/PSl mice and was significantly greater in 

APP/PSl mice previously infected w ith B. pertussis, however, treatm ent with 

FTY720 significantly attenuated the extravasation o f this plasma protein into the 

brain (Fig 6.11C). In addition, the expression of the TJ protein, occludin, was 

significantly increased in the cortex o f non-infected mice after treatm ent with 

FTY720(Fig 6.11D).
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6.2.5 FTY720 reduces neuroinflammation in B. pe/ti/ss/s-infected APP/PSl mice

Having demonstrated that FTY720 improves the integrity of the BBB, and reduces 

infiltration o f T cells into the hippocampus, the effect of FTY720 on markers of 

neuroinflammation was assessed. Consistent with the results demonstrated in 

Chapter 4, older APP/PSl mice had increased GFAP expression, indicating 

astrocyte activation, along w ith increased IL-6 , CD58 and CD8 6  mRNA (Fig 6.12). 

In addition, CD6 8  and CD8 6  mRNA was increased further in vehicle control 

APP/PSl mice that were previously infected with B. pertussis (Fig 6.12C, D). The 

effect o f infection on the levels o f mRNA expression was not as robust as 

observed in Chapter 4, likely due to  the later time point of analysis at day 70 

post-challenge for this study as opposed to day 56 in Chapter 4. However, 

FTY720 significantly reduced the expression of GFAP, IL- 6  and CD8 6 . APP/PSl 

mice also had reduced expression o f nerve growth factor (NGF) as previously 

reported (Minogue et al., 2014), and treatment with FTY720 significantly 

increased NGF mRNA (Fig 6.12). Together the data describe an FTY720-induced 

shift away from neuroinflammation in B. pertussis-infected APP/PSl mice.

6.2.6 FTY720 reduces Ap burden in B. perti/ss/s-infected APP/PSl mice

Consistent w ith the findings in Chapter 4, A(3-containing plaques were found in 

the hippocampus, cortex and the frontal cortex in cryostat sections prepared 

from 12 month-old mice and the number of A^-containing plaques was further 

increased in all brain regions assessed post-infection with B. pertussis (Fig 6.13A- 

D). Interestingly, the number o f A^-piaques was significantly lower in the 

hippocampus and cortex o f B. pertuss/s-infected mice chronically treated with 

FTY720. The concentration o f insoluble AP40 and AP42 were both increased in 

tissue prepared from the frontal cortex o f B. pertussis-\nfected APP/PSl mice (Fig 

6.14C, D). Soluble A3 4 0  and AP42 were also increased following infection in 

APP/PSl mice, although this was significantly attenuated by treatm ent of 

APP/PSl mice with FTY720 for the duration o f the experiment (Fig 6.14A, B). 

These findings demonstrate that a peripheral infection o f older APP/PSl mice 

results in enhanced AP burden, however, treatm ent with FTY720 attenuates the
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infec t ion- induced increase  in AD-pathology,  which m ay  be  in par t  m e d i a t e d  by 

t h e  BBB-promot ing ef fec ts  of  FTY720 and r e d u ced  infil tration of  T cells into t h e  

A P P /P S l  brain dur ing infection.
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Figure 6.1 Chronic treatment with FTY720 during infection with B. 
pertussis reduces infection-induced neuroinflammation.
Mice were treated w ith  FTY720 daily starting from  day -10, contro l- and 
FTY720-treated mice were infected w ith  B. pertussis at 5 x 10* CFU/ml 
on day 0 and sacrificed at various tim e  points after 8. pertussis 
infection. RNA was extracted from  snap-frozen cortical tissue and 
assessed fo r (A) TCRbJ, (B) IL-17, (C) TNFa and (D) CD40 expression. 
Values are expressed as relative quantities (RQ) normalized to  the 
endogenous control gene, 18S, and relative to  the averaged naive 
untreated mice. * p < 0.05, * *  p < 0.01 in comparison to  relevant naive 
untreated mice;  ̂ p < 0.05, p < 0.001, in comparison to  relevant 
untreated 6. perft/ss/s-infected mice; 1-way ANOVA w ith  Newman-Keuls 
post hoc. Data represent means ±  SEM, n = 4 per tim e point. B.P., B. 
pertussis; D, Day.
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Figure 6.2 FTY720 induces the expression of IL-4 in the brain during 
infection with B. pertussis.
Mice were infected w ith  B. pertussis and treated w ith  FTY720 as 
described in Fig 6.1. RNA was extracted from  snap-frozen cortical tissue 
and assessed fo r (A) IL-4, (B) IL-10 and (C) arginase-1 expression. Values 
are expressed as relative quantities (RQ) normalized to  the endogenous 
contro l gene, 18S, and relative to  the averaged naive untreated group. 
* *  p < 0.01 in comparison to  relevant naive untreated mice; p < 0.01, 
in comparison to  relevant untreated 6. perft/ss/s-infected mice; 1-way 
ANOVA w ith  Newman-Keuls post hoc. Data represent means ± SEM, n = 
4 per tim e point. B.P., B. pertussis; D, Day.
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Figure 6.3 Challenge w ith B. pertussis induces transient infection in 
mice.
M ice  w ere  trea ted  w ith  FTY720 daily, starting from  day -3. Control- and 

FTY720-treated W T and A PP /PS l mice w ere  infected w ith  B. pertussis at 
5 X 10® C FU/m l on day 0 and sacrificed at various tim e  points a fter B. 
pertussis infection. CPU counts w ere  determ ined  on the  lung 

hom ogenate . Data represent m eans ±  SEM, n = 4 -8 . Con, control; APR, 
A PP/PS l; D, Day.
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Figure 6.4 No evidence of genotype effect in response to B. pertussis- 
infection.
W T and APP/PSl mice were infected with B. pertussis at 5 x 10® CFU/ml 
on day 0 and sacrificed on day 35 after B. pertussis infection. Cells 
prepared from the spleen were incubated medium only, HK B.P. (at 10^, 
10^ or 10® CFU/ml) or an aCD3/PM A cocktail for 72 h. IFN-y and IL-17 
was assessed in supernatant samples using ELISA. (A) IFN-y ELISA: 
treatm ent effect * * *  p < 0.001; 2-way ANOVA. (B) IL-17 ELISA: 
treatm ent effect * p < 0.05; 2-way ANOVA. Data represent means ±  
SEM, n = 4. Con, control; APP, APP/PSl; HK B.P., heat killed 6. pertussis.
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Figure 6.5 Infection induces CD4 and CDS T cell trafficking to the 
brains of APP/PSl mice.
Mice were infected w ith B. pertussis and treated w ith FTY720 as 
described in Fig 6.3. CD3^ T cells were surface stained for CD4 and CDS. 
Flow cytometric analysis was performed. Results are percentage of 
CD4^ (A) or CD8^ (B) T cells in the brain w ith sample FACS plots of 
CD45^CD3^CD4^ T cells and CD45^CD3^CD8^T cells (C). (A) CD4^ T cells; 
FTY720 effect * p < 0.05, F(;^4g)=6.24, infection effect * * *  p < 0.001, 
F(i4g)=12.87; 3-way ANOVA. (B) CDS^T cells; Infection effect * * *  p < 
0.001, F(i 5o)=28.32; 3-way ANOVA.  ̂ p < 0.05 in comparison to relevant 
FTY720 treatment control; p < 0.01 in comparison to relevant 
infection control; Newman-Keuls post hoc. Data represent means ± 
SEM, n = 8-10. Con, Control; B.P., 8. pertussis.
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Figure 6.6 Increased IFN-y^ and IL-17^ CD4* T cells in the brains of 
APP/PSl mice following B. pertussis-mfect\on.
CD4^ T cells were intracellularly stained fo r IFN-y and IL-17 and assessed 
by flow  cytom etry. Results are percentage o f CD4^ producing IFN-y+(A), 
IL-17^ (B) or IFN-y+IL-l?^ (C) in the brain. (A) CD4^IFN-y^; Genotype x 
infection interaction * * *  p < 0.001, F(^47)=14.4; 3-way ANOVA. (B) 
CD4^IL-17^; Genotype x infection interaction * *  p < 0.01, F(j^4g)=11.23; 
3-way ANOVA. (C) CD4^IFN-y^IL-17^; Genotype x infection interaction * 
p < 0.05, F(i5o)=4.45; 3-way ANOVA. * p < 0.05, * *  p < 0.01 in 
comparison to  relevant genotype control; ** p < 0.05, p < 0.01 in 
comparison to  relevant infection control; Newman-Keuls post hoc. 
Sample FACS plots o f IFN-y^ and IL-17^ CD4^ T cells (D). Data represent 
means ± SEM n = 8-10. Con, Control; B.P., B. pertussis.
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Figure 6.7 Increased IFN-y^ and IL-17^ CD8^ T cells in the brains of 
APP/PSl mice following infection with B. pertussis.
CD8^ T cells were intracellularly stained for IFN-y and IL-17 and assessed 
by flow cytometry. Results are mean percentage o f CDS  ̂cells producing 
IFN-yMA), IL-17MB) or IFN-y^lL-l?^ (C). (B) CD8^IL-17^; Infection effect 
* * *  p < 0.001, F(i5i)=50.6; 3-way ANOVA. (C) CD8^IFN-y^lL-17^; 
Genotype x infection interaction * p < 0.05, F(ĵ  5o)=5.1; 3-way ANOVA. * 
p < 0.05 in comparison to relevant genotype control; ** p < 0.05, **** p < 
0.01 in comparison to relevant infection control; Newman-Keuls post 
hoc. Sample FACS plots o f IFN-y^ and IL-17^ CD8^ T cells (D). Data 
represent means ± SEM n = 8-10. Con, Control; B.P., B. pertussis.
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Figure 6.8 FTY720 reduces T cell infiltration into the hippocampus of 
APP/PSl mice.
Mice were infected with B. pertussis and culled 70 days post-infection. 
Cryostat sections were stained w ith CD3 to assess T cell infiltration from 
the ventricle (A) into the hippocampus (B), the average number o f T 
cells per hippocampus per mouse was recorded (C). Genotype effect 
* * *  p < 0.001, F(i2o)=25.55; FTY720 effect * * *  p < 0.001, F(i2o)=18.31; 
3-way ANOVA. * p < 0.05 in comparison to relevant genotype control;  ̂
p < 0.05, p < 0.01 in comparison to relevant FTY720 treatment 
control; Newman-Keuls post hoc. White arrows indicate T cell 
infiltration into the hippocampus parenchyma, red arrows are T cells in 
the ventricles. Scale bar = 100 ^im. Data represent means ± SEM, n = 3- 
5. Con, Control.
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Figure 6.9 T cells found in close apposition to other brain cells in the 
hippocampus of APP/PSl mice.
Mice were infected with B. pertussis and culled 70 days post-infection. 
Cryostat sections were stained with CDS to assess T cell infiltration into 
the hippocampus, infiltrating T cells are found in close contact with 
other brain cells. (A, B) Untreated, non-infected APP/PSl nnice. (C, D) 
Untreated B. perfuss/s-infected APP/PSl mice. White arrows indicate T 
cell infiltration into the hippocampus parenchyma, scale bar = 20 pim. 
Data represent means ± SEM, n = 3-5.
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Figure 6.10 Increased chemokine expression in APP/PSl mice.
RNA was extracted from snap-frozen cortical tissue and assessed for (A) 
CCL2 (B) CCL3, (C) CCL5, (D) CXCLl and (E) CXCLIO expression. Values 
are expressed as relative quantities (RQ) normalised to the endogenous 
control gene, 18S, and relative to the averaged W T uninfected control 
group. (A) Infection effect * *  p < 0.01, F(j5o)=8.4; 3-way ANOVA. (B) 
Genotype effect * * *  p < 0.001, F(i47)=814.83; 3-way ANOVA. (C) FTY720 
X genotype interaction * p < 0.05, F(i5o)=5.00; 3-way ANOVA. (D) 
Genotype x infection interaction p = 0.05, F(j^4g)=4.0, genotype effect 
* * *  p < 0.001, F(^4g)=42.37, infection effect * p < 0.05, F(]^4g)=5.1; 3-way 
ANOVA. (E) Genotype effect * * *  p < 0.001, F(^5q)=106.26; 3-way 
ANOVA. * *  p < 0.01 in comparison to relevant genotype control; ** p < 
0.05 in comparison to relevant infection control; Newman-Keuls post 
hoc. Data represent means ± SEM, n = 8-10. Con, Control.
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Figure 6.11 FTY720 promotes BBB integrity, reducing fibrinogen 
immunoreactivity in the hippocampus of APP/PSl mice.
Cryostat sections were stained with fibrinogen to assess blood-brain 
barrier permeability at the ventricle (A) or hippocampus (B), and the 
average area o f fibrinogen leakage into the hippocampus per mouse 
was quantified (C). (C) FTY720 x genotype interaction * p < 0.05, 
F(i 22)=5.63; 3-way ANOVA. (D) RNA was extracted from snap-frozen 
cortical tissue and assessed for occludin; FTY720 effect * * *  p < 0.001, 
genotype effect * p < 0.05; 2-way ANOVA. (C) * p < 0.05 in comparison 
to relevant genotype control; p < 0.01, p < 0.001 in comparison to 
relevant FTY720 treatment control; " p < 0.05 in comparison to relevant 
infection control; Newman-Keuls post hoc. (D) * p < 0.05 in comparison 
to relevant genotype control; p < 0.001 in comparison to relevant 
FTY720 treatment control; Bonferroni post hoc. White arrow in (A) 
indicates direction o f fibrinogen leakage, scale bar = 100 |im. Data 
represent means ± SEM, n = 3-6. Con, Control.
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Figure 6.12 FTY720 treatm ent attenuates neuroinflammation in 
APP/PSl mice.
RNA was extracted from  snap-frozen cortical tissue and assessed fo r (A) 
GFAP (B) IL-6, (C) CD68, (D) CD86 and (E) NGF expression. Values are 
expressed as relative quantities (RQ) normalised to  the endogenous 
control gene, 18S, and relative to  the averaged WT uninfected control 
group. (A) FTY720 x genotype x infection interaction * p < 0.05, 
F(i,48)=4.S5; 3-way ANOVA. (B) FTY720 effect * p < 0.05, F(i4g)=4.49, 
genotype effect * * *  p < 0.001, F(^49)=98.85, FTY720 x genotype 
interaction p = 0.06, F(;^43)=3.64; 3-way ANOVA. (C) Genotype effect * * *  
p < 0.001, F(^45)=675.67; 3-way ANOVA. (D) FTY720 x genotype x 
infection interaction * p < 0.05, F(^4g)=4.47; 3-way ANOVA. (E) FTY720 
effect * p < 0.05, F(j^4g)=6.4, genotype effect p = 0.06, F(j^4g)=3.62; 3-way 
ANOVA. * *  p < 0.01 in comparison to  relevant genotype control;  ̂ p < 
0.05, p < 0.01 in comparison to  relevant FTY720 control; ** p < 0.05 in 
comparison to  relevant infection control; Newman-Keuls post hoc. Data 
represent means ± SEM, n = 8-10. Con, Control; B.P., B. pertussis.
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Figure 6.13 FTY720 treatment attenuates infection-induced AP 
deposition in APP/PSl mice.
Cryostat sections were stained w ith  Congo red to  assess AP plaques in 
the fronta l cortex (A), hippocampus (B) and cortex (C), the average 
num ber o f plaques per area o f interest per mouse was recorded. (A) 
Mean num ber in the fronta l cortex; FTY720 x genotype interaction * *  p 
< 0.01; 2-way ANOVA. (B) Mean num ber o f plaques in the 
hippocampus; FTY720 x genotype interaction * * *  p < 0.001; 2-way 
ANOVA. (C) Mean num ber in the cortex; FTY720 x genotype interaction 
* * *  p < 0.001; 2-way ANOVA. (D) Combined counts fo r the three areas; 
FTY720 x genotype interaction * * *  p < 0.001; 2-way ANOVA. * * *  p < 
0.01 in comparison to relevant infection control;  ̂p < 0.05, p < 0.01 in 
comparison to  relevant FTY720 contro l; Bonferroni post hoc. Data 
represent means ± SEM, n = 8-10, scale bar = 200 tim . Con, Control; 
B.P., B. pertussis; N, Naive.
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Figure 6.14 FTY720 treatm ent attenuates infection-induced 
production of soluble AP4 0  and A342'f’ APP/PSl mice.
Mice were infected w ith  6 . pertussis and culled 70 days post-infection. 
Amyloid levels were determ ined by Meso Scale from  snap-frozen fronta l 
cortical tissue. The concentrations o f soluble AP4 0  (A) and AP4 2  (B), 
insoluble A 3 4 0  (^) andA342 (D) were established w ith  reference to  the 
standard curves. (A) FTY720 x genotype x infection interaction * * *  p < 
0.001, F(j^4g)=12.31; 3-way ANOVA. (B) FTY720 x genotype x infection 
interaction * *  p < 0.01, F(j^4g)=8.62; 3-way ANOVA. (C) Genotype x 
infection interaction * *  p < 0.01, F(;^47)=10.52; 3-way ANOVA. (D) 
Genotype x infection interaction * *  p < 0.01, F(i47)=10.05; 3-way 
ANOVA. * *  p < 0.01 in comparison to  relevant genotype control; p < 
0.01 in comparison to  relevant FTY720 contro l;  ̂ p < 0.05, **** p < 0.01 in 
comparison to  relevant infection control; Newman-Keuls post hoc. Data 
represent means ± SEM, n = 8-10. Con, Control.
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6.3 Discussion

The results in Chapter 4 demonstrated that older APP/PSl mice were more 

vulnerable to the effects of a respiratory infection than their younger, or WT 

counterparts v\/hen assessed 56 day post-challenge. The aim of this present study 

was to  examine w hether preventing T cell infiltration into the brain during the 

period of infection could attenuate the infection-induced changes in AD- 

pathology. However, as the results in Chapter 5 demonstrated FTY720 enhanced 

the duration of infection, in this series of experiments mice were culled 70 days 

post-challenge with B. pertussis. Infection of APP/PSl mice increased BBB 

permeability demonstrated by enhanced fibrinogen leakage into the 

hippocampus and, as shown in Chapter 4, infection increased the accumulation 

of AP-plaques throughout the brain. It was observed that the chronic treatm ent 

of APP/PSl mice with FTY720 reduced the proportion of CD3'^CD4‘" T cells, 

reduced T cell infiltration into the hippocampus of W T and APP/PSl mice as 

assessed by immunohistochemistry, and improved the BBB integrity of APP/PSl 

mice by attenuating the infection-induced increase in fibrinogen extravasation 

into the hippocampus. Ultimately, FTY720 treatm ent reduced the infection- 

induced accumulation of A(3-plaques in the hippocampus and cortex, and the 

concentration of soluble Ap. These findings strengthen the hypothesis that 

infection is an im portant risk factor in the progression of AD, and suggest 

treatm ent with an immunomodulating drug like FTY720 could protect the brain 

from infection by improving the stability of the BBB, reducing T cell infiltration 

and thus may be a potential therapy for this disease.

Consistent with the findings from Chapter 4, infection of mice with B. 

pertussis increased the proportion of 11-17“̂ T cells in the brain. Importantly, 

these changes w ere observed 70 days following challenge with B. pertussis, and 

more than 35 days after clearance of bacteria in vehicle control mice, 

demonstrating a persistent genotype-related susceptibility to infection in 

APP/PSl mice. IL-17 is im portant in the control and clearance of B. pertussis 

infection, as mice deficient in IL-17 have increased bacterial burden at later 

stages of infection, with delayed clearance (Ross et al., 2013). The T cells of AD
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patients have an AP-induced T h l7  phenotype (Saresella et al., 2011), in addition,

AP-specific T h l7  cells induce microglial activation in mixed glial cultures

(McQuillan et al., 2010) and also cause astrocyte activation (Chapter 3). Transfer

of AP-specific T h l7  cells into 6-7 month old APP/PSl mice resulted in increased

C D llb  immunoreactivity in the cortex of APP/PSl mice, however T h l7  cells

alone did not enhance plaque deposition three weeks following transfer (Browne

et al., 2013). Transfer of AP-specific T h l cells enhanced amyloid deposition in

APP/PSl mice, which was attenuated by neutralising IFN-y (Browne et al., 2013).

In the present study, IFN-y'^ T cells were also found in the brains of mice and

together with the IL-17'^ T cell population, suggest peripheral infection induces a

window of enhanced T cell infiltration into the brain that persists for weeks after

clearance of bacteria in older APP/PSl mice. Staining cryostat sections for CD3

confirmed APP/PSl mice have increased T cell influx into the parenchyma and

FTY720 significantly reduced the number of T cells infiltrating into the

hippocampus of APP/PSl mice, to a number comparable with W T mice.

Importantly, many of the T cells in W T or FTY720-treated mice were confined to

the ventricles. This is consistent with reports demonstrating FTY720 decreases T

cell number in the circulation (Morris et al., 2005) and was protective in EAE by

reducing the number of T cells in the CNS (Kataoka et al., 2005). In addition,

FTY720 induces selective retention of naive T cells and Tcm over Tem (Brinkmann

et al., 2010). It has been demonstrated that two-thirds of CD4'  ̂T cells in the CSF

are Tcm (Kivisakk et al., 2003), and it is believed that Tcm are the pathogenic T cell

in MS (Brinkmann et al., 2010). FTY720 had little effect on the expression of

chemokines within the APP/PSl brain, thus the FTY720-induced reduction in T

cell infiltration into the parenchyma may be a direct result of lymphocyte

sequestration in lymphoid organs or the enhanced BBB blocking entry, as

opposed to a reduction in chemotactic signalling. It is possible that the

mechanism of FTY720-mediated neuroprotection in APP/PSl mice is by reducing

T cell infiltration into the brain parenchyma, limiting T cell induced activation of

microglia and astrocytes during the period of infection which perhaps prevents

the infection-induced increase in amyloid as a result. While the antigen

specificity of T cells in the CNS was not assessed, a proportion of T cells from

C57BL/6 and APP/PSl mice are responsive to AP (Toly-Ndour et al., 2011). The
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presence of amyloid plaques in the APP/PSl brain could allow for local re­

stimulation of these cells, which may have further consequences for mice 

exposed to B. pertussis where enhanced T cell infiltration and amyloid deposition 

was observed.

The SIP receptor is expressed by many cells in the CNS (Dev et al., 2008), 

and it has been shown that FTV720 exerts a protective effect in EAE by acting on 

S lP i receptors on astrocytes, as EAE severity was reduced and FTY720 efficacy 

lost in mice lacking astrocyte S lP i (Choi et al., 2011). A recent study observed 

FTY720 reduced astrocyte activation in EAE (Colombo et al., 2014). Colombo and 

colleagues also found that IL-1 and IL-17 induced NF-kB translocation to the 

nucleus with NO production in astrocytes, which was inhibited with FTY720 

treatm ent, preventing astrocyte-induced neurodegeneration as a result 

(Colombo et al., 2014). In the present study astrocyte activation, as assessed by 

GFAP expression, was reduced in 6. perfuss/s-infected FTY720-treated APP/PSl 

mice. W ithin the CNS, astrocytes are the predominant source of IL-6 (Van 

W agoner et al., 1999), and FTY720 also reduced the expression of IL-6 in all 

FTY720-treated APP/PSl mice. Expression of the neurotrophic factor, NGF, was 

reduced in APP/PSl mice which is consistent with previous reports (Minogue et 

al., 2014), and it was observed that FTY720 increased the expression of NGF in 

treated mice. Astrocytes are a major source of NGF in the CNS (Eddleston and 

Mucke, 1993). Moreover, anti-inflam m atory cytokines including IL-4 and IL-10 

can enhance NGF production by astrocytes, which is inhibited by IFN-y (Brodie, 

1996; Brodie et al., 1998). FTY720 can also induce BDNF mRNA and protein 

expression in neuronal cultures in vitro (Doi et al., 2013). This is of importance in 

the context of AD, as astrocyte mediated inflammation has been implicated in 

AD (Garwood et al., 2011), along with decreased levels of neurotrophic factors 

(Hock et al., 2000). Furthermore, it has been suggested that FTY720 may have 

dual functions in astrocytes, inhibiting SlP-induced cell proliferation and IL-1- 

induced calcium signalling w ithout affecting IL-1 induced CXCLIO production (Wu 

et al., 2013), thus FTY720 impairs some specific functions in astrocytes without 

inhibiting all astrocytic responses.
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APP/PSl mice had enhanced fibrinogen immunoreactivity in the 

hippocampus, which was exacerbated after infection with B. pertussis, 

importantly this plasma protein was still elevated 70 days post-challenge 

indicating a genotype co-morbidity in BBB dysfunction after exposure to 

infection. However, treatm ent o f APP/PSl mice w ith FTY720 significantly 

attenuated fibrinogen leakage into the hippocampus. Previous results from this 

laboratory have demonstrated increased BBB permeability in 14 month-old 

APP/PSl, compared with WT, mice evidenced by enhanced gadolinium 

extravasation into the brain by MRI (Minogue et al., 2014). Leakage o f the 

plasma proteins fibrinogen, thrombin and prothrombin has also been 

demonstrated in post-mortem tissue from AD patients, and were often 

associated w ith activated microglia or AP deposits (Akiyama et al., 1992; Berzin 

et al., 2000; Fiala et al., 2002; Ryu and McLarnon, 2009). Indeed injection o f A(3 

into the rat hippocampus induced fibrinogen extravasation into the parenchyma 

that co-localised with Ap and activated microglia (Ryu and McLarnon, 2009). 

Fibrinogen has also been directly implicated in BBB damage and 

neuroinflammation. Fibrinogen accumulation correlated w ith AP deposition in 

transgenic AD-mice, mice w ith just one functional fibrinogen gene had reduced 

BBB permeability, and treatm ent o f AD-transgenic mice with ancrod, which 

depleted circulating fibrinogen attenuated microglial activation and vascular 

changes (Paul et al., 2007). FTY720 reversed BBB damage in EAE (Foster et al., 

2009) and significantly improved MRI endpoints in MS patients, as patients 

treated w ith FTY720 had significantly reduced gadolinium-enhanced lesions 

(Kappos et al., 2010). In other models o f inflammation, FTY720 attenuated LPS- 

induced barrier permeability (Peng et al., 2004) and restored vascular integrity in 

a model o f experimental autoimmune uveoretinitis, promoting the expression of 

occludin, claudin and ZO-1 at the blood-ocular barrier (Copland et al., 2012). 

However, this is the first study to demonstrate that FTY720 improves BBB 

integrity in APP/PSl mice.

In the present study, infection with B. pertussis induced a significant

increase in Ap accumulation throughout the brain, which was accompanied by an

increased concentration of insoluble Ap. This is in agreement w ith the results in
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Chapter 4, however, on day 70 post-challenge the levels of soluble AP were also 

significantly greater in previously infected, vehicle control APP/PSl mice. 

Treatm ent with FTY720 for the duration of infection significantly attenuated the 

infection-induced increase in soluble A3 in the frontal cortex, and prevented A(3 

deposition in the hippocampus and cortex. On production, Ap forms soluble 

oligomers which can aggregate, becoming insoluble fibrils. A3 can cause physical 

insult to neuronal processes by aggregating in the extracellular space (Vickers et 

al., 2000), however, oligomeric A3 is 10-fold more neurotoxic than fibrillar A3 

(Dahlgren et al., 2002). In addition, oligomeric A3 induces a significantly greater 

pro-inflammatory environment than fibrillar A3, and also inhibits microglial 

phagocytosis (Pan et al., 2011). The decreased AD-pathology in FTY720-treated 

mice may be a direct result of reducing T cell infiltration, and fibrinogen 

extravasation into the brain during the period of infection, although direct 

effects of FTY720 on amyloid processing have been reported. FTY720 reduced 

neuronal A3 production in vitro and decreased A340, but increased A3a2 in vivo 

after 6 days treatm ent in a mouse AD-model (Takasugi et al., 2013). It has also 

been reported that FTY720 can protect neurons in vitro from oligomeric A3- 

induced cell death, which was mediated by BDNF (Doi et al., 2013). FTY720 also 

protects against A3 induced neurotoxicity in vivo, which was mediated by 

caspase-3 inhibition (Asle-Rousta et al., 2013), increased BDNF production 

(Fukumoto et al., 2014) and was associated with reduced expression of pro- 

apoptotic genes (Hemmati et al., 2013). In addition, FTY720 attenuated the A3- 

induced impairment in spatial learning and memory in the Morris w ater maze, 

passive avoidance test, novel object recognition and conditioned-fear learning 

test (Asle-Rousta et al., 2013; Fukumoto et al., 2014; Hemmati et al., 2013).

Together this study demonstrates that infection causes lasting changes in 

the APP/PSl brain, inducing enhanced BBB permeability and infiltration of IL-17'  ̂

T cells that are still apparent 70 days post-challenge, and together results in 

increased A3 accumulation. Treatm ent with FTY720 restores BBB integrity in 

APP/PSl mice, reducing fibrinogen leakage into the parenchyma and decreases T 

cell infiltration into the hippocampus, importantly FTY720 attenuated the  

infection-induced increase in AD-pathology. It is clear that FTY720 is a drug with
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multiple targets, including lymphocyte sequestration, astrocyte and BBB 

modulation with direct effects on AP neurotoxicity. Due to  its wide mechanistic 

action, FTY720 could prove an ideal therapy in AD where m ultiple pathways 

appear to be involved in disease progression.
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Chapter 7 

General Discussion

245



- - t ;  • Ilf -  •

A' ■si-fc.'pli.

^ 4 - —— ^  1-A . . .  I ■



7.1 General Discussion

The brain has developed a tightly regulated immunosurveillance system that can 

mount an appropriate response to pathogens, while protecting the neuronal 

environment from unnecessary inflammation which can be neurotoxic. This 

system is predominantly non-inflammatory, relies on activation of resident 

microglia in the brain and T cells in the CSF and blood, whose entry into the brain 

parenchyma occurs infrequently under normal conditions due to  the BBB. 

However, the relative immune privilege the brain has declines with age and in 

inflammatory or infectious conditions, and this is often associated with increased 

BBB permeability which has also been reported in AD (Farrall and Wardlaw, 

2009). It is known that AD patients are vulnerable to the effects of peripheral 

infection, which negatively impacts on cognitive function (Holmes et al., 2009; 

Holmes et al., 2003). However, the mechanism mediating the infection-induced 

changes remains unclear. This study examined the possibility that infection- 

induced T cell in filtration into the brain was key to these changes. The results 

demonstrate that T cells cause microglial and astrocytic activation in vitro and 

that T cell in filtration in APP/PSl mice was associated w ith A3 deposition in vivo. 

Infection exacerbated A^-pathology in older APP/PSl mice, and this was 

associated w ith enhanced BBB permeability and infiltration o f IFN-y^ cells, 

including T cells into the brain. This sequence of events might explain why AD 

patients are often cognitively impaired after infection. Preventing T cell 

infiltration into the brain during infection w ith B. pertussis attenuated the 

infection-induced changes in A(3-plaque deposition in older APP/PSl mice, thus 

drugs which target T cell influx could prove a potential therapy in AD.

One of the significant findings described in this thesis is that T h l cells 

cause microglial and astrocytic activation in vitro, and when transferred to  mice 

with AD-like pathology, increased numbers of T h l cells infiltrated the brain and 

resulted in enhanced A3-plaque deposition in vivo. Few studies have examined 

the impact o f T cells on glial activation, particularly in the context of AD, although 

it was recently demonstrated that A3-specific T cells cause microglial activation 

in mixed glial cultures (McQuillan et al., 2010). The absence of research into this
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area has had serious implications, particularly in relation to the AN1792 AD 

clinical trial. Research into immunotherapy as a way to remove the increasing 

burden of Ap in the AD brain began over 15 years ago. Activating the immune 

system by immunising with A3 stimulated T cell immune responses (Schenk, 

2002) and produced exciting results in animal models, reducing A(3 burden and 

attenuating behavioural deficits (Janus et al., 2000; Schenk et al., 1999), which 

led to the development o f the AN1792 clinical trial. However, at that time, the 

ability o f A3-specific T cells to induce microglial or astrocytic activation had not 

been examined. The AN1792 tria l had to be term inated because of the 

meningoencephalitis which developed in 6% of patients, possibly a result o f QS- 

21, the adjuvant used, which stimulates T h l responses (Wilcock and Colton, 

2008). The results in this thesis go some way to explain why meningoencephalitis 

developed in a subset o f patients, and suggest an anti-inflammatory, Th2-type 

adjuvant may be more appropriate for an AD vaccine, as Th2 cells do not cause 

pro-inflammatory activation of glia. Indeed A3 immunization with other 

adjuvants such as alum, which favours a Th2 response (Asuni et al., 2006) or w ith 

IL-4 and GM-CSF (DaSilva et al., 2006) significantly reduced A3-plaques in the 

brains o f AD-transgenic mice, and may have a better translation to  AD patients.

Recent studies suggest bacterial and viral infections are a risk factor in 

the progression o f AD. Due to changes in the immune system, the elderly are 

vulnerable to infection (Kovaiou et al., 2007), which is associated w ith lower 

MMSE scores (Katan et al., 2013), and progression to dementia (Shah et al., 

2013). In those with AD, infection results in cognitive decline (Holmes et al., 

2009; Holmes et al., 2003) and a number of specific infections have been 

associated w ith AD progression including CMV, HSV-1, B. burgdorferi, C. 

pneumonia and fV. pylori (Bu et al., 2014; Honjo et al., 2009). However, there is 

little  evidence to  explain why young adults and the healthy elderly are 

unaffected by infection, whereas patients with AD are vulnerable to  infection- 

induced cognitive decline. In addition, no study has examined whether there is 

an age-related susceptibility to infection in AD-transgenic mouse models. Due to 

the re-emergence of whooping cough, B. pertussis was used as a model of 

respiratory infection in this study. Infection o f mice w ith B. pertussis is also well-
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characterised, and activates both th e  innate and adaptive  im m une system over a 

35-42  day period.

The results revealed th a t infection induced lasting changes in o lder, but 

not younger, A P P /P S l mice by exacerbating A(3 deposition in th e  brain. The 

im pact o f peripheral stim ulation on A D -pathology is re latively  unstudied, but it 

has been dem onstrated  th a t repeated adm in istration  o f LPS in AD-transgenic  

mice increased th e  concentration o f A3 (Sheng et al., 2003) or tau  tangle  

pathology (Kitazawa et al., 2005). M H V  infection also induced tau pathology in 

BxTg-AD mice (Sy e t al., 2011). H ow ever, B. pertussis is a typical G ram -negative  

bacteria which continuously produces toxins and viru lence factors in th e  lung 

before natural resolution o f infection unlike LPS injections, and thus, closely 

reflects the course o f infection observed in humans. The enhanced Ap-pathology  

described here was associated w ith  IFN-y'*  ̂ and IL-17^ T cell in filtration  in to  the  

brain, a change th a t was still apparen t weeks a fte r clearance o f B. pertussis. 

Interestingly, CD3"*̂  T cell in filtration  into the  brains o f A P P /P S l m ice correlated  

w ith  the expression o f CCL3 (r=0 .75 , r^=0.56) and CCL5 (r=0 .74 , r^=0.54). 

T herefore, the  increased chem okine expression m ay, in part, explain w hy T cell 

in filtration was fu rth e r enhanced in o lder A PP /PS l mice a fter infection.

M icroglia and m acrophages in th e  brains o f A P P /P S l mice had an APC 

phenotype post-infection; it is possible th a t T cell influx induced local APC 

activation and th a t this contributed  to  th e  observed n euro in flam m ation  and A 3- 

plaque deposition. This is in line w ith  suggestions th a t microglia in an APC 

phenotype are in flam m atory , and can contribute  to  AD-pathology (Tow n et al., 

2005; Townsend et al., 2005).

It has been reported  th a t microglia in th e  AD brain are chronically  

activated by th e  constant and increasing presence o f A3, and it is possible tha t 

fu rth e r activation by T cells m ay trigger persistent changes. The m echanism  o f T 

cell entry  into th e  CNS is largely based in vitro  and in vivo studies, thus it rem ains  

to  be established w h e th e r sim ilar interactions occur in the  hum an brain. Due to  

th e  presence o f th e  BBB, T cell m igration to  th e  hum an CNS is m inim al in healthy  

individuals (Hickey, 2001; Ousm an and Kubes, 2012), how ever, T cell in filtration
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in to  the CNS is increased in AD (Togo et a!., 2002). Consistently, T cells are rarely 

found in the CNS parenchyma o f mice, however, in filtra tion  increases w ith  age in 

APP/PSl mice. In B. perfuss/s-infected APP/PSl mice, p ro-in flam m atory T cells 

were located in a CNS parenchyma tha t was already undergoing chronic 

in flam m atory stim ulation by Ap. It is possible tha t this could lead to  a feed ­

forw ard  cycle o f m icroglial activation and cytokine secretion, which can increase 

the activ ity o f 3- and y-secretases (Liao et al., 2004; Sastre et a!., 2008), thus 

contribu ting  to  the enhanced production o f Ap. Tan and colleagues have 

investigated the  effect o f neuroinflam m ation on subsequent T cell-induced glial 

activation; A(3-stimulated microglia treated w ith  CD40L induced greater pro- 

in flam m atory cytokine release and neuronal in jury than Ap or CD40L stim ulation 

alone (Tan et al., 1999; Townsend et al., 2005). In addition, APPswe mice tha t 

lack CD40L or the CD40 receptor have significantly reduced amyloid pathology 

th roughou t the brain w ith  decreased glial activation (Laporte et al., 2006; Tan et 

al., 2002). In relation to  AD patients, it has been dem onstrated th a t the ir T cells 

have increased reactiv ity to  Ap (Monsonego et al., 2003; Saresella et al., 2010; 

Saresella et al., 2012) and T cell in filtra tion  in to the brain is enhanced in AD, 

where T cells were found in close apposition to  microglia (Togo et al., 2002), 

which have an APC phenotype (McGeer et al., 1989; McGeer et al., 1987; 

Perlm utter et al., 1992; Togo et al., 2000). Together, these findings suggest that, 

in AD, a connection exists between T cells, m icroglial activation and amyloid 

pathology, which is consistent w ith  the current data dem onstrating parallel 

increases in T cell in filtra tion , m icroglial activation, and increased AP 

accumulation, particu larly post-infection. It has been suggested tha t in filtra tion  

o f peripheral im m une cells may be protective in AD; macrophages could m ediate 

AP-removal (Town et al., 2008) and anti-in flam m atory T cells may be beneficial in 

the  resolution o f neuro in flam m ation (Schwartz and Baruch, 2014). In this current 

study, it is proposed th a t infection and pro-in flam m atory T cell in filtra tion  

combine to  enhance AP deposition in o lder APP/PSl mice, which are vulnerable 

to  the stim ulation due to  the heightened state o f glial activation already induced 

byAp.
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The pro gres s ion o f  AD-pathology in o lde r  A PP/PSl  mice m ay  be 

c o m p a r e d  wi th t h e  " two-h i t  hypo thes i s"  w h e r e  amylo id - in du ced  microglial 

act ivat ion and  per iphe ra l  infect ion m ay  each  reflect  an insult or  "hit".  Whi le  each 

ev e n t  in i solation can  have  ad v e r se  ef fec ts  on t h e  brain,  t o g e t h e r ,  t h e y  rapidly 

e x a c e r b a t e  d i sease  pa th ogenes i s .  In t h e  A(3-induced n eu r o in f l a m m a to r y  

e n v i ro n m e n t ,  t h e  t h r e s h o ld  for act ivat ion is lower  and it a p p e a r s  t h a t  t h e  brain 

c a n n o t  efficiently hand le  t h e  "second  hit" i.e. t h e  per iphera l  infection and 

s u b s e q u e n t  infi l tration of  i m m u n e  cells, an d  ul t imate ly this results  in g re a t e r  

p laque  deposi t ion  in o lde r  A PP/PSl  mice.  Interest ingly,  th is  novel  f inding 

provides  fu r th e r  insight into ev e n t s  t h a t  m a y  be  occurr ing in t h e  AD bra in and 

explain w h y  AD p a t i en t s  ar e  vu lnerable  t o  t h e  ef fec ts  of  infect ion.  Impor tan t ly  

this s tudy  highlights t h e  n e e d  for  early d e t e c t io n  an d  t r e a t m e n t  of  infect ions in 

t h e  elderly.

The e n h a n c e d  T cell infiltration pos t - in fec t ion in o lder  A PP/P S l  mice and 

t h e  as soc ia te d  inf lammat ion and pa tho logy  pre d ic ts  t h a t  blocking influx o f  t h e s e  

cells m ay  be  pro tec t ive .  Consis tent  wi th this  predic t ion,  t r e a t m e n t  wi th FTY720, 

which r e d u ced  T cell infiltration into t h e  lungs o f  C57BL/6 mice dur ing infection 

with  B. pertu ssis, d e c r e a s e d  T cell infi l tration into t h e  bra in  and 

n eu r o in f la m m at ion .  Impor tant ly ,  chronic t r e a t m e n t  of  A PP/PSl  mice  with 

FTY720 dur ing t h e  per iod o f  infect ion wi th B. p ertu ssis  a t t e n u a t e d  t h e  infection- 

induced  increase  in soluble  A3 and t h e  depos i t ion  of  A(3 in m a n y  regions  of  t h e  

brain,  as pre dic ted .  In AD, it is be l ieved t h a t  so luble  AP is m o re  d e t r im e n ta l  t h an  

insoluble A3, a l though  A3 agg r eg a t e s  can c a u s e  physical d is rupt ion t o  neu rona l  

pr ocesses .  This is t h e  first t ime t h a t  p ro tec t iv e  ef fec ts  of  FTY720 have b e e n  

d e m o n s t r a t e d  in AD-transgenic mice,  a l t hough  FTY720 can inhibit  neu ro n a l  A3 

produc t ion  in vitro  (Takasugi e t  al., 2013),  an d  p r e v e n t  A3- induced neurotoxic i ty  

in vivo  (Asle-Rousta e t  al., 2013; Fuk u m o to  e t  al., 2014; H e m m at i  e t  al., 2013) .  It 

is i m p o r t a n t  t o  n o t e  t h a t  while A3 d ep os i t ion  is a f e a t u r e  of  AD, p laque 

depos i t ion  occurs  yea rs  bef o re  t h e  o n s e t  o f  clinical s y m p t o m s  and t h e r e f o r e  in 

pat i ent s ,  A3 load d o e s  no t  necessar i ly  c o r re l a t e  wi th t h e  d e g r e e  of cogni tive 

decl ine  (Hampel ,  2013).  Indeed a s t r o n g e r  c o r r e l a t e  of  cogni tive deficits in AD is 

synapt ic  loss (Terry e t  al., 1991).
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There was evidence of BBB breakdown in older APP/PSl mice; this can 

facilitate the infiltration of peripheral immune cells, and was enhanced in 

APP/PSl mice previously exposed to B. pertussis. Previous studies have shown 

that APP/PSl mice have a compromised BBB and that this developed with age 

(M inogue et al., 2014) and LPS also increased BBB leakage in APPswe mice 

(Takeda et al., 2013). The present data show that FTY720 significantly improved 

the BBB integrity, and prevented infiltration of T cells into the brain, which is 

consistent with reports on the mechanism of FTY720-mediated protection in EAE 

and MS (Brinkmann et al., 2010). Protecting the brain from inflam m atory  

infiltrates may help avoid over-stimulation of the AP-activated microglia and 

astrocytes. This could potentially negate the "second hit" induced by infection in 

the tw o-hit hypothesis, thus preventing the increase in Ap pathology post­

infection in APP/PSl mice. Indeed as FTY720 had little effect in uninfected 

APP/PSl mice, it appears that its protective effects are predominantly evident in 

the context of infection, at least in this model.

It remains to be established w hether infection induces behavioural 

deficits in older APP/PSl mice, although due to  the wide range of pro- 

inflammatory changes, and increased soluble and insoluble A3, it seems likely 

that learning or memory impairments would be observed. While few  studies 

have examined the effect of infection on behaviour in AD models, LPS 

administered i.p. enhanced sickness behaviour (Takeda et al., 2013) and 

cognitive impairments (Sy et al., 2011) in APPswe or 3xTg-AD mice. Furthermore, 

infection of young and aged adult mice with Mycobacterium bovis, Bacillus 

Caimette-Guerin (BCG) induced prolonged sickness and depressive behaviour in 

aged mice only (Kelley et al., 2013). Behavioural assessment of FTY720-treated B. 

pertuss/s-infected APP/PSl mice might also delineate whether FTY720 could 

attenuate any possible deficits induced by exposure to infection and if successful, 

might correlate with the FTY720-related attenuation in A(3 accumulation post­

challenge. A clear result would certainly make FTY720 a potentially attractive 

therapy in the treatm ent of AD.

The current drug therapies available for AD treat the symptoms as

opposed to slowing disease progression and fall into two categories; those that
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inhibit cholinesterase (e.g. donepezil) or block N-methyl-d-aspartate (NMDA) 

receptors (e.g. m em antine) and can tem porarily help memory or language 

problems. At present there are just 5 drugs available for the treatm ent of AD and 

it has been over 10 years since a new treatm ent was identified. W hile there are 

many ongoing clinical trials investigating AD therapies, these have not translated  

to the clinic. It is clear AD patients have a compromised BBB (Farrall and 

W ardlaw , 2009) with increased chemokine expression in the CNS (Streit et al., 

2001; Tripathy et al., 2007, 2010; Xia et al., 2000; Xia et al., 1998). In addition, 

plasma proteins and peripheral immune cells are found in the AD brain (Akiyama 

et al., 1992; Berzin et al., 2000; Fiala et al., 2002; Ryu and McLarnon, 2009; Togo 

et al., 2002), which can contribute to neuroinflammation, therefore interrupting  

this cycle could provide new targets in the treatm ent of AD.

To date, there are no clinical trials underway which aim to improve BBB 

integrity in AD and protect the brain from unnecessary inflammatory stimulation 

and peripheral cell infiltration. The present findings suggest that restoring BBB 

integrity may protect the brain from the inflam m atory events that occur in the 

periphery, particularly during the period of infection. This could prevent the 

infection-induced inflammation and Ap accumulation. A key aim of therapy in AD 

is to  prevent disease progression and as demonstrated here, infection is a 

significant driving factor in A3 accumulation. It has been suggested that if a new  

therapy or intervention could slow the progression of dementia by 25% or 50%, 

this would reduce the proportion of people with severe dementia in 2050 to  just 

8% or 2% respectively (www.alzheimersresearchuk.org). As the current 

projection estimates that 14% of AD patients will have severe dementia in 2050, 

this could have a substantial impact on the quality of life of AD patients. FTY720 

is already a licensed drug for MS, therefore it could be directly translated to  an 

AD clinical trial. Indeed, as AD is a neurodegenerative disease with many 

pathways and factors at play, a drug like FTY720, which has numerous targets 

may prove ideal.

The key findings presented here is that peripheral infection is a significant

additional factor in the progression of AD pathology in APP/PSl mice. Infection

triggers BBB permeability and infiltration of IFN-y"  ̂ and IL-17"  ̂ T cells into the
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brains o f older APP/PSl mice, which are capable of inducing microglial and 

astrocyte activation (Fig 7.1). These effects last for weeks after the infection is 

cleared, and exposure to B. pertussis ultimately exacerbates A^-pathology. This 

novel finding has serious implications for the AD population, and identifies new 

targets in the treatm ent o f AD that could slow or delay disease progression. 

Overall, the data suggest FTY720 is a drug which warrants further investigation as 

a therapy in AD, and future experiments are required to determine the exact 

mechanism by which FTY720 is protective.
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Infection AD-pathology

BBB breakdown
FTY720

Infiltrating 
T cells

Fibrinogen
extravasation

^ IFN-v*

Microglial
activation

Astrocyte
activation

Pro-inflammatory
cytokines

^  Increased A(3

Figure 7.1 Proposed sequence of events leading to the increased deposition of 
AP in APP/PSl mice during infection, and possible targets of FTY720

This proposed sequence o f events suggests tha t BBB perm eability  accompanies 
the accumulation o f A6 in APP/PSl mice, fac ilita ting  fib rinogen leakage in to  the 
parenchyma, which can contribute  to m icroglia l activation. W ith the increased 
expression o f chemokines and BBB perm eability, /F A /- / and IL-17^ T cell 
in filtra tion  is also increased. These cells cause activation o f m icroglia and 
astrocytes, resulting in increased expression o f p ro -in flam m ato ry cytokines which 
can enhance the activ ity  o f 6- and y-secretases, increasing the production o f A6. 
An in flam m atory environm ent also prevents phagocytosis and m icroglia are poor 
phagocytes when in an APC state, together contributing to the accum ulation o f 
A6. Increasing presence o f A6 can enhance g lia l activation and fu r th e r d isrupt the 
BBB leading to a vicious cycle o f events. Exposure to infection increases BBB 
perm eability  and results in s ignificantly increased numbers o f IFN-y^ and IL-17^ T 
cells gaining access to the brain, changes which persist fo r  a long period o f time  
a fte r the infection is resolved. Im portantly, infection w ith B. pertussis results in a 
significant increase in A6 deposition in the brain. Treatm ent o f APP/PSl mice with  
FTY720 appears to in te rrup t this cycle; FTY720 improves BBB in teg rity  preventing  
fib rinogen leakage, and s ign ificantly reduces T cell in filtra tion  in to  the brain. 
Furthermore, FTY720 s ign ificantly attenuates the infection-induced increase in 
A6. Blue arrows re flect changes which occur in the brain a fte r infection w ith  B. 
pertussis.
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7.2 Limitations of the study

While every effort was made to ensure the experimental design, and the studies 

themselves were carried out to the highest standard, there are a number of 

limitations to the results described in this thesis. APP/PSl mice are genetically 

developed to increase production of A(3, with evidence of plaques by 6 months of 

age. W hile these mice develop learning and memory impairments, 

neuroinflammation and synaptic loss, other features of AD are not recapitulated, 

such as the substantial neuronal loss that is observed in AD patients. To date, 

there are no animal models of AD where genetic manipulation of APR and PSl 

alone induces neuronal loss however, it has been established that deletion of 

N0S2 in APPswe mice, or replacement with human N0S2 results in a significant 

loss of neurons in the brains of transgenic mice (Colton et al., 2014). The impact 

of peripheral infection on neuroinflammation and neurodegeneration in this 

model would undoubtedly be interesting.

Cryostat sections were stained with CD3 to identify T cells in the CNS, 

however, the use of a vascular marker would further clarify the extent to which 

the cells migrated into the parenchyma. Indeed staining the cryostat sections 

with a microglia or macrophage marker along with CDS, and viewing at a higher 

magnification would determ ine w hether the T cells were found in close proximity 

to APCs in the brain.

In the current series of experiments the memory and learning behaviour 

of mice was not examined following infection with 6. pertussis. However, the 

impact of infection on these parameters would further determ ine the extent to 

which the older mice are vulnerable to the effects of infection. It would be 

interesting to then compare w hether FTY720 can in fact negate any infection- 

induced deficits in cognition. Analysing the levels of synaptic proteins would also 

complement any observed changes in learning or memory in mice. This data 

could more closely align with what is observed in AD patients following infection, 

and would delineate w hether the infection-induced increase in T cell infiltration  

and AP-deposition can impact cognitive function in the older APP/PSl mice.
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7.3 Future work

The results described in this thesis demonstrate that older APP/PSl mice are 

vulnerable to the effects o f a respiratory infection. Infection w ith B. pertussis 

induced persistent changes in the brains of older APP/PSl mice w ith enhanced 

infiltration of T cells, glial activation and ultimately resulted in greater Ap 

deposition when assessed 56 days after challenge with bacteria. Future 

experiments could include enough mice to do a full time course o f the study. 

Culling a group o f WT and APP/PSl mice weekly after challenge with B. pertussis 

would determine the sequence of events o f T ceil infiltration and microglial 

activation which leads to the development of A3-plaques in the brains o f the 

APP/PSl mice. Further information on the tim ing o f T cell in filtration, and 

perhaps any genotype differences between the WT and APP/PSl mice during the 

course o f infection, could help develop new therapies for this disease by 

pinpointing the most appropriate therapeutic window for treatm ent o f these 

mice. Furthermore, a time course experiment would allow delineation o f the 

beneficial effects o f FTY720 in this model during the entire course o f the 

infection.

Repeating the infection experiment would also allow for animal 

behaviour to be performed on the mice, to investigate the effect o f infection on 

cognitive function. In turn this could be matched with changes in synaptic 

proteins in the brains of the mice or even changes in long term  potentiation. 

Although neuronal loss is not observed in APP/PSl mice it would be worthwhile 

to  examine whether infection w ith B. pertussis could affect neurodegeneration in 

this model.
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Appendix I

Solutions

Agarose Gel

A m m onium  chloride 

lysis solution (0.87% )

Bordet-Gengou agar plates

Casein

Cephalexine (10 m g/m l)

C itrate buffer

Coating solution fo r glass slides 

Congo Red solution (0.2%)

1.3 g agarose
130 ml DEPC-treated dH20 

Heat in m icrowave until boiling 

Add: 13 |il Gel red

4 .35  g am m onium  chloride (NH4CI)
500 ml ddHjO

500 ml dHjO
5 ml glycerol
15 g Bordet-Gengou agar base 

Autoclave
Add: 1 ml cephalexin (10 m g/m l)
100 ml pre-w arm ed sterile horse blood 
Pipette 23 ml into each Petri dish 

Allow to set overnight

6 g NaCI
10 g Casamino acid 
1 LddH jO  
pH 7-7.2
Autoclave at 115°C, store at 4°C

0.1 g Cephalexine 

10 ml dHjO

2.1 g Citric acid 

1 LdH jO  

pH 6
Store at 4°C 

2.5 g Gelatine
0.25  g Chrom ium potassium sulphate
500  ml dHjO
Heat to 60°C, then filte r
Store at 4°C

1 g Congo red
500 ml Saturated NaCI solution 

Stir overnight and filte r before use 

Add: 2 ml NaOH (1 M ) per 200 ml

DEPC-treated dH20 I L d H j O
1 ml DEPC
37°C for 1 h, then autoclave
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DMEM complete 

EDTA(1 M)

FACS Buffer 

Guanidine Buffer

Homogenisation Buffer 
(Soluble Ap)

Immunohistochemistry 
wash buffer

MACS Buffer

Methyl green solution

Neutralising buffer 
(Tris/HCI 0.5 M)

PBS(IX)

PBS-T

500 ml DMEM 
50 mlFBS
5 ml penicillin-streptomycin

18.61 g EDTA disodium salt
SOmldHjO
pH 8

500 ml PBS 
10 mlFBS
0.5 g Sodium azide (NaNa)

62.5 ml Guanidine-HCI (8 M, final 
concentration 5 M)
37.5 ml Tris-HCI (0.13 M pH 8, final 
concentration 50 mM)
Add: 10 |il/ml protease inhibitor cocktail

0.292 g NaCI 
IgSD S  
100 ml dHzO 
pH 10
Add: 10 nl/ml protease inhibitor cocktail

500 ml PBS 
100 ^l Triton X-100

2.5 ml BSA
1 ml EDTA (1 M, final concentration 2 mM) 
500 ml PBS

1 g methyl green 
100 ml dHjO

3.94 g Tris/HCI 
50 ml dHjO 
pH 6.8

8 g NaCI
0.2 g Potassium chloride (KCI)
1.15 g Disodium hydrogen phosphate 
( N a 2 H P 0 4 )

0.2 g Potassium phosphate monobasic 
(KH2PO4)

1 LdHjO 
pH 1.1-1 A

1 L PBS(IX)
500 nl Tween 20 
pH 7.2-7.4

306



Percoll d ilu tions

PFA

R P M I co m p le te

Saponin

S a tu ra ted  NaCI solution

S ta iner-S cholte  

liquid m ed iu m

Sulfuric acid 

(ELISA stop so lution)

Stock Isotonic Percoll (SIP): d ilu te  Percoll 

fro m  b o ttle  9 :1  w ith  lO X  PBS.

The d iffe re n t g rad ien ts  are  as fo llow s: 

1 .0 3 0  g /m l: 2 1 .5  ml SIP + 7 8 .7  m l IX  PBS

1 .0 7 2  g /m l: 57  ml SIP + 4 3 .1  m l IX  PBS 

1 .0 8 8  g /m l: 7 0  ml SIP + 2 9 .3 4  ml IX  PBS 

1 .1 23  g /m l: 1 0 0  ml SIP

4 g  PFA 

10 0  ml IX  PBS 

pH 7 .4

5 0 0  ml RPM I

5 ml p en ic illin -s trep tom yc in  

5 ml L -g lu tam ine  

50  m lFB S

1  g saponin  

2 0 0  ml IX  PBS

50  g NaCI

5 0 0  m l 80%  e th an o l in dHaO

Add NaCI until 5 m m  resides a t b o tto m  o f

glass b eaker

Add: 2 ml NaO H  (1 M ) p er 2 0 0  ml

1 0 .7 2  g L -G lutam ic acid 

0 .2 4  g L-Proline

2 .5  g NaCI 

0 .5  g KH2PO4 
0 .2  g KCI

0 .1  g M ag n esiu m  ch loride h exa h yd ra te  

(MgCl2.6H20)
0 .0 2  g Calcium  ch loride d ih yd ra te  

(CaCl2.2H20)
1 .5 2 5  g T ris

1 L d d H jO , pH 7 .3 -7 .4

A u to c lave  and store a t 4°C

Add: 1 ml su p p lem en t p e r 10 0  ml S ta in e r-

S cholte liquid m ed iu m  fo r cu ltu re  o f  B.

pertussis

2 6 . 6 m l H 2 S 0 4 ( 1 8 . 8 M )

4 7 3 .4  m l dH jO
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S u p p lem e n t fo r  S ta iner-S cholte  

liquid m e d iu m

X-V ivo  co m p le te

0 .4  g L-cystine (dissolve in 1 m l c o n ce n tra ted  

HCI)

0 .1  g Iro n (ll) su lfate  h e p tah yd ra te  

(Fe.SO4.7H2O)

0 .2  g Ascorbic acid

0 .0 4  g N icotin ic acid

1 .0  g G lu ta th io n e  (reduced)

10 0  ml d d H 2 0

S terilize by m e m b ra n e  filtra tio n  

Store a t 4°C

5 0 0  ml X-V ivo

5 ml p en ic illin -s trep tom yc in  

5 ml L -g lu tam ine  

2 pi p -m e rc a p to e th a n o l
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Appendix II

Materials

100 base pair ladder
ABI Prism 7300 instrument
Agarose
Alexa Fluor 647 goat anti-rabbit secondary IgG
Ammonium chloride
Amyloid pi.42
Anti-mouse CD3
Ascorbic acid
BCA protein assay kit
BFA
Bordet Gengou Agar Base 
BSA
CaCl2.2H20 
Casamino acid 
Cell permeabilisation kit 
Cephalexine
Chromium potassium sulphate
Citric acid
Collagenase D
Congo red
CpG
Cryostat
Cytokines (recombinant)
DEPC 
DNAse I
DNase/RNase free 1.5 ml Eppendorf tubes
DNeasy® blood and tissue kit
DPX
EDTA disodium salt 
ELISA kits
ELISA substrate solution 
Ethanol 96-100%
Falcon tubes 
FBS
Fe.SO4 .7 H2O 
FlowJo software 
FTY720 
Gel red 
Gelatine
Genotyping primers 
Glass slides 
Glutathione (reduced)
Glycerol
Go Taq® qPCR Mastermix

Promega
Applied Biosystems
Life Technologies
Life Technologies
Sigma-Aldrich
Life Technologies
BD Biosciences
Sigma-Aldrich
Thermo Fisher Scientific
Sigma-Aldrich
BD Biosciences
Sigma-Aldrich
Sigma-Aldrich
BD Biosciences
Dako
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Roche
Sigma-Aldrich
Sigma-Genosys
Leica
R&D Systems or Immunotools
Sigma-Aldrich
Sigma-Aldrich
Sarstedt
Qiagen

RA Lamb
Sigma-Aldrich
R&D Systems
R&D Systems
Sigma-Aldrich
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Tree Star
Santa-Cruz Biotechnology
Biotium
Fluka
Eurofins MWG Operon 
Thermo Fisher Scientific 
Sigma-Aldrich 
Sigma-Aldrich 
Promega
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G raphP ad Prism v4 .0  

G uanid ine  

H a e m o c y to m e te r  

HBSS

High C apacity cDNA RT kit 

Horse Blood 

Im aris im aging so ftw are  

lonom ycin  

KCI

KH2PO4 
L-Cystine

Leica SP8 confocal m icroscope  

L-glutam ic acid 

L-g lu tam ine

LIVE/DEAD® Fixable Aqua Dead Cell Stain  kit 

L-Proline  

LSR Fortessa  

MACS co lum n  

MACS iso lation  kit 

M e th y l g reen  

MgCb.GHjO
MJ Research P e ltie r T h e rm a l C y cler-200  

MSD® 9 6 -w e ll m u lti-s p o t 4 G 8  Ap tr ip le  u ltra ­

sensitive assay kits

MSD® A(3 p ep tid e  Panel 1 (4G 8) V-PLEX kits

N a 2 H P 0 4

NaCI

N a n o D ro p  S p e c to p h o to m e te r

NaOH

N eb u lize r

N ico tin ic  acid

N o rm al g o a t serum

N uaire  Flow  CO 2 in c u b ato r

NucleoSpin® RNAII iso lation  kit

N u n c -lm m u n o  p la te  w ith  M ax iso rp  surface

Nylon m esh filte r

OCT

O lym pus 1x51 light m icroscope  

Pa: lnfanrix®-IPV  

Parafilm  

PBS lO X

P en ic illin -s trepto m ycin

Percoll

Petri-d ish

PFA

PI

P M A

Pw: W h o le  cell B. pertussis  vaccine 4 1 5  NIBSC 

code: 9 4 /5 3 2

Rabbit a n ti-h u m a n  CD3 an tib o d y
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G raphPad S o ftw are

Sigm a-Aldrich

Hycor B iom edical

Sigm a-Aldrich

Applied  Biosystem s

Cruinn Diagnostics

Bitp lane

Sigm a-Aldrich

Sigm a-Aldrich

Sigm a-Aldrich

Sigm a-Aldrich

Leica

Sigm a-Aldrich

Sigm a-Aldrich

Life Technologies

Sigm a-Aldrich

BD Biosciences

M ilte n y i Biotec

M ilte n y i B iotec

Sigm a-Aldrich

Sigm a-Aldrich

Biosciences

M eso  Scale Discovery

M eso  Scale D iscovery

Sigm a-Aldrich

Sigm a-Aldrich

N ano D rop  Technologies Inc.

Sigm a-Aldrich

PARI G m bH

Sigm a-Aldrich

V e c to r Laboratories

Jencons

M ac h e re y -N a g e l Inc.

Sigm a-Aldrich

T h e rm o  Fisher Scientific

Sakura Tissue- Tek

O lym pus

GSK

V W R

Sigm a-Aldrich

Sigm a-Aldrich

Sigm a-Aldrich

Sarstedt

T h e rm o  Fisher Scientific  

Sigm a-Aldrich  

Sigm a-Aldrich  

NIBSC

Dako



Rabbit - an t i  h u m a n  f ibr inogen  a n t ib o d y

RPIVIl

SDS

S e c t o r  Im ag e r  p la te  r e a d e r  

SensiMix™ II P ro b e  M as te r mi x  

S o d iu m  az ide  

S od ium  p e n t o b a r b i t a l  

Su lphuric  acid 

S u m m i t  s o f t w a r e  

T25 flasks

T a q m a n  G e n e  Express ion Assays 

Tris

Tris/HCL 

Tri ton  X-100 

Trypa n  Blue 

Trypsin-EDTA 

T w e e n - 2 0

Ul traviole t  t r a n s l u m i n a t o r  

Vec tash ie ld  wi th  DAPI 

W h a t m a n  f i l ter  p a p e r  

X-Vivo 

Xylene

P - m e r c a p t o e t h a n o l

Dako

Sigma-Aldr ich 

Sigma-Aldr ich 

M e s o  Scale Discovery 

Bioline

Sigma-Aldr ich 

Meria l  Animal  Hea l th 

Sigma-Aldr ich 

Dako

Sigma-Aldr ich 

Appl ied Bi osys te ms  

Sigma-Aldr ich 

Sigma-Aldr ich 

Sigma-Aldr ich 

Sigma-Aldr ich 

Sigma-Aldr ich 

Sigma-Aldr ich 

Bioimaging S y s t em s  

V ec to r  L abo ra to r i e s  

W h a t m a n  In te r na t ion a l  

Lonza

Sigma-Aldr ich

Sigma-Aldr ich
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Appendix III

Addresses

AbD Serotec

Applied Biosystems

BD Bioscience

Bioimaging Systems

Bioline

Biosciences

Biotium

Bitplane

Endeavour House 

Langford Lane 

Kidlington 

0 X 5 IG E  

UK

Life Technologies GmbH  
Frankfurter Straye 129 B 

64293 Darm stadt 
Germ any

Edmund Hailey Road 

Oxford Science Park 
0 X 4  4D Q  Oxford 
UK

UVP, LLC
2066 W . 11th Street 
Upland 

CA 91786  
US

16 The Edge Business 

Centre
H um ber Road 

London 

N W 2 6EW  

UK

3 Charlem ont Terrace 
Crofton Rd 

Dun Laoghaire 
Co. Dublin 

Ireland

Biotium, Inc.
3159 Corporate Place 

Hayward  

CA 94545  

US

Bitplane AG 

Badenerstrasse 682  

CH-8048 Zurich 

Switzerland
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Cruinn Diagnost ics

Dako

eBiosc ience

Eurof ins  MWG O p e r o n

G r a p h P a d

GSK

Hycor  Biomedical

I m m u n o t o o l s

J e n c o n s

5 b / 6 b  H u m e  C e n t r e
Park W e s t  Indust r ial  Esta te
N a n g o r  Road
Dublin 12
Ireland

Dako D e n m a r k  A/S 
Produk t i on sve j  42 
DK-2600 Gl os t rup  
D e n m a r k

2 nd  Floor,  Ti tan Cour t  
3 Bi shop S qu ar e  
Hatf ield,  ALIO 9NA 
UK

Eurofins  MW G O p e r o n  
Anz inger  S t r a s s e  7a 
D-85560  Eb ers be rg  
G e r m a n y

G r a p h P a d  S o f tw are ,  Inc. 
7 8 2 5  Fay A ven ue ,  Sui te  230  
La Jolla 
CA 92 0 3 7  
US

GlaxoSmithKl ine Limited
S t o n e m a s o n s  W a y
R a th f a r n h a m
Dublin 16
Ireland

Hycor
P e n t l a n d s  Sc ience Park
Bush Loan
Penicuik
Edinburgh
EH26 0pl
UK

A l t e n o y th e r  S t ra s se  10 
2 6 1 6 9  Fr i e soythe 
G e r m a n y

Unit  15 
The  Birches 
Wil lard W a y  
I m b e r h o r n e  Industr ial  
Es ta t e
East  G r i n s te ad  
W e s t  Sussex  
RH19 IXZ
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UK

Leica

Life T ech n o lo g ie s

Lonza

M a ch e re y -N ag e l  Inc

M eria l Animal H ealth  Limited

M e so  Scale Discovery

M iltenyi Biotec

N an o D ro p  T ec h n o lo g ie s  Inc.

NIBSC

L ab o ra to ry  I n s t r u m e n ts  &
S upp lies  Ltd
P a m a ro n  H ouse
Ballybin Road
A sh b o u rn e
Ire land

Bio-Sciences 
3 C h a r le m o n t  T er race  
C ro f ton  Road 
Dun Laoghaire 
Co Dublin 
Ire land

Lonza G roup  Ltd 
Basel
Sw itze rland

M a c h e re y -  Nagel G m bH  & 
Co. KG
P ostfach  10 13 52 
D -52313 Duren 
N e u m a n n  N e a n d e r S t r .  6-8 
D -52355 Diiren 
G e rm a n y

S a n d r in g h a m  H ouse  
Harlows Business Park 
H arlow
Essex CM 19 5TG 
UK

M e so  Scale Discovery 
1601  R esearch  B oulevard  
Rockville, MD 2 0 8 5 0 -3 1 7 3  
US

Miltenyi Biotec Ltd.
A lm ac H ouse, C hurch  Lane 
Bisley
Bisley, Surrey  GU24 9DR 
UK

3 4 1 1  Silverside Rd 
W ilm ing ton  
D E 1 9 8 1 0  
US

N ational  In s ti tu te  fo r  
Biological S ta n d a rd s  an d  
Contro l
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Olympus

PARI GmbH

Prom ega

Qiagen

R&D Systems

Roche

Sakura Tissue Tek

Santa-Cruz Biotechnologies

P o t te rs  Bar 
Hertfordshire  
EN6 3QG 
UK

Shinjuku Monolith
3-1 Nishi-Shinjuku 2-chom e
Shinjuku-ku
Tokyo
Japan

Specialists in effective 
inhalation 
M ooss tra sse  3 
D-82319 S tarnberg  
G erm any

Prom ega Corporation 
2800 W oods Hollow Road 
Madison 
Wl 53711 
US

Skelton House 
Lloyd S tree t  North 
M an ch es te r  
M15 6SH 
UK

R&D System s Europe Ltd.
19 Barton Lane 
Abingdon Science Park 
Abingdon, 0X14 3NB 
UK

Roche Ireland Limited
Clarecastle
Co. Clare
Ireland

Sakura Finetek Europe B.V. 
Flemingweg lOA 
2408 AV Alphen aan  den 
Rijn
P.O. Box 362
2400 AJ Alphen aan  den
Rijn
The N etherlands

2145 Delaware Ave 
Santa Cruz 
CA 95060 
US
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S a r s te d t

Sigma-Aldrich

T h e r m o  F isher  Scientific

T re e  S tar

V ec to r  L ab o ra to r ie s

VWR

W h a tm a n

S a r s te d t  AG & Co. 
S ars ted ts tra (?e  
P os tfach  1220  
5 15 8 2  N u m b re c h t  
G e rm a n y

Sigma-Aldrich Ire land
Limited
Vale Road
Arklow
W icklow
Ireland

Fisher Scientific I re land  
Suite  3 
Plaza 212
B la n c h a rd s to w n  C o r p o r a te  
Park 2
Ballycoolin, Dublin 15 
Ire land

3 4 0  A S t r e e t  Suite  #  206  
A shland  
OR 9 7 5 2 0  
US

V e c to r  L ab o ra to r ie s  Ltd 
3 A ccen t  Park 
Bakewell Road 
O r to n  S o u th g a te  
P e te rb o r o u g h  
PE2 6XS 
UK

O rion  B usiness  C a m p u s  
N o r th w e s t  Business  Park 
Ballycoolin 
B la n c h a rd s to w n ,
Dublin 15 
Ire land

Springfie ld  Mill 
Sandling  Rd 
M a id s to n e  
M E14 2LE 
UK
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