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Abstract

Natural Killer (NK) cells are cells of the innate immune system with effector functions that 

are best known for their ability to  kill cancer or virally infected cells. However, evidence is 

emerging to support a role for NK cells in the immune response to other pathogens, 

including bacteria and fungi. Occurrence o f acute systemic fungal infections has increased 

in recent years due to increased numbers of immunocompromised individuals, e.g. AIDS 

patients or patients on chemotherapy. P-glucan is a component of fungal cell wall that 

can induce an immune response when recognised by its cognate receptor, dectin-1. The 

primary objective o f this study was to investigate a role for NK cells in the immune 

response to 3-glucan-containing compounds, curdlan and zymosan, and whole fungal 

cells. It was found that although human and murine NK cells were responsive to zymosan, 

it is most likely through an accessory cell as it was also found that dectin-1 is not 

expressed on murine NK cells. Curdlan and zymosan appeared to have a priming effect in 

vivo, which resulted in potentiated NK cells responses to stimulation ex vivo. Candida is 

one o f the most common forms of fungi to present as a pathogen with over 100 different 

species that can promote variable immune responses. The response of human and 

murine NK cells to three different Candida spp. was investigated to examine host and 

species variation. It was observed that Candida dubliniensis was the only strain to have an 

effect on human NK cells, and failed to observe a response by murine NK cell to any strain 

o f Candida. This led to the conclusion that host and strain variations are both important 

in the response of the immune system to  fungal infection. These findings indicate a 

potential role for NK cells in promoting anti-fungal immunity.



Summary
NK cells are lymphocytes o f  the  innate im m une system w here  they function primarily to  

kill t ransform ed or infected cells. They are effector cells tha t  readily kill target cells 

through release of soluble factors, such as perforin or granzyme, and through death  

receptor-m ediated  apoptosis. They are also responsible for the  production of cytokines 

and chemokines that result in enhanced activity o f o ther arms of the  im m une response. 

As a result, NK cells are considered to bridge the innate and adaptive im m une systems, 

and are key for alerting cells to  the  presence of pathogens such as bacteria, viruses and 

fungi.

W hile  the  majority of fungi exist as harmless commensals, there  has been a rise in clinical 

presentation of acute fungal infections due to  the  increase in individuals w ho are  

im m m unodefic ient. Fungal cells display a range o f com ponents tha t  are recognised by 

receptors on im m une cells and induce a response following binding. (3-glucan is a 

polysaccharide of D-glucose monom ers and forms part of the  fungal cell wall structure. It 

has been dem onstrated  to  be a biological response m odifier as it signals through dectin-1  

or com plem ent receptor 3 to  activate a num ber o f  im m une cells, including dendritic cells 

(DC) and monocytes. Although the  role of NK cells in prom oting a response to  3-glucan is 

not com pletely  defined, there  is evidence emerging that NK cells can play a role in the  

im m une  response to  some fungal infections (Zucchini, Crozat et al. 2008). Two 3-glucan 

containing compounds, curdlan and zymosan, w e re  used to  test the  response of human  

and murine NK cells following in vitro stimulation. Although NK cells did not respond to  

curdlan, the re  was an increase in CD69 expression by human and murine NK cells 

following stimulation with zymosan. There was also an increase in the  production o f IFNy 

by m urine NK cells. It was indeterm inable  if this was a direct effect or if accessory cells 

w ere  involved in inducing NK cell activation. Differences observed with  curdlan and 

zymosan may be due to  zymosan signalling through TLR2 as well as dectin-1, whereas  

curdlan is only recognised by dectin-1 and may require a co-stimulant to potentiate  a 

response. W h en  investigated in vivo, neither curdlan nor zymosan caused NK cells to  

increase expression o f CD69, or produce IFNy or IL-6. O ther groups have reported the  

ability o f these compounds to  p rom ote  an im m une response in vivo however, NK cells 

may not be involved in this.



Although still controversial, there  have been developm ents m ade in recent years 

regarding NK cell m em ory  and priming. Studies in favour of NK cell m em o ry  have 

dem onstrated  greater responses by NK cells to  previously encountered pathogens. NK 

cells have also been shown to require pre-activation in order to  reach effector cell status. 

In addition to this, NK cells can be primed by exogenous compounds or by cytokines 

produced from accessory cells. In light o f  this, I w anted  to investigate NK cells tha t  had 

been exposed to curdlan and zymosan in vivo to  see if they  had amplified responses to  a 

variety  of stimuli ex vivo. It was found th a t  murine NK cells expressed higher levels of 

CD69 in response to  Poly (l:C) stimulation ex vivo w hen  exposed to  e ither curdlan or 

zymosan in vivo in comparison to  those exposed to  PBS. There was also a significant 

increase in IL-6 production in response to  R848 in the  same conditions. W hile  it was still 

unclear as to w h e th er this was as a result of direct interaction with  NK cells or through  

another indirect mechanism, these results led to the  conclusion tha t  the  com pounds w e re  

having a priming effect.

In order to  get a better understanding o f the  underlying mechanisms I investigated NK 

cells for expression of dectin-1. It was found tha t  the  protein was neither expressed 

constitutively, nor was expression induced by IL-4 or IFNy, allowing us to  conclude that  

the  observed NK cell activity occurred as a result of indirect activation involving an 

accessory cell. From this an a tte m p t  was made to amplify the  response o f  NK cells 

exclusively following in vivo priming of im m une  cells by curdlan and zymosan. A receptor  

crosslinking assay was used to  engage N K l . l  which is an activatory receptor found on NK 

cells in order to  trigger a response. This could evaluate w h e th e r  th e  NK cells w e re  in fact 

primed in vivo. It was found tha t  the re  was no difference betw een  NK cells th a t  had been  

exposed to PBS or one of the  fungal compounds following N K l . l  engagem ent, indicating 

tha t  th e  NK cells w ere  not in a state of pre-activation. Therefore  it is likely th a t  a non-NK  

splenocyte, such as a m onocyte , is interacting with  curdlan or zymosan and is p re 

activated. It is present in the  splenocyte preparation and is stimulated ex vivo, having a 

stronger effect on activating the  NK cells.

Having established that NK cells are activated by 3-glucan, albeit indirectly, the  potential  

of NK cells to respond to a range o f  w ho le  cell fungi was explored. There  are known  

differences in the  im m une response to  d ifferent strains of Candida, although there  are  

not many studies directly examining NK cells. M ur ine  and human NK cells w e re  tested



with th ree  strains of Candida  and it was found that there  was a d ifference in response 

depending on the  species o f  the  host. M urine  NK cells responded very weakly  to all three  

strains. In contrast to  this, hum an NK cells increased CD69 expression and production of  

IFNy in response to Candida dubliniensis (but not C. albicans or C. g lobrata),  which further  

indicates tha t  the  type of fungal strain is also a factor in how  the  im m une system 

responds. Further research is required in order to clarify the  signalling mechanisms that  

are involved. There are numerous ligands present on the  surface of fungal cells, which  

could potentially  account for the  observed response.

In sum m ary, while the  effects of various fungi or fungal molecules on NK cells are  

relatively modest, clear differences betw een  human and mouse NK cell responses are 

found.

V
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Chapter 1: 

Introduction



1.1 NK cells
Natural  killer (NK) cells ar e  key c o m p o n e n t  cells o f  t h e  inna te  i m m u n e  sys tem .  They are  

large g ra nu la r  lym ph ocytes  t h a t  kill vi ral ly-infected or  t u m o u r  cells. They a r e  p a r a m o u n t  

for  initiat ing t h e  first s tages  of  t h e  inna te  i m m u n e  re spon se .  Al though t h e y  expr es s  a 

p l e th o ra  o f  cell surface  m ark e rs  t h a t  a r e  re sponsible  for  cell ac tivation o r  inhibit ion,  n o n e  

of  t h e s e  u n d e r g o  so m at ic  g e n e  r e a r r a n g e m e n t ,  n o r  do  NK cells express  T cell an t igen  

r e c e p to r s  (TCR), which play an im p o r t a n t  role in i m m u n e  m em o ry .  The d o g m a  regarding  

NK cell biology is t h a t  t h e y  react  spo n tan eo u s ly ,  b u t  n o t  in a m a n n e r  t h a t  is ant igen-  

specific. Originally o b s e r v e d  to  have  a "natu ra l  reactivity",  t h e y  a r e  r e fe r r ed  t o  as natu ra l  

killer cells d u e  to  t he i r  ability to  r e s p o n d  w i th o u t  prior ac tivation (Rosnber  EB, Wunder l i ch  

JR e t  al. 1972).  The activit ies exhibi ted  by NK cells can include: cytokine p rod uc t ion ,  such 

as in t er fe ron  (IFN)-y, t u m o u r  necros is  fa c t o r  (TNF)-a and  g r a n u lo c y t e / m a c r o p h a g e  colony 

s t imu la t ion fa c t o r  (GM-CSF), and cytotoxic r e sponse s ,  such as r e le as e  of  perfor in  and 

g ra n zy m e  gra nules  (Peruss ia B. 1996).  These  will be  a d d r e s s e d  in m o r e  detai l  in this 

repor t .

Al though primari ly as soc ia ted  wi th t h e  i m m u n e  r e s p o n s e  t o  viral infec tion,  NK cells can 

also increase  activity in r e s p o n s e  t o  o t h e r  sou rc es  of p a th o g e n ic  t h r e a t .  NK cells expr es s  

r e c e p to r s  on t h e  cell surface  which recogni se  l igands p r e s e n t  dur ing bacter ia l  o r  fungal  

infection (Becker I, Salaiza N e t  al. 2003).  This thes i s  will inves t igate  t h e  role t h a t  fungal  

der ived P-glucan molecu le s  play in ac tivation NK cell funct ions .

1.2 NK cell development
Although t h e  fac tors  t h a t  r egula te  NK cell d e v e l o p m e n t  in m o u s e  and  h u m a n  ar e  un ique

to  each species ,  it is poss ible to  d e l in ea te  c o m m o n  s t ages  o f  NK cell d i f ferent ia t ion .  NK

cells ar e  der ived  f rom h a e m a t o p o ie t i c  s t e m s  cells (HSCs). T hes e  cells a r e  influenced by

soluble  fac to rs  f rom s t ro mal  cells and have  poten t i a l  t o  co m m i t  to  e i t h e r  c o m m o n

myeloid  p ro ge n i to rs  (CMP) or  c o m m o n  lymphoid p ro g en i to r s  (CLP) (Yu, Freud e t  al. 2013).

The first indicat ion of  a cell 's c o m m i t m e n t  t o  NK cell d e v e l o p m e n t  occurs  in t h e  b o n e

m arr ow ,  wi th t h e  acquis it ion  of  in ter leukin-2 re cep to r - P  (IL-2RP), o r  CD122, express ion

which is im p o r t a n t  in recognis ing IL-15. At this point  t h e s e  cells b e c o m e  k now n  as NK cell

p recu r so r s  (NKP). The next  s t ag e  involves m a tu ra t i o n  of  t h e  p ro g en i to r  cells into cells
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with characteristics tha t  are phenotypically and functionally like those of peripheral NK 

cells. This involves expression of CD2 and a m e m b er of the  C-type lectin NK-cell receptor  

protein 1 (NKR-Pl) family, nam ely CD161 in human and N K l . l  in murine NK cells. IL-15 is 

extrem ely  im portant in promoting this stage of developm ent. These NK also start to  

express NKG2 and killer cell immunoglobulin-like receptors (KIR) receptors. Later stages 

involve the acquisition of DX5 expression by mice and CD56 by human NK cells. Once they  

reach the final stage of m aturation, NK cells are exported or "seeded" to blood, lymph  

organs or some parenchymal tissue including liver to  becom e functional effector cells.

Comm on
Lym phoid progen ito r p ro g *n ltO f
progen itor

M
H 9m «topo« itic

p rogen ito r
N K c d l

NKG2D/A

N K c» ll

NKG2D/A
KIR*

N K c * ll

NKG2D/A
KIR+

CytotOKktty

Fig. 1.1 Stages of NK cell development. NK cells o rig inate  fro m  hem ato po ie tic  p rogen itor cells and receive  

soluble signals th a t cause progression through  d iffe re n t stages o f d eve lo pm en t. Taken fro m  A lter and  

A ltfeld  (2009 ).

1.3 NK cell subsets
The early assumptions that NK cells are m erely cytotoxic lymphocytes tha t  act 

spontaneously are being challenged. Over the  last th ree  decades research has shed light 

on the  multifaceted activity of NK cells w ith  discoveries tha t  they are regulated by 

interaction w ith  other cells, and by the  array o f  receptors expressed on the  cell surface. 

Often these activities are not perform ed equally by all NK cells as these receptors are not 

expressed uniformly. This led to the  identification o f NK subsets based on expression of  

particular combinations of key markers exclusive to  NK cells.

Human NK cell are defined by a particular pattern o f  expression o f  markers on the  cell 

surface-CD56+, CD16+, CD3- and CD4-. NK cells can be subdivided based on the  degree of
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CD56 and CD16 expression as is seen in Fig. 1.2. The m ost com m on subsets are C D 56 ‘̂ ''̂  

and CD16‘̂ '"’ cells. The CD56‘̂ '"’ CD16'^''®^' subset accounts fo r about

90%  o f all NK cells in th e  peripheral blood. This proportion changes depending on the  

anatom ical location o f th e  NK cell. 90%  o f NK cells in spleen are also C D 56 ‘̂ '"̂  cells. 

H ow ever, th e  m ajority  o f cells in th e  tonsils and lymph nodes are CD56 '̂ '̂®^  ̂ cells. It is 

generally  thought tha t th e  CD56‘̂ '"’ subset is highly cytotoxic w ith  low  ability  to  

pro liferate . One hypothesis is th a t this subset is derived from  th e  subset and

represents a m ore term inally  d iffe ren tia ted  subset (Chan, Hong et al. 2007). The CD56 '̂ '̂® *̂ 

subset was shown to  be highly pro liferative  (Nagler, Lanier et al. 1990) and a po ten t 

producer o f cytokines (Rom agnani, Juelke et al. 2007).

M u rin e  NK cell subsets w ere  generally  harder to  define due to  th e ir lack o f CD56  

expression, and w ere  trad itionally  defined from  o ther cells based on expression o f D X 5 / 

CD49b or N K l . l ,  depending on the  strain o f mouse th a t is studied. H ow ever discovery of 

C D llb  expression by m ature  m urine NK cells and the  fu rth e r subdivision of cells based on 

CD27 expression allows for d iffe ren tia tion  o f distinct stages on NK cell d evelo pm en t  

(H ayakaw a and Sm yth 2006). C D l lb  cells are believed to  be im m ature  NK cells th a t  

experience a CD27^ stage before reaching a term inal stage o f developm ent defined by 

CD27" C D llb ^  expression (Chiossone, Chaix et al. 2009). Sim ilar to  w hat is know n about 

hum an NK cell com position, CD27"^ and CD27 cells are d istributed in varying proportions  

th rou g h o u t d iffe ren t tissues. The term inally  d iffe ren tia ted  CD27 NK cells are do m in an t in 

th e  spleen and peripheral blood, w hereas the  CD27^ subset constitutes th e  m ajo rity  o f 

th e  NK cells in the  lymph nodes (W a tt, A ndrews et al. 2008). There are also d ifferences in 

how  these subsets respond in term s o f activation. CD27"^ NK cells appear m ore reactive  

than th e  CD27 subset w ith  higher levels o f cytokine production, a higher propensity  to  

pro life ra te  and m ore cytotoxic (Hayakaw a and Smyth 2006). These are often  com pared to  

th e  CD56'’"®̂ * subset o f hum an NK cells based on th e ir activity and preferred  localization  

to  th e  lym ph nodes.

There are clearly quite distinct interspecies variations in NK cell receptor expression, 

which are not restricted to  th e  receptors th a t are used as identification m arkers. 

Expression of receptors th a t are responsible fo r m ediating  signals required fo r cellular 

activation can potentially  be present on NK cells in mice th a t are not present on hum an  

NK cells, leading to  d ifferentia l regulation o f an im m une response.
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L D
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U

CD16
Fig. 1.2 Subsets of human peripheral blood NK cells. PBMCs were stained w ith  anti-CD3, anti-CD14, anti- 
C dl6, anti-CD19, and anti-CD56. Cells were gated on CD3- CD19- cells. NK subsets shown are: 1, CD56'’"'®̂ ' 
CD16'; 2. CD56""®^' Cols'*™; 3. CD56‘̂ '"' CD16‘; 4. CD56‘*^CD16"; 5. CD56 CD16^ Taken from  J Zimmer, E 
Andres and F Hentges (2005).

1.4 NK cells and cvtotoxicitv
NK cells are known to function as effective cytotoxic cells and contribute to successful 

defence against infected, stressed or tum our cells (Trinchieri G, 1989). There are two 

methods by which NK cells perform this role. The first method involves the release of 

cytotoxic granules from w ithin the NK cell. These include perforin which disrupts the cell 

membrane allowing contents o f the cells to leak out due to osmosis, resulting in necrotic 

cell death (Farag SS, Caigiuri MA, 2006). Granzyme, a serine protease, is also released. It 

can be taken up into the cells and when encountered with these granules the target cell is 

subject to  activation of cell-death mechanisms through caspase activity. The second 

method involves engagement of a death receptor, such as Fas, on the surface o f a target 

cells using the cognate ligand on the NK cell, such as FasL. This causes the activation of 

caspase-dependant apoptosis.

■t** *> jw ,-
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Fig. 1.3 NK cells mediate cytotoxicity through two pathways. NK cells release cytotoxic granules to  disrupt 
the in tegrity o f the cell membrane o f target cells. Granzyme (Grz) can enter the target cell through 
endocytosis, or through mannose phosphate receptor (MPR) and induces apoptosis through activation o f 
caspases. A lternatively, FasL and TRAIL act as ligands fo r death receptors present on the surface o f target 
cells. NK cells use these ligands to  induce apoptotic cascades resulting in target cell death. Adapted from  
Smyth et at. (2005)

1.5 NK cells and cvtokines

NK cells rely on receiving messages from  o th er cells to  develop and becom e activated , 

and also requires m echanism s to  signal to  o th e r cells in o rd er to  partic ipate  in the  

im m une response. Therefore  cytokine recognition and production are v ita l factors in NK 

cell biology. Cytokines serve as stress molecules indicating presence o f infection or 

distressed cells. Some o f the  most com m on cytokines associated w ith  NK cell biology are  

discussed below , but this list is not exhaustive.

1.5.1 Interleukins

NK cells recognise and are responsive to  a range o f cytokines th a t are released by cells 

including IL-2, IL-12, IL-15 and IL-18. IL-2 is an NK cell grow th facto r and is o ften  used in 

NK cell culture to  stim ulate cell replication. At higher doses it has been shown to  increase
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the  cytotoxicity activity of NK cells (Henney, Kuribayashi et al. 1981) and enhances  

expression of perforin ribonucleic acid (RNA) (Salcedo, Azzoni et al. 1993). IL-15 has 

overlapping functions with IL-2 in terms o f  NK cell biology. IL-15 can induce proliferation  

o f  NK cells, p rom ote  their survival and induce cytolytic effects (Carson, Giri e t al. 1994)  

(Carson, Fehniger et al. 1997).

IL-12 is strongly associated with regulation o f  NK cell biology. It is composed of tw o  

subunits, IL-12p35 and IL-12p40, to  form a hete rod im er (Gubler, Chua et al. 1991) (Gately, 

Carvajal et al. 1996). The genes for these subunits are located on separate chromosomes  

resulting in differential regulation of the  corresponding proteins, and when co-expressed  

in the  same cell they form the functional IL-12p70 heterodim er. IL-12 is im portan t for a 

num ber of immunological activities, and while it is a strong inducer of IFNy production by 

NK cells, the re  is a positive feedback loop w hereby  IFNy can p rom ote  IL-12 expression by 

monocytes or polym orphonuclear (P M N ) cells. IL-12 often works in synergy w ith  IL-15, or 

IL-18 to  p ro m o te  the secretion o f  IFNy and enhances cytotoxicity (Hyodo, M atsui et al. 

1999). These cytokines are produced in vivo by other cells o f the  im m une system, such as 

dendritic cells (DC), monocytes and macrophages, in order to  induce activation o f NK cells 

in response to an encounter w ith  a pathogen. IL-12 also plays a critical role in the  

developm ent and regulation of the  adaptive im m une response. It can induce polarisation  

o f  CD4+ T cells into T cell helper 1 (T h l )  or T cell helper 2 (Th2) cells. It regulates T h l  

differentiation and can induce T cell proliferation, acting on CD4+ T cells to  induce 

expansion.

IL-6 has a num ber of biological roles and is produced quite early during an im m une  

response by a range o f  im m une cells including monocytes, macrophages, DC, T cells and 

NK cells. It is present in serum o f individuals affected by severe infection, in flam m ation or 

burns (Dinarello 1989). Recent studies have found that is in involved in the  cross talk  

betw een  im m un e  cells and stromal cells, and the  regulation of the  onset and resolution of 

in flam m ation (Camporeale and Poli 2012). It is particularly noted to have a role in the  

response to  sepsis induced by gram negative bacteria, such as E. coli (Hack, De Groot et 

al. 1989). Levels of IL-6 w ere  also found to  be increased in patients with  fungal infections  

com pared to  healthy controls (Diepold, Noellke et al. 2008).
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7..?.2 IFNv

NK cells also communicate downstream to other cells of the immune system by 

production of cytokines. Production o f IFN Igamma (y) is one o f the key roles o f NK cells in 

promoting adaptive immune responses. IFNy is a type II interferon that signals though the 

JAK/STAT pathw/ay which involves recruitment o f the Janus tyrosine kinase (Jak) 1 and 

signal transducer and activator of transcription (Stat) 1. This is a common pathway used in 

the induction of biological activities, particularly in response to viral infection. As seen in 

Fig. 1.4, the receptor for IFNy consists o f two a subunits and two (3 subunits. Each subunit 

contains an inactive form of JAK bund to the intracellular domain. When an IFNy dimer 

binds to the receptor JAKl and JAK2 transactivation occurs which forms docking sites fo r 

S ta tl molecules. These are phosphorylated and translocate to the nucleus to  alter gene 

expression (Gough DJ, Levy DE. 2008).

NK cells are mediators o f anti-viral protection and are a prime source o f IFNy cytokine. 

They produce IFNy in response to cytokine signalling from activated accessory cells and 

following recognition o f certain pathogen-associated molecular patterns (PAMP) through 

the ir surface receptors. IFNy has anti-viral, anti-tumour and immunoregulatory 

properties. It has a major role in modulating cellular responses and alters gene 

transcription (Platanias and Fish 1999). While there is a delay o f approximately a week in 

IFNy expression from T cells following primary infection, NK cells can produce the 

cytokine w ith in the first 24 hr (Biron, Nguyen et al. 1999). The production o f this cytokine 

enhances NK cell activity (Carnaud, Lee et al. 1999) and helps to promote a T h l response. 

It also affects macrophages causing an increase in antigen presentation and lysosome 

activity (Schroder, Hertzog et al. 2004).
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Fig. 1.4 IFNy signals through the JAK/Stat pathway. IFNy forms a dimer to  bind a and (3 subunits o f the 
IFNy receptor and form  a complex resulting in phosphorylation o f JAKl and JAK2 intracellularly. Stat is 
recruited, phosphorylated and forms a dimer which translocates to  the nucleus to alter gene transcription. 
Taken from  T.G. Brock, Receptors and Tyrosine Kinases.

1 .5 .3  T N F a

TNFa is another cytokine that has a strong association with NK cell regulation of the 

immune system. It is involved in promoting inflammation, inhibition of tumorigenesis and 

viral replication (Kawanishi, Hayashi et al. 1995), and production of IL-1 and IL-6 in 

response to sepsis (Endo, Inada et al. 1992). It activates transcription of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFkB) through TRAF2 and RIP recruitment 

which leads to expression of proteins responsible for inflammation. It has been shown to 

be an essential cofactor for IFNy production by NK cells in the SCID model of listeriosis in 

vivo and in vitro (Nakane, Numata et al. 1990) (Wherry, Schreiber et al. 1991). IN F  can 

bind two receptors; TNF receptor type 1 (TNFRl) which is found in most tissues, or TNF 

receptor type 2 (TNFR2) which is found primarily on immune cells. When the TNF ligand 

binds to its receptor there is a conformational change which results in intracellular 

adaptor protein TRADD recruitment to the death domain. This allows three pathways to 

potential become activated; NFkB, MARK and death signalling (Hsu, Xiong et al 1995).

1.6 NK cell receptors
Despite the lack of a unique activating receptor (analogous to the TCR) NK cells have a 

number of means through which they can be activated to kill virally infected cells or
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tu m o u r cells. The earliest findings o f a trigger for NK cell nnediated cytolysis led to  the  

developm ent o f the  "missing self" hypothesis. It was found th a t NK cells had th e  capacity  

to  kill cells w ith  low (M H C ) class I expression w ith o u t any o th er signal to  attack. M HC class 

I m olecules are generally  expressed on th e  surface o f all nucleated cells, but can be dow n- 

regulated in th e  case o f viral infection or if a cell becom es cancerous. It is a m echanism  of 

im m une evasion which tries to  mask th e  recognition o f a virus by T cells. H ow ever, it 

renders th e  cell susceptible to  attack from  an NK cell. NK cells have inhibitory receptors  

on th e  cell m em brane th a t recognise M HC  class I m olecules. This dam pens dow n the  

cytotoxic nature  o f th e  cell. H ow ever, lack of M H C  class I binding allows th e  cell to  be 

active and cytolysis can occur (Fig. 1.5) (Ljunggren, Karre. 1990).

Activation receptor

NK

°  ><Pco c
o

Inhibitory receptor

o o  o  ^ 
o  °  °  MHC class T

Activation receptor 
ligand

NK

O o o 
o  o o
°  °  Granule release (Cytotoxicity)

Cytokine production
Anhrrtis  Research & Therapy

Fig. 1.5 NK cell "missing self" hypotheses. NK cell activation is regulated by a balance o f inh ib itory and 
activatory signals. When inh ib itory receptors recognise self MHC class I there is a restrain on activation. 
However, in the  absence or downregulation o f MHC class I stim ulatory signals are no longer impeded 
resulting in NK cell activation. Taken from  French and Yokoyama, (2004).

So although th e re  is no defin itive receptor, a mosaic o f activatory  and inh ib itory receptors  

on th e  surface o f th e  NK cell have been discovered th a t regulate  its actions. These 

receptors d iffe r from  those on T and B cells in th a t they  do not undergo gene
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rearrangement; so they cannot recognise specific antigen. However they rely on their 

ability to recognise MHC class I and class l-like molecules on target cells to control the 

activity o f the NK cell, depending on which receptor-ligand interaction is formed. 

Activation of receptors contribute to both natural cytotoxicity and the recognition of 

pathogen-associated structures to initiate cytotoxicity. Yet on the other hand, recognising 

self MHC class I ligands dampens down the targeting by the NK cell and subsequent 

elimination o f the ligand-bearing cell. These receptors mainly use opposing signalling 

motifs which dictate the shift between activation and inhibition (Lopez, Bellon. 1999).

1.6.1 NK cell receptors and licensing

NK cells are required to have a balance of tuned activatory and inhibitory receptors in 

order to maintain homeostatic activity. This involves recognising "missing" self, but still 

maintaining self-tolerance. NK cells are educated during development in a process known 

as licensing. In order for this to occur, NK cells need to express inhibitory receptors for 

self MHC class I molecules to become functionally competent through their activation 

receptors. NK cells that develop w ithout the presence o f self-MHC are termed 

"unlicensed" and are hyporesponsive (Fig. 1.6) (Yokoyama and Kim 2006). These cells 

appear normal and express activation receptors however they do not respond like fully 

developed licensed NK cells. It is understood that in non-inflammatory conditions licensed 

NK cells are tolerant due to the expression o f inhibitory receptors which recognise self- 

MHC. Unlicensed cells are also tolerant as their activatory receptors are not functionally 

competent. It is yet to be established whether human NK cells undergo the same process 

of licensing; however there are parallels in the human and murine systems, such as 

polymorphic receptors and human leukocyte antigen (HLA) ligands.
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Fig. 1.6 Licensing of NK cells by self-MHC-l. NK cells expressing receptors tha t recognise self-MHC are 
licensed and the receptors become functionally com petent to  regulate NK cell activity. Cells tha t do not 
engage w ith  self MHC are unlicensed and are incompetent. Taken from  Yokoyama and Kim (2006).

1.6.2 K iller Im m unoglobulin-Iike Receptors

One major family o f receptors is the KIR family. They are type I transmembrane 

glycoproteins and members o f the Ig-like superfamily. KIR are vastly polymorphic and the 

family o f genes encoding these receptors are clustered in an extremely variable region of 

the human genome. As seen in Fig. 1.7, there are a number of members o f the KIR family. 

The majority of these KIR fall under the category of inhibitory receptors, yet there are 

some activating counterparts with similar specificity, but differing ligand affinity. 

Activatory or inhibitory signalling to the NK cell is initiated following interaction with HLA 

class I. The murine equivalent of this system consists of the Ly49 family of receptors 

which, although highly divergent from the KIR family, are similarly activatory or inhibitory 

(Mestas, Hughes 2004).
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Fig. 1.7 Killer-cell Immunoglobulin Like Receptors. KIRs are divided into two  subgroups based on the 
number o f extracellular domains they contain (2D or 3D). They can also be subdivided again depending on 
the length o f the cytoplasmic tail (S/L). Inh ib itory KIRs contain imm unoreceptor tyrosine-based inh ib itory 
m o tif (ITIIVI) which transduce suppression intracellularly. Activatory KIRs associate w ith  im m unoreceptor 
tyrosine-based activation m o tif (ITAM)-containing adaptor proteins. Tajen from  IPD-KIR (2011).

1.6.3 Natural Cvtotoxicitv Receptors

The natural cytotoxicity receptors (NCR) are a three member family o f receptors which 

transduce a signal result in increased NK cell cytotoxicity. Initially thought to be 

exclusively expressed on NK cells, they have been shown to be present on subsets o f T 

cells. The family consists o f the receptors NKp30, NKp44 and NKp46. They are members 

of the immunoglobulin super family (Ig-SF). They have one or tw o Ig-like domains 

extracellularly. Their density on the surface o f the cell correlates w ith the degree of 

cytotoxicity they can induce w ith the recognition of both and NCR*̂ "" cells

(O'Connor, Hart et al. 2006). They span the membrane where they have ITAM motifs 

through which they can signal. Together they play complimentary roles in the elimination 

of target cells as it was shown that by cross linking each receptor there is an induction of 

cellular activity. Each natural cytotoxicity receptor also has the ability to activate the 

pathway of the other NCRs, causing the downstream amplification of the original signal 

(Augugliaro, Parolini et al. 2003). No endogenous ligands have been identified for any of 

the NCRs; however, some have the ability to recognise pathogen specific moieties.
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NKp46 is de f in ed  by its ext racellu lar  d om ain  which co n ta i ns  t w o  C2 ty p e  Ig-like domains .  

W h e n  it a s soc ia te s  wi th a ligand it ca us es  tyros ine  phosphory la t ion  of  CD3Z; an d  FceRly. It 

acts as a co r e c e p t o r  in synergy wi th a n o t h e r  ac tivating r e c e p t o r  such as NKG2D. Cross 

linking wi th  o t h e r  NCRs w a s  sh o w n  to  induce calcium mobil isat ion,  cytokine r e le as e  and  

cytotoxici ty (Bottino,  Biassoni e t  al. 2000).  NKp46 has  b e e n  s how n  to  r e s p o n d  t o  viral 

specific hem agglu t in ins  which aid t h e  lysis of virally infected  cells by NK cells.

1.6.4 Toll-like Receptors

TLR are  a class o f  r e c e p to r s  t h a t  play a key role in bridging t h e  inn ate  an d  adap t ive  

i m m u n e  sys tems ;  f rom t h e  b inding to  microbial -der ived l igands t o  t h e  intrinsic 

d o w n s t r e a m  n e t w o r k  of  signals t h a t  ar e  ampl if ied as a resul t  of  t h a t  in terac t ion.  T o g e th e r  

wi th t h e  IL-1 re cep to rs ,  TLR fo rm  a par t  of  a r e c e p t o r  super family  collectively know n as 

"Toll-like re cep to r / l n t e r l eu k in -1  r e c e p t o r  (TIR) superfamily"  which conta ins  an 

in tracellular  d o m a in  of  t h e  r e c e p t o r  t h a t  is in hom ology  wi th t h e  int racel lu lar do m ai n  of  

t h e  IL-1 r ecept or .  They also have  c o m m o n  d o w n s t r e a m  signalling in te rm ed ia te s ,  a l though 

t h e y  differ d u e  t o  u n iq u e  ext racel lu lar  domains .

The di f f erence  in ext racel lu lar  d o m a in s  m e a n s  t h e  l igands t h a t  TLR bind a r e  dist inct  f rom 

t h o s e  t h a t  bind to  t h e  IL-1 r ecept or .  They ar e  a n o t h e r  m e m b e r  of  a collective of  r e c e p t o r s  

kno wn as p a t t e r n  recogni t ion  r e cep to r s  (PRR). This g ro u p  consis ts  of  5 t y p e s  of  re cep to r s  

t h a t  recogni se  PAMP from  mic ro bes  o r  viruses,  o r  d an g e r -a s s o c i a t e d  molecular  p a t t e r n s  

(DAMP) which a r e  e n d o g e n o u s  molecu les  re le ased  by d a m a g e d  or  s t r e s s e d  ho st  cells 

(Bianchi 2007).  T h ese  r e c e p to r s  are  foun d on a r ange  of  cells including DC, m o n o cy tes ,  

neut ro ph i l s  and NK cells in par t icular  as t h e y  ar e  t h e  first cells to  r e s p o n d  to  t h e  

immunological  s t re s s  signals. S o m e  ar e  exp res sed  on t h e  p lasma m e m b r a n e  of  t h e  cell, 

such as TLRl, TLR2, TLR4, and TLR6. Th ere  ar e  also TLR t h a t  ar e  ex p res sed  in vesicles 

wi thin t h e  cell. TLR3, TLR7, TLR8 and  TLRll  are  fo und  in e n d o s o m a l  c o m p a r t m e n t s ,  

lysosom es  and  in t h e  en d o p lasm ic  re t iculum (ER). The local isat ion of  s o m e  of  t h e s e  is no t  

def ini tive h o w e v e r  as s o m e  biological p ro ces ses  can ch a n g e  w h e r e  a TLR can be  

expressed .  TLR4, for  example ,  has  b e e n  s h o w n  to  t r a n s lo c a t e  t o  t h e  nucleus  of t h e  cell 

an d  signal f rom t h e r e  (Kagan, Su e t  al. 2008).  Expression can also vary d e p e n d in g  on t h e
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type of cell. There is evidence o f TLR3 expression on the surface of human NK cells (Hart, 

Athie-Morales et al. 2005).

Each TLR contains copies o f between 16-28 leucine rich repeat (LRR) motifs in their 

extracellular domains which are essential for PAMP recognition, and each TLR recognising 

a particular type of pathogen (see table 1.1).

TLRl Triacyl lipopeptides Bacteria
TLR2 Glycolipids Bacteria

Diacyl lipopeptides Bacteria
B-glucan Fungi

TLR3 ds-RNA RNA containing viruses
TLR4 Lipopolysaccharide (LPS) Gram-negative bacteria

Fibrinogen Host cell
Heat shock protein (HSP) Host cell response

TLR5 Flagellin Bacteria

TLR6 Diacyl lipopeptides Mycoplasma
TLR7 ss-RNA
TLR8 ss-RNA RNA containing viruses
TLR9 CpG DNA Bacteria
T L R ll Profilin T. gondii

Table 1.1: Ligands recognised by Toll-like receptors. TLR have the ability  to recognise a w ide range of 

pathogens. Based on Tukhvatulin, A.I. et a l (2010).

The myeloid differentiation primary-response gene 88 (MyD88) pathway is one of the 

most ubiquitously used pathways and is involved in TLR signalling. The protein itself 

contains 3 domains: a c-terminal TIR domain, an N-terminal death domain and a domain 

linking the two. Interaction w ith downstream kinases occurs through the N-terminal 

death domain and results in the activation o f NFkB and cytokine gene transcription (Fig. 

1.8). It has been shown to have a key role in TLR signalling. It was shown that 

macrophages that were also unable to express MyD88 were unresponsive to agonists for 

TLR2, TLR7 and TLR9 (Alexopoulou, Holt et al. 2001).

TLR2, or CD282, is an important membrane surface receptor w ith ligands including 

bacterial, fungal, viral and even endogenous components (Akira, Uematsu et al. 2006).
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TLR2 is generally  associated w ith  form ation  o f heterodim ers w ith  o ther TLR. One o f these  

is o f particular im portance to  recognition o f fungal pathogens. It form s a heterod im er  

w ith  TLR6, and recognises diacylated lipoproteins and com ponents o f fungal cell wall. In 

addition to  form in g  a heterod im er, TLR2 also engages w ith  co-receptors th a t are located  

on the  cell surface to  act in synergy. CD36 acts w ith  th e  TLR2/TLR6 h etero d im er to  

recognise pathogens (Hoebe, George! et al. 2005). Dectin-1 is an im portan t co-receptor 

fo r recognising P-glucan from  th e  cell w all o f fungal pathogens, and is an im portan t 

e lem en t of this study (Goodridge and Underhill 2008).

TLR IL-1R

MyD88 

,IRAK 1,

IRAK 4

TRAF6

TAB

TAK

k-B

ERK, JNK, p38 _____________________ N F k-B

p50 p65 Inflammatory Response

 I _______

Nucleus
Jun Fos

Fig. 1.8 TLR signalling pathway. The TLR signalling pathway involves the same adapter molecules as the IL- 

1 receptor. The MyD88 pathway is active which involves recru itm ent and phosphorylation o f downstream 

kinases resulting in altered gene transcription. Taken from  Wu et al. p005).

1.6.5 C-type Lectin Receptors

A nother m ajor fam ily  o f receptors associated w ith  NK cells consists o f Ca^^-dependant (C- 

typ e ) lectin like receptors (CLR). They function in a sim ilar w ay to  th e  KIR in th a t they  also 

have som e m em bers th a t activate NK cells, and others th a t inhibit this activity (Santoni, 

Zingoni et al. 2007 ). This heterogeneous fam ily  can be sub-divided into fu rth e r groups, 

but all originally w ere  C-type carbohydrate-b inding (lectin) receptors, th a t shared a 

com m on "carbohydrate-recognition  dom ain" (CRD). It is now  known th a t there  are
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m e m b e r s  t h a t  conta in  o n e  o r  m o r e  do m a in s  h o m o lo g o u s  t o  t h e  CRD, b u t  d o n ' t  

necessar i ly b ind c a rb o h y d r a t e s  (Zelensky and Gready  2005).  Th e range of  l igands t h a t  

t h e s e  r e cep to r s  bind is qu i t e  wide  which m a k es  t h e m  i m p o r t a n t  m ed ia to r s  of  d iverse  

i m m u n e  re sponse s .  For example ,  t h e  ability o f  cer t a in  CLR to  bind m a n n o s e ,  f r uc tose  or  

g lucan ca r b o h y d r a t e s  al lows t h e m  to  recognise  p r e s e n c e  of  viruses,  m y co b ac te ra  and 

fungi. Th ere  is s o m e  ov er lap  b e t w e e n  s o m e  of  t h e  individual re cep to r s  wi th regard  to  

su b s t r a t e  specificity, b u t  s o m e  exclusive specificity occurs ,  par tly d u e  to  t h e  affinity of  

d i f ferent  c a r b o h y d r a t e  s t ru c tu re s  on t h e  p a t h o g e n  for  t h e  u n iq u e  CRD moti fs  on t h e  

recep to r .

Al though t h e y  can exist as soluble  recepto rs ,  t h e  m o s t  well s t ud ied  CLR m e m b e r s  ar e  cell- 

as soc ia ted  re cep to rs .  T h ese  include m e m b e r s  of t h e  NKG2/CD94 family, m a n n o s e  

r e c e p t o r  (MR) and dectin-1 .

1.6.6 NKG2/CD94

NKG2/CD94 is a sub-family  o f  C-type lectin r e c e p to r s  t h a t  ar e  p r e d o m in a n t ly  exp res sed  

on NK cells, wi th b o th  s t imula to ry  and inhibitory roles d e p e n d in g  on r e c e p to r  

compos i t ion .  T hese  r e c e p to r s  com pri se  of  a com plex  fo r m e d  by s u lp h a t e  b o n d s  b e t w e e n  

t h e  subu ni t  CD94 a n d  an NKG2 molecule.  This h e t e r o d i m e r  is exp res sed  as  t y p e  II 

m e m b r a n e  p ro te ins  on a small  s u b s e t  of  T cells as well as on NK cells (Chang, Rodriguez et  

al. 1995).  The CD94 su b u n i t  is invariant,  e n c o d e d  by only o n e  g e n e  (Natara jan ,  Dimasi et  

al. 2002) and  will bind to  t h e  no n classical HLA, HLA-E. CD94 a lo n e  ca n n o t  t r a n s m i t  t h e  

signal t h r o u g h  t h e  cell d u e  to  its s ho r t  cytoplasmic  tail and t h e r e f o r e  re qu ire s  NKG2 to  

c o n t in u e  its d o w n s t r e a m  activity.  Th ere  are  5 p ro te ins  which m a k e  up t h e  NKG2 family. 

Al though t h e y  have  h o m o l o g o u s  ext racel lular  d o m a in  t h e y  vary  in t h e  length  of the i r  

cytoplasmic  dom ains .  NKG2A and  NKG2B t r an s m i t  an inhibitory signal t h ro u g h  t h e  ITIMs 

in t h e i r  long cy top lasmic  do m ains .  This results  in a d e c r e a s e  in cytotoxici ty fol lowing SHP- 

1 and  SHP-2 p h o s p h a t a s e  re c ru i tm en t .  Short  ta i led  NKG2C and NKG2E int er act  wi th a 

shor t ,  dimeric signalling m o lecu le  KARAP12/DAP12 which con ta ins  an ITAM mot i f  caus ing 

increased  cytotoxic activity of  t h e  NK cell.
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1.6.7 NKG2D

Despi te t h e  similar n o m e n c la tu r e ,  NKG2D is only d istant ly  re la ted  to,  and s h a r e s  only 20- 

30% s e q u e n c e  ident i ty  wi th t h e  o t h e r  NKG2 m e m b e r s .  It is ex p r es sed  on a w id e r  r a n g e  of 

cells including NK cells, CD8+ a P  T cells, y6 T cells and m ac ro p h a g es .  It is a h o m o d im e r i c  

r e c e p t o r  which lacks intrinsic cytoplasmic  signalling moti fs  (Gilfillan, Ho e t  al. 2002) .  In 

h u m a n s  it requ ire s  an as socia ted  DAPIO t r a n s m e m b r a n e  a d a p t e r  molecule  t o  t r a n s m i t  

signals f rom t h e  cell surface.  Shar ing 20% cDNA s e q u e n c e  hom ology  wi th DAP12, DAPIO 

is a t y p e  I m e m b r a n e  prote in  consis t ing  of  93 am ino  acids.  DAPIO is d i f fe ren t  h o w e v e r  

f rom  o t h e r  int racel lular  a d a p t o r  m olecu les  in t h a t  it binds  t o  t h e  p85 s u b u n i t  of  

phosphat idyl inos i to l -3  k inase (PI3K) and  Grb2.  This occurs  in r e s p o n s e  t o  t h e  

ph osphory la t ion  of  t h e  YxxM motif.  The PI3K p a t h w a y  is involved in cell killing and also 

t h e  s t imula t ion  of cytokine p roduc t ion  and  prol i ferat ion.  T he re fo re  it has  a role in in n a t e  

and  adap t ive  i m m u n e  signalling (Groh, Rhinehar t  e t  al. 2001).  O th e r  a d a p t e r  mo lecu les  

ar e  d e p e n d e n t  on t h e  p rote in  tyros ine  kinases  sp leen  tyros ine  k inase (Syk) a n d / o r  ZAP-70 

(Gilfillan, Ho e t  al. 2002).

In t h e  m o u s e ,  NKG2D is d i f fe ren t  in t h a t  it can a s soc ia te  wi th bot h  DAPIO an d  DAP12. 

There  ar e  tw o  fo rms  of  NKG2D in this case,  g e n e r a t e d  by a l t e r n a t e  splicing. A long 

isoform,  NKG2D-L, can b e  f o r m e d  t h a t  a s soc ia te s  wi th DAPIO and is const i tu t ively  

e x p re s s e d  on all NK cells. In c o n t r a s t  t h e  s h o r t e r  NKG2D-S can ass oc ia te  wi th b o th  DAPIO 

and  DAP12, and is only e x p r e s s ed  on ac t iva ted  NK cells (Lopez-Larrea,  Suarez-Alvarez e t  

al. 2008).

The l igands for NKG2D are  genera l ly  r e fe r r ed  to  as s t ress- induc ible  ligands, d u e  to  t h e  fact  

t h a t  w h e n  a cell e n c o u n te r s  a fo rm  of  s t ress  t h e s e  l igands will be  u p re g u la t ed .  Cellular 

s t r es s  can be  classified as any o n e  of  a n u m b e r  o f  af f ronts  t o  no rmal  ce llular  funct ion ing 

which di sru pt s  t h e  integri ty of  t h e  cell. This inc ludes infect ion by a p a t h o g e n ,  

tu m ori genes i s ,  h e a t  shock,  oxidat ive s t r ess  and  as a resul t  of  t h e  DNA d a m a g e  p a t h w a y  

(Gasser,  Orsulic e t  al. 2005).  Despi te t h e  m aj o r  role in i m m u n e  de fence ,  t h e s e  ligands 

m u s t  t ight ly  r egu la ted  by n o rm a l  hea l t hy  cells. O ne of  t h e  s u g g es ted  m e c h a n i s m s  of  

control l ing t h e  express ion of t h e s e  ligands is t h e  ubiqui tin d e p e n d a n t  lysosomal  

deg r ad a t io n  of t h e  p ro te in s  be f o re  th e y  have  a c h a n ce  t o  b e  displayed on t h e  cell surface .
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Fig. 1.9 Human and Murine NK cell activating/inhibitory receptors. Activatory (+) and inh ib itory (-) 

receptors can be common to both human and murine NK cells. The KIR fam ily in human is analogous to the 

Ly49 fam ily in the m urine system and can activate or inh ib it NK cell activity. 2B4 and NKRPl are associated 

w ith  triggering NK cell development. Taken from  Krueger et al. (2011).

1.7 Fungi
Fungi are a large group o f eukaryotic organisms with members including yeasts and 

moulds. The cell wall consists o f glucans and chitin, which is a derivative of glucose. 

Generally fungi grow as hyphae which resemble elongated, tubular, thread-like 

structures. These cellular structures can contain several nuclei inside extended tips. There 

are also sets o f vesicles consisting of lipids and proteins. Other species can grow as single

celled yeast that can reproduce through budding or binary fission.

There are over 100,000 known fungal species, many o f which are commensals that exist 

w ith no benefit or detriment to the host. They can, however, present as parasites on 

animals, human and plants. Serious disease such as aspergilloses, candidoses and 

cryptococcosis can occur which may lead to fatality in humans, particularly in 

immunocompromised individuals (Hube 2004) (Nielsen and Heitman 2007) (Brakhage 

2005). The population o f immunodeficient individuals is continuing to rise due to 

pandemics of disease such as HIV and AIDs, and also due to use of immune suppressive 

therapies. This means there is opportunity for mycotic infection to persist. Because there
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is such variety betw een the d ifferent fungal species the type o f im m une responses 

m ounted  following infection can also vary, as reviewed by Shoham and Levitz, 2005. 

M orphology and size, for example, can be a key factor in influencing the  host response. 

Smaller yeast cells can be effectively phagocytosed, whereas larger hyphae can evade  

ingestion by im m une  cells. Fungi evolution alongside the ir hosts has enabled them  to  

develop mechanisms to  evade im m une detection. Some species can survive as 

intracellular parasites within phagosomes, thereby evading fungal killing.

1.7.1 Immune response to fungi

The response o f the  im m une system to fungal infection ranges from  basic defences of the  

innate system to m ore sophisticated mechanisms o f  the  adaptive im m une system. 

Physical barriers present in the  host in form  of mucous m em branes and skin provide the  

first-line defence to hinder penetration  of the  fungal pathogen. In brief, th e  cells of the  

im m une  system have evolved to  recognise these pathogens in the  case of infection. 

Although the cell wall of fungi can provide physical protection from host defences such as 

c o m plem en t-m ed ia ted  lysis, many o f the  fungal com ponents are PAMP and act as ligands 

for activatory receptors on im m une cells. Interaction betw een  fungal cell wall 

com ponents  and im m une cell receptors results in initiation o f  pro-in flam m atory  

responses. One o f the  main defence mechanisms used by the  im m une system to  

elim inate  fungal pathogens is phagocytosis. There are a num ber of im m une  cells that act 

as antifungal effector cells in this way. Neutrophils, macrophages and monocytes that  

reside in target organs can act rapidly to attack fungi, with some being recruited to the  

site through chemotaxis. There are other mechanisms by which fungi are damaged, such 

as release o f reactive oxygen interm ediates  and antimicrobial peptides (Diamond, Clark et 

al. 1980) (M am bula , Simons et al. 2000). T h l  lymphocytes also release cytokines such as 

IL-2, IL-12 and IFNy in order to  stim ulate cytotoxic cells and neutrophils to  eliminate the  

fungal pathogen.

1.7.2 Candida

Candida  is a genus o f  fungus which has over 150 known species with  the  most com mon  

infectious organisms are Candida albicans, Candida g labrata , Candida tropicalis and
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Candida krusei (Fig. 1.10). These are among the small number of species that are 

pathogenic, as the majority o f Candida are harmless commensals. Generally they present 

as unicellular yeasts but can arise clinically in yeasts, pseudohyphae or hyphae form. 

Common areas where Candida is found to colonise includes skin, and gastrointestinal, 

respiratory and reproductive tracts, with oropharyngeal candidiasis (OPC) being the most 

common mycotic infection occurring in immunocompromised patients (Dodd, Greenspan 

et al. 1991).

C. krusQi C- gl9br9t9
(dry irregulnr
bfown-pmk)

C. albicans
(grocn)

C. tropicalis
C parapsilosis (dark bluo)
(browtli

Fig. 1.10 Species of Candida. There are over 150 know/n species o f Candida w ith  some occurring more 

frequently than others. C. albicans is one o f the most common species tha t presents itse lf pathogenically. 

Taken from  Thermo Scientific (2004).

As mentioned, Candida can present in a number of morphologies. C. albicans has the 

ability to switch between these morphologies to  become yeast, hyphae or Pseudohyphae 

(Fig. 1.11). This ability is thought to be important for virulence. There is much debate over 

which form is more virulent or predominant during infection as each provides advantages 

for pathogen survival. Hyphae grow by extension of their tips which aids penetration. 

These tips also secrete enzymes that can cause degradation o f proteins and lipids which 

facilitate infiltration into tissue. Hyphae can also exhibit contact guidance enabling fungi 

to navigate and locate weakened surface integrity. Another advantage o f filamentous
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growth is that it seems to have increased resistance to phagocytosis. C. albicans yeast 

cells that had been ingested were shown to form hyphae that caused macrophages to 

puncture. Yeast cells are also able to initiate host invasion and damage. They have been 

shown to secrete aspartyl proteases which promote virulence. Yeasts cells may also be 

better adapted to transmission between hosts or dissemination within the circulatory 

system.

f
( y *  /

<yxD

Yeast Pseudohyphae Hyphae

Fig. 1.11 Morphologies of Candida albicans. C. albicans can present itself in a number of different 

morphologies which can impact on the type of immune response it can cause. It can appear in the form of 

yeast cell, or can elongate to form pseudohyphae. This form can be extended into hyphae form. Adapted 

from D.S. Thompson et o/. (2011).

There are also differences in the signalling molecules that each form of Candida displays 

on the cell surface (Fig. 1.12). Hyphae forms signal through N-bound mannan and 

mannose to  activate mannose receptors and dectin-2. Yeast cells can signal through 

different moieties due to exposure of inner cell wall following budding. They also exhibit 

0-bound mannan which activates TLR4 and mannose receptor. They can trigger dectin-1 

signalling through (3-glucans which have been exposed at the bud scar.
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Fig. 1 .12  C andida a lbicans  signalling m o ie ties . C. albicans  signals through  d iffe re n t PAMP depending  on its 

m orphology. Exposure o f p-glucan at th e  bud scar results in dectin -1  activation  w hen  in yeast form , 

alongside TLR4 and m annose recep to r (M R ) activation through  0 -b o u n d  and N - bound m annan . Hyphael 

form s also cause M R activation  through N -bound m annan, as w ell as dectin -2  through  m annose.

1.8 p-glucans
3-Glucans are naturally occurring polysaccharides comprised o f monomers linked by (3- 

glycosidic bonds. They are major components o f the cell walls o f certain microbes, such as 

bacteria, fungi and yeast, and are often used as a model for fungal infections. It has been 

well established that P-glucans possess immunomodulating abilities and they have been 

demonstrated to have anti-tumour and immunostimulatory effects involving both the 

innate and adaptive immune responses. The potent pro-inflammatory effects observed 

following 3-glucan interaction w ith immune cells include cytokine production, lymphocyte 

proliferation, phagocytosis and other immunomodulatory activities. One such 

immunomodulatory effect has been shown by the increased production o f IL-1 and nitric 

oxide from macrophages w ith the accompaniment of enhanced NK cell activation 

(Mallick, Maiti et al. 2010). The effects seen in the adaptive immune response is less well 

defined but there have been observations of beneficial T and B cell activities. There is 

evidence supporting the ability o f P-glucans to enhance host resistance to pathogenic
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infection. One study showed its potent activity against PBMC infected with  a primary  

isolate of H IV - l  (Wang, Bligh et al. 2008).

1.8.1 Zymosan

Zymosan is derived from  Saccharomyces cerevisiae  and is a yeast cell wall particle m ade  

up o f P'glucan and mannan polysaccharides. It was one of the  first 3-glucans to  be 

investigated and trialled as an im m unom odula tory  agent by Louis Pillemer in the  1940s. It 

has been used in studies as a model microbe and has been shown to  be an activator of 

leukocytes, monocytes and macrophages, resulting in phagocytosis and th e  production of 

in f lam m atory  products. NK cells within a PBMC population have been shown to respond 

to zymosan following 18 hr of in vitro  incubation (M eadow s, Eriksson et al. 2006). The tw o  

outcomes of phagocytosis and inflam m ation are dependent on d ifferent receptor binding  

activities; although they have been reported to  accompany each other. Phagocytes have 

mannose and |3-glucan receptors which initiate the  internalisation o f  zymosan particles 

(Underhill and Ozinsky 2002). However, zymosan signals through a d im er consisting of  

TLR2 and TLR6 which results in the  in flam m atory  processes. The processes triggered by 

binding to  these tw o  TLR as a hete rod im er include the  activation NFkB and production of 

TNFa (Ozinsky, Smith et al. 2000).

As well as being an agonist for TLR2/TLR6 zymosan has also been shown to  be a stim ulant  

for the  collaborative activation of TLR2 and dectin-1 (Fig. 1.13). This results in cytokine  

secretion by DC and immunological tolerance by macrophages (Dillon, Agrawal et al. 

2006). A nother study supporting the  synergistic activation of dectin-1 and TLR2 in 

response to  zymosan dem onstrated the  requirem ent for com ponents o f  both receptors  

and M y D 8 8  for the  production of TNFa (Brown, Herre et al. 2003).
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Fig. 1 .13Signalling pathway of zymosan. Zymosan binds to the heterodim er TLR2/TLR6 causing activation 
of the MYD88 pathway, leading to  activation o f NFkB. Dectin-1 is also activated and signals in a MyD88 
independent manner through the Syk pathway. Adapted from Invivogen (2008).

1.8.2 Curdlan

Curdlan is a linear P-glucan which was first detected in Agrobacterium b iobar  which is a 

non-pathogenic bacterium. Similar to zymosan, curdlan has displayed im m unom odu la to ry  

effects such as the  ability to  have significant cell-stimulating effects involving the  NF-kB 

system with in  macrophages (Kataoka, M u ta  et al. 2002). How ever the  main difference is 

that curdlan m ediates  its signals independently  of TLR2 (Ferwerda, M e y e r -W e n tru p  et al. 

2008). It was shown to  be a specific agonist for dectin-1  in mouse (Yoshitomi, Sakaguchi 

et al. 2 005 )  and hum an, and does not have TLR2- or TLR4-stimulating properties  

(Ferwerda, M e y e r -W e n tru p  et al. 2008).

As it contains P-glucan particles, curdlan may be used in the  model of fungal infection. 

Human PBMCs w e re  stim ulated with  particulate ( l->3)-P-D-glucan-curdlan (BGP) which  

strongly induced secretion of TNFa, IL-6, IL-10 and IL-12 (Stopinsek, lhan et al. 2011).  

A nother study directly investigated the  response of macrophages to a range o f  large 

particulate (l,3 )-P-glucans, including curdlan. Transcription o f IL - ip  was activated in 

human macrophages and was shown to  be dectin-1  dependant (Kankkunen, Teirila et al.



1.9 Fungal recognition receptors

1.9.1 Mannose receptor

The MR, or CD206, is the first member o f the MR family; a sub family o f the CLR 

superfamily. Mainly located on the surface of macrophages and DC, it is a type-1 

membrane protein containing a single transmembrane domain, a cytoplasmic domain and 

three extracellular domains. These extracellular domains are responsible for ligand 

binding. It has a number of roles involved in immune response to pathogens. MR is 

involved in the phagocytosis o f a number of pathogens, including M. Tuberculosis (Kang, 

Azad et al. 2005) or C. albicans. It is an effective endocytic receptor that can recycle 

between the plasma membrane and the early endosomal compartment (Gazi and 

Martinez-Pomares 2009). It has been shown to  induce cytokine production but only in 

response to  engagement w ith certain ligands (Chieppa, Bianchi et al. 2003). IL-8, IL-10, IL- 

17, TNFa and MCP-1 have all been shown to be upregulated in response to MR 

engagement (Heinsbroek, Taylor et al. 2008).

1.9.2 Dectin-1

Dectin-1, or CLEC7a, is one o f the most intensively studied receptors out of all o f the CLR. 

It is made up of a single extracellular C-type lectin-like domain, a transmembrane domain 

and an intracellular domain, which contains an ITAM. This is an important m otif for 

transduction o f activation signals from the extracellular receptor/ligand interaction.

The gene encoding the expression of dectin-1 protein is closely linked to the natural killer 

receptor complex (NKC). This is a region located on the short arm of human chromosome 

12 (Brown, Scaizo et al. 1997) and on murine chromosome 6 (Yokoyama, Kehn et al. 

1990). It contains gene sequences for many lectin-like receptors and is divided into two 

regions based on the receptors encoded within. Genes responsible for encoding the 

members of the NKG2 family and CD94 are located in the centromeric region. The second 

region is located towards the telomeric end of the chromosome; this contains the 

myeloid cluster. Genes encoding CLEC-1, CLEC-2 and dectin-1 and other receptors 

commonly expressed by cells o f the myeloid lineage are located in this region, and is 

often referred to as the DECTIN-1 cluster (Huysamen and Brown 2009).
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Dectin-1 expression was originally discovered on DC, and adopted the nam e "dendrit ic

cell-associated C-type lectn-1" (Ariizumi, Shen et al. 2000). However, as interest grew in 

the  biology of C-type lectin receptors, it was found to be expressed on other cells of the  

myeloid lineage, such as monocytes and macrophages, and also on subsets of T cells 

(Taylor, Brown et al. 2002). The expression of the  receptor is restricted to certain tissue 

types however. Consistent with its role as an im m une m odulator it is expressed in areas 

w here  pathogens are likely to enter, such as on stomach epithelial and lung cells. 

Expression of th e  receptor can be influence by various factors. IL-4 and IL-13 can increase  

expression on macrophages but t re a tm e n t  w ith  LPS and dexam ethasone causes 

repression o f  expression (W illm ent, Lin et al. 2003). Expression o f dectin-1 on NK cells is 

still questionable, w ith  very little evidence in the  literature indicating its presence or 

absence.

There are a num ber of dectin-1 isoforms in humans (W illm ent, Gordon et al. 2001) and 

mice (Heinsbroek, Taylor et al. 2006), although only tw o  o f these are functional for (3- 

glucan binding. In mouse, it was shown that the  alternative splicing is due to  differential 

usage o f  exon 3. The structural difference betw een  these tw o  major isoforms was the  

presence o f absence of a stalk region form ing d ec t in -lA , or dectin -lB . One study  

discusses the  differences in the  patterns o f expression, binding affinities and 

immunological outputs betw een  these tw o  isoforms. It was shown tha t  certain strains of  

mice express higher amounts of the  short isoform than the  longer and the level o f  TNFa is 

significantly higher in the  case o f  the  short isoform (Heinsbroek, Taylor et al. 2006).

Dectin-1 is thought to be the  primary receptor for (3-glucans (Marakalala, Kerrigan et al. 

2011). This allows leukocytes to recognise the  P-glucan com ponent of m any fungal 

species, including Candida, Aspergillus  and Penicillum. Dectin-1 has a high binding affinity  

for ( l -> 3 )- l in ked  glucans in particular. The affinity to  which binding occurs depends on 

factors including polym er length and the  num ber or side branches (Goodridge, W o lf  et al. 

2009), although the specifics of how  the receptor recognises the  ligand is still unclear.

Dectin-1 m ediates intracellular signalling though an ITAM. This m o tif  is slightly different  

from conventional ITAMs. Generally  ITAMs are duplicates of (YXXL/I) and both tyrosine  

residues are phosphorylated w hen the  receptor binds a ligand. The amino acid structure  

of ITAMs in hum an and m urine dectin-1 is (YXXL xxxL) and (YXXL Yxxxl), and only the
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tyrosine residue closest to the membrane is phosphorylated following ligand binding. Src 

family kinases are responsible for this step and results in Syk being recruited to the 

region. Further downstream signalling involves engagement of the CARD9-Bcll0-MALT1 

complex. An N-terminal caspase recruitment domain is contained within CARD9 and it 

forms a trimolecular complex with B cell lymphoma 10 (BcllO) and the paracaspase 

M A LTl. This complex mediates the induction of NFkB using protein kinase C (PKC) (Gross, 

Gewies et al. 2006). The activation of this transcription factor is im portant for lymphocyte 

activation and proliferation.

Dectin-1 can also signal through a Syk-independant route that involves a serine-threonine 

kinase, Raf-1. This pathway ultim ately integrates into the Syk-dependant pathway at the 

point of N F kB activation (Gringhuis, den Dunnen et al. 2009). Dectin-1 has also been 

shown to interact and signal synergistically with various TLR to induce cytokine 

production. One such study demonstrated how Dectin-1 signals though the Syk- 

dependant pathway in collaboration with TLR2/MyD88 pathway to cause sustained 

degradation of IkB and enhanced nuclear translocation of N F kB. This was then shown to 

contribute to enhanced cytokine response (Marakalala, Guler et al. 2011).

1.10 Aims

Although evidence in the literature has demonstrated the immune response to fungal 

compounds, the extent to which NK cells are involved is still largely unknown. It is known 

that NK cells can become active during the immune response during fungal infection, but 

the mechanisms and pathways involved are not fully understood. It was hypothesised 

that curdlan and zymosan, as model (3-glucan containing fungal compounds, could be 

used to define a role for NK cells in the immune response to fungal pathogen. Therefore, 

the aims of the research undertaken for this thesis were:

•  Investigate the response of human and murine NK cells to fungal agonists

•  Examine the potential priming properties of fungal agonists

•  Gain insight into the direct or indirect signalling pathway of 3-glucan to NK cells

•  Investigate the response of human and murine NK cells to different strains of 

heat-killed Candida.
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Materials & Methods
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2.1 Materials

2.1.1 Cell culture

RPM I 1 6 4 0  G lu ta M A X ™  cell cu ltu re  m e d iu m , p h o s p h a te  b u f fe re d  saline (PBS) and  

penicillin  w e r e  purchased  f ro m  G ib co™ . H e a t  inac tiva ted  fo e ta l  calf serum  (FCS) w as  

o b ta in e d  f ro m  Analabs. LPS, lo w  m o le c u la r  w e ig h t  poly inosin ic-po lycytidylic  acid (poly  

(l:C)), zym osan  and  R 848  w e r e  purchased f ro m  Invivogen. C urdlan w as purchased  f ro m  

W a k o .  IL-12 and IL-15 w e r e  purchased  f ro m  M i l te n i  B iotech. Phorbol 1 2 -m y r is ta te  13-  

a c e ta te  (P M A )  and lo n om ycin  w e r e  purchased f ro m  Sigma. lO X  PBS was m a d e  up using 

0 . 0 3 8 M  N a H 2P0 4 , 0 .1 6 2 M  N a 2H P 0 4  an l .S M N a C I  in de ion ised  H 2O. pH was ad justed  to  

7 .4  an d  d i lu ted  1 :1 0  as n e e d e d .  Red cell lysis b u f fe r  w as  m a d e  up using 155  m M  NH4CI, 10  

m M  KHCO3 and 0 .1  m M  EDTA in sterile  H2O.

2.1.2 Phlebotomy

Blood w as  co llec ted  f ro m  consenting, h ea lth y  individuals using 21  gauge b u t te r f ly  needles  

and 9  ml Vacuette^'^ EDTA -coated  tu b es  f ro m  G re n ie r  B io -one. L ym p h o p rep  f ro m  

S tem ce ll  w as  used to  isolate lym ph o cy tes  f ro m  w h o le  b lood.

2.1.3 Mouse Husbandry

Specific p a th o g e n -fre e  C 5 7 B L /6  m ice w e r e  purchased f r o m  Harlan . All m o u s e  colonies  

w e r e  k e p t  and m a in ta in e d  in strict isolation u n d e r  specific p a th o g e n - f re e  conditions . M ic e  

used in e x p e r im e n ts  w e r e  fe m a le  and aged b e tw e e n  4 -6  w eeks . All m ice w e r e  m a in ta in e d  

accord ing  to  E uropean  U nion  regulations, and e x p e r im e n ts  w e r e  p e r fo rm e d  u n d e r  license  

f ro m  th e  D e p a r tm e n t  o f  H e a lth  and Children and w i th  approva l f ro m  th e  T r in ity  College  

D ublin  BioResources Ethics C o m m it te e .

2.1.4 Flow Cytometry

B refe ld in  A lOOOX, f ixa tion  b u f fe r  and p erm eab il isa t io n  b u f fe r  lO X  w e r e  purchased  f ro m  

eBiosciences. Brefe ld in  A w as d ilu ted  in sterile PBS. P erm eab iisa t ion  b u f fe r  w as  d ilu ted  in 

ster ile  de ion ised  H 2O. M o u s e  Fc block w as purchased f ro m  BD P harm igen  and used at a
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dilu tion  facto r o f 1:50 in sterile PBS. Staining buffer was made up using 0.1% FCS in sterile 

PBS. Table 2.1 shows the individual species, targeted marker, conjugated fluorochrom e, 

clone and supplier o f each antibody used in order to  identify  NK cells, T cells and 

monocytes, and analyse phenotypic changes by flow  cytom etry. AbC anti-ra t/ham ster 

beads were purchased from  Life Technologies.

Flow cytom etry was carried on a Dako Cyan flo w  cytom eter.

Species Marker Fluor clone supplier

Human CD56 PE B159 BD Pharmigen

Human CD3 PERCP SK7 BD Pharmigen

Human IFNy PECy7 B27 BD Pharmigen

Human CD69 FITC FN50 BD Pharmigen

Human IL- 6 APC MQ2-13A5 BD Pharmigen

Human CD14 Pacific Blue M5E2 BD Pharmigen

M urine NKp46 PE 29A1.4 eBioscience

M urine CD3 FITC 145-2C11 eBioscience

M urine IFNy PECy7 XMG1.2 eBioscience

M urine CD69 PECyS H1.2F3 Biolegend

M urine IL- 6 APC MP5-20F3 eBioscience

Table 2.1. List o f antibodies. Human and murine antibodies conjugated w ith  fluorescent labels and were 
targeted against various cell markers.

2 .7 .5  ELISA

Purified rat anti-mouse IL- 6  antibody (clone MP5-20F3), biotin rat anti-mouse IL- 6  (clone 

MP5-32C11), recom binant mouse IL- 6  protein and tetram ethylbenzid ine (TMB) Substrate 

Reagent set were purchased from  BD Pharmingen. Streptavidin-HRP was purchased from  

R&D Systems. 96 well high binding well m icroplates were purchased from  Greiner Bio- 

One. Wash buffe r was made up using IX  PBS and 0.1% Tween-20 (PBS-T). 

B locking/reagent buffer was made up using IX  PBS, 0.1% Tween-20 and 3% bovine serum 

albumin (BSA). Stop reagent was made up using 3M H2 SO4 .
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2.1.6 Crosslinking assays

Purified anti-mouse N K l.l  (clone PK136), purified mouse lgG2a K isotype control, purified 

anti-mouse NKp46 (clone 29A1.4) and purified rat lgG2a K isotype control were purchased 

from  eBioscience. Purified anti-mouse CD16/CD32 (clone 2.4G2) and purified rat lgG2b K 

isotype control were purchased from BD Pharmingen.

2.1.7 Candida species

Heat-killed strains of the following species of Candida were kindly provided by Dr. Jeffrey 

O'Sullivan, School of Dental Science, Trinity College Dublin, and prepared as described 

below by Louise Higgins, BA; Candida albicans, Candida dubliniensis and Candida 

glabrata. Cells were grown in YEPD (yeast extract peptone dextrose) and RPMI 1640. 

Yeast cell strains used were C. albicans (SC5314), C. dubliniensis (CD36) and C. glabrata  

(T1088A).
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2.1.8 List of suppliers

BD
Edmund Hailey Road - Oxford Science Park
0X4 4DQ Oxford
Tel.; +44 1865 781 666
Fax: +44 1865 781 627
BDUK_Customerservice@europe.bd.com

Biolegend
4B Highgate Business Centre 
33 Greenwood Place 
London, NW5 ILB 
United Kingdom 
Tel: +44 (0) 20 3475 3880 
Fax:+44 (0) 20 3318 3271

Bio-Sciences
3 Charlemont Terrace 
Crofton Road 
Dun Laoghaire 
Co Dublin Ireland 
+ 353 1 284 5122 
+ 353 1 284 5135 
info@biosciences.ie 
www.biosciences.ie

eBioscience, Ltd.
(Ireland, United Kingdom)
2"*̂  Floor, Titan Court,
3 Bishop Square,
Hatfield, ALIO 9NA 
United Kingdom 
+44 208 951 4482 
UK@eBioscience.com 

lreland@eBioscience.com

Greiner Bio-One GmbH
Maybachstrasse 2 
72636 Frickenhausen 
Germany
Phone: 07022-948-0 
Fax: 07022-948-514 
e-Mail: info@de.gbo.com
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Invivogen
5, rue Jean Rodier 
F-31400 Toulouse 
France
Tel: +33 (0)5.62.71.69.39
Fax: +33 (0)5.62.71.69.30
Email: info@invivogen.fr

Miltenyi Biotec Ltd.
Almac House, Church Lane
Bisley, Surrey GU24 9DR
United Kingdom
Phone:+44 1483 799 800
Fax: +44 1483 799 811
E-Mail: macs@miltenyibiotec.co.uk
Web: www.miltenyibiotec.com

R&D Systems
19 Barton Lane 
Abingdon Science Park 
Abingdon, 0X14 3NB 
United Kingdom 
(44) (0) 1235 529449 (tele)
0800 37 34 15 (free phone)
(44) (0) 1235 533420 (fax) 
info@RnDSystems.co.uk

Sigma-Aldrich
Vale Road, Arklow, Wicklow 
Phone: 1800 200 888 or +353 (0) 402 20370 
Fax: 1800 600 222 or +353 (0) 402 20375 
Email: EIRCustsupport@sial.com

W ako Chemicals GmbH
FuggerstraRe 12, D-41468 Neuss 
Germany
Telephone: +49-2131- 311-0
Fax:+49-2131-311-100
www.wakochemicals.de
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2.2 Methods

2.2.1 PBMC Isolation

Peripheral blood was collected from healthy volunteers following written consent. A 

range of healthy donors, male and female between the ages of 20-40 were used. Ethical 

approval for collection of and research on, venous blood was obtained by Dr. Clair 

Gardiner, School of Biochemistry and Immunology, Trinity College Dublin. A 21-gauge 

butterfly needle was injected into the median cubital vein and peripheral blood was 

collected into tubes containing the anticoagulant EDTA.

Density gradient centrifugation was used to isolate PBMCs. 20 ml whole blood was 

diluted 1 in 2 with 20 ml phosphate buffered saline and layered gently onto 10 ml 

Lymphoprep in a 50 ml Falcon tube, maintaining a sharp interface. Tubes were 

centrifuged for 30 min at 1200 RPM, with no brake applied. The lymphocyte layer was 

carefully removed using a Pasteur pipette and resuspended in 30 ml red blood lysis 

solution and incubated for 10 min at room temperature. Tubes were centrifuged at 1400 

RPM for 3 min, the supernatant was discarded, cells were washed twice in PBS, and 

resuspended in 30 ml RPM! 1640 with 10% (v/v) PCS and 1% penicillin. Cell counting and 

viability was determined using the dye Trypan blue, which is excluded from healthy cells 

but is taken up by non-viable cells. A 1:10 dilution was made up and cells were counted 

using a hemocytometer and a bright light microscope.

2.2.2 Splenocyte isolation

All mice used were sacrificed by asphyxiation, followed by cervical dislocation. The spleen 

was quickly removed and kept in PBS on ice until aseptic conditions could be maintained. 

The spleen was gently passed through a 70 ^m mesh filte r and washed through with 

approximately 35ml ice cold PBS. The cells were spun at 1,600 RPM for 8 min. Any red 

blood cells present in the pellet were lysed by resuspending in 2 ml of ice cold sterile 

water for 10 seconds, before adding 20 ml sterile PBS. The cells were centrifuged at 1400 

RPM for 3 min and resuspended in 10 ml RPM! supplemented with 10% PCS and 1% 

penicillin. Pellet was resuspended in 5 ml o f complete medium. A 1:50 dilution o f cells in 

Trypan blue was made up and cells were counted as before.
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2.2.3 In vitro/Ex vivo stimulation

H um an PBMCs w e re  plated at a concentration  o f 5x10^ cells/m l and m urine splenocytes  

w e re  plated at Ix lO ^ ce lls /m l in 48  w ell plates in a final volum e o f 200  nl per well. 

Reagents w ere  used at the  fo llow ing  concentrations to  stim ulate cells for 18 hr: LPS (50  

n g /m l), R848 (3u g /m l), Poly (1C) (lO u g /m l), phorbol 12-m yristate  13-acetate  (PM A ) and 

ionom ycin ( lu g /m l and 50 n g /m l), curdlan (lO O ug/m l), zymosan (lO u g /m l). Cells w ere  

incubated for 18 hr at 37°C  w ith  5% CO2. Concentration o f LPS, R848, PMA, ionom ycin and 

poly (1C) w ere  used at doses previously optim ised in th e  lab. A range o f concentrations as 

advised by Dr. Cheryl Sw eeney w e re  used to  optim ise th e  dose o f curdlan and zym osan to  

be used in in vitro stim ulations. A range o f tim e  points including 6 hr, 18 hr and 42  hr 

w e re  tested  in o rd er to  d e te rm in e  th e  op tim um  length o f in vitro  s tim ulation in o rd er for 

pro te in  expression. In vivo s tim ulation  was tested  for 24 hr and 48 hr to  optim ise NK 

responses.

2.2.4 In vivo manipulations

In vivo stim ulations w ere  adm in istered  to  C57BL/6 mice in traperitoneally  w ith  200  n! of 

sterile  PBS, lO m g /m l Curdlan, 50  |ig /m l LPS, 500 |ig /m l Poly (l:C) or lO m g /m l Zymosan 

using a 2m l syringe w ith  a 27 gauge needle. Concentration o f com pounds w ere  used as in 

Ku e t  al. 1990. M ice  w ere  le ft fo r incubation periods o f 24 hr before sacrificed by 

asphyxiation and cervical dislocation.

2.2.5 Crosslinking assay

Purified antibodies against activating  NK cell receptors (N K l . l ,  NKp46 or CD16) and the  

respective isotype controls (lgG2a or lgG2b) w ere  individually bound to  6 w ell plates. The 

plates w e re  coated w ith  1ml o f antibody at a final concentration o f 5 |ig /m l. The plates  

w e re  incubated at 37°C  fo r 90  m in and gently rinsed w ith  sterile PBS. Splenoctes w ere  

isolated as previously described w e re  plated at a concentration  o f 1x10^ in 1 ml in a 6 well 

p late . The cells w ere  incubated at 37°C  fo r th e  follow ing tim e  points: 8 hr w ith  the  

inclusion o f brefeld in  A for th e  final 7 hr, or 24 hr w ith  the  inclusion o f brefe ld in  A fo r the  

final 4  hr.
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2.2.6 Flow cytometry

All flow cytometry staining was performed in final volume of 100 |il in 96 well plates. Prior 

to  staining, cells were suspended in 100 nl Mouse Fc block for murine splenocytes, or PBS 

w ith 10% human Ab serum and 1% FCS for human PBMC for 10 min at 4°C to  prevent 

non-specific binding of antibody to Fc receptors. Antibodies specific for extracellular 

markers were added directly to the cells in blocking buffer and incubated for 30 min at 

4°C. Cells were washed twice in staining buffer. For intracellular staining, cells were 

resuspended in 100 nl fixation buffer and left for ten min at room temperature. 100 |il 

permeabilization buffer was added and cells were centrifuged twice at 1400 RPM for 5 

min. Cells were resuspended in 100 jil permeabilization buffer and antibodies specific to 

intracellular markers were added. Cells were incubated at 4°C for 30 min. Cells were 

washed twice in permeabilization buffer and resuspended in lOOul staining buffer. Cells 

were transferred to 5 ml polystyrene round bottom tubes before acquiring on a Dako 

Cyan™ flow cytometer. Compensation beads were prepared by incubated 100 jil of AbC 

anti-rat/hamster beads w ith each antibody in the dark at 4°C for 15 min in the dark. The 

beads were washed twice in PBS and transferred to polystyrene round bottom tubes. 

Data was analysed using FlowJo software (Treestar™). Colour compensation was applied 

to  all data files in order to minimise potential overlap between the spectra (Fig. )

FL-1

550

Fig. 2.1 Overlap betw/een detectors. FITC fluorescence is correctly identified in FL-1, but may overlap into 
the spectrum o f FL-2 and is falsely detected (A). Similarly, FL-2 may be detected by the detector fo r F-1 (B).

Following compensation lymphocytes were selected based on forward scatter and side 

scatter profiles as seen in the gating strategy in Fig. 2.2. Human NK cells were further 

defined by CD56 positive and CD3 negative expression. Murine NK cells were selected 

based o NKp46 positive and CD3 negative expression.
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Fig. 2.2 Dotplot profiles to define human and murine NK cells. Lymphocytes can be identified by eye using 
forward scatter versus side scatter profile (a) Fluorescently labelled antibodies can be used to identify 
subsets of lymphocytes within this gate, (b) Human NK cells can be defined by expression of CD55, but lack 
of CD3. (c) Murine NK cells are defined by the expression NKp46 and lack of CD3.
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2.2.7 Enzvme-Iinked immunosorbent assay (ELISA)

All incubations were performed on a microplate shaker. Purified rat anti-mouse IL-6 

antibody was used at a concentration of 6 |ig/m l made in PBS to coat a high binding 96 

well plate w ith 50 |il per well. The plate was incubated overnight at 4°C. Plates were 

washed three times in wash reagent (PBS, 0.05% Tween) w ith 300 |il per well. Plates were 

blocked for non-specific binding by adding 300ul reagent diluent (0.1% BSA, PBS) to each 

well and incubating at room temperature for 1 hr. Plates were washed three times in 

wash reagent as before. A 1:2 series dilution o f IL-6 standard was plated in duplicate from 

a maximum standard concentration of 2,000 pg/ml with a final volume of 100 |il per well. 

100 (il of supernatants were plated in duplicate and left to incubate at room temperature 

for 2 hr. Plates were washed three times as before and plated with 50 pil 2 |ig/m l 

biotinylated rat anti-mouse IL-6 antibody per well. Plates were incubated for 1 hr on a 

microplate shaker. Plate was washed three times and 100 |il of 1:200 dilution of 

Streptavidin-HRP was added to each well. Plates were left on rocker for 20 min. Plate was 

washed five times and 100 nl of TMB solution mix was added to  each well. When colour 

developed 50 |il of the stop solution was added and plate was read on a 

spectrophotometer at a wavelength of 490nm. A standard curve was used each time to 

measure the concentration of cytokine in each well. A sample is shown below in Fig. 2..

2.2.8 Preparation of Candida

50 ml of defined media was added to a 250 ml culture flask w ith 100 ml cultured yeast. 

Flasks were incubated overnight at 37°C on a Thermo Scientific orbital shaker. Culture 

was centrifuged at 3000rpm for 5 min. C. albicans was re-spun due to filamentous nature. 

Pellets were resuspended in 10 ml PBS and immersed in a water bath at 60°C for 60 min. 

Once heat-killed 1 ml aliquots were transferred to  -20°C for storage. Concentration of 

cells was determined using a spectrophotometer.
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Fig. 2.3 Standard curve for ELISA protocol. A standard curve is constructed from  the mean O.D. values of 

the  standard wells and the corresponding concentration.

2.2.9 Statistical Analysis

GraphPad Prism software was used to  compile graphs and to  perform  statistical analysis. 

Percentages of NK cells positively binding test antibody following f low  cytom etry  analysis 

w e re  graphed on column graphs displaying mean and standard deviation for each 

condition. ELISA data was graphed in a similar m anner displaying average m ean and 

standard deviation of detectable  protein level o f  each cytokine for each condition. 

Unpaired t-tests w ere  used to com pare changes in the  percentage o f NK cells binding 

antibody, or cytokine protein levels detected betw een  control and test groups.
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Chapter 3

Examining human and murine NK 

cell responses to p-glucan- 
containing compounds
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3.1 Introduction

There are a wide range of diseases in human and animals that are associated w ith fungal 

infection. These vary from common infections such as oral candidiasis to more life- 

threatening invasive infections in immunocompromised patients. It is the global rise in 

immunosuppressed individuals, such as HIV patients or patients who are neutropenic, 

which has resulted in the increased incidence of fungal disease. Many fungal species have 

existed and co-evolved with mammalian hosts for millions of years, and so hosts have 

developed complex immune surveillance strategies to counteract infection.

Immune responses to p-alucan

Immune cells express a repertoire of cell surface receptors that are responsible for 

recognising particular moieties on fungal cells. Interactions between the receptors on 

immune cells and a pathogenic fungal component can result in activation o f the cell 

leading to an immune response. The type of response can vary as there are a number of 

different immune cells expressing a variety of receptors that are responsible for 

recognition of fungal pathogens. These responses include increased production of 

cytokines to destroy the pathogen and to signal to other immune cells, increased 

phagocytosis and release o f reactive oxygen intermediates resulting in destruction o f the 

fungal pathogen (Imlay 2003).

Variation in the immune response may also be as a result o f the type o f fungal species 

that is encountered. Certain species may exhibit unique fungal components resulting in 

the activation o f immune cells through particular receptor pathways. One of the most 

common fungal components which has been shown to have immunomodulatory effects is 

3-glucan, a constituent o f the cell wall of certain fungi. High levels of the P-glucan are 

often reported in patients who are suffering from systemic infection caused by Candida, 

Aspergillus and Cryptococcus species ('Akramiene, Kondrotas et al. 2007). These glucose 

polymers consist o f a backbone of (3(l->3)-linked 3-D-glucopyranosyl units w ith P(l->6) 

linked side chains (Fig. 3.1) that vary in length and distribution. The differences in
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structural com position o f these |3-glucans have implications fo r interactions w ith  immune 

cells.

— o

OH OH
OH OH

-------0 0 ---

OH OHOH
OH OH OH

Fig. 3.1. Molecular structure of P-glucan. 3-glucan present in the cell wall o f fungi consists o f polymers of 
beta-(l-3)-D-glycopyranosyl units w ith  branching at beta-{l-6)-D-glycopyranosyl. 'Taken from  Tsuchiya and 
Taga(2001)

P-glucans have been shown to  interact w ith neutrophils, B cells, T cells and NK cells, 

resulting in activation o f these cells. However the m ajority  o f studies investigating the 

imm une response to  3-glucans have focused on macrophages and DC. Compounds 

conta in ing (3-glucans have been shown to  prom ote anti-fungal activities in prim ary cells 

and cell lines. Primary macrophages and RAW264.7 cells were reported to  upregulate 

cytokine production and increase cytotoxic activ ity in d irect response to  stim ula tion w ith 

(3-glucan (Kerekgyarto, Virag et al. 1996). Similarly, DC underwent phenotypic and 

functional m aturation fo llow ing  exposure to  (3-glucan, resulting in significant amounts o f 

IL-12 being produced (Chan, Law et al. 2007).

There are a num ber o f studies tha t have reported (3-glucan activation o f both T and B 

cells. The activation o f helper T cells was potentia ted by 3-glucan isolated from  maitake 

mushrooms (Grifola frondosa). This also induced the production o f cytokines im portant 

fo r NK cell b iology by spleen cells, namely IFNy, IL-12 and IL-18 (Inoue, Kodama et al. 

2002). Cytotoxic T cells (CTL) were increased in frequency in response to (3-glucan from  

Paenibacillus polym yx  (Chang, Reza et al. 2011).

As the lite ra ture  shows, P-glucans are capable o f m ounting pro-in flam m atory immune 

responses which affects both innate and adaptive im m unity. Not only do they exhibit 

im m unostim ula tory effects, they also boost the response to  o ther stimulants. They are
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com m only used in vivo as co-stimulants in adjuvancy studies and have a role in preparing 

cells p rio r to  activation or in potentia ting  immune responses. Lentinan w/as shown to 

enhance the protective effects o f A. salmonicido  bacteria, while a separate study 

reported the prim ing properties o f (3-glucans fo r a vaccine against Edvi/ardsieiia ic ta lu ri in 

catfish (Figueras, Santarem et al. 1998).

Despite being o f considerable interest as immune modulators in term s o f anti-m icrobia l 

activities, 3-glucans can have detrim enta l effects in certain circumstances. High doses can 

lead to  the induction o f m ultip le  organ dysfunction syndrome in mice, whereby there  is 

systemic in flam m ation which results in organ failure (Volman, Hendriks et al. 2005). 

A lthough it is unclear as to  how (3-glucans are m ediating these effects, it is clear tha t they 

have the  potentia l to  significantly impact immune functions.

P-alucan receptors

Classified as a PAMP, (3-glucan is not found norm ally in animals and is known to  be a 

pow erfu l im m une stim ulant when it engages a receptor on the surface o f an im m une cell. 

There are a num ber o f receptors through which signalling can occur. The main PRRs fo r 3- 

glucan are dectin-1 and members o f the TLR fam ily. There are o ther lesser known 

receptors tha t may be involved in immune recognition o f fungal infection. CR3 is a 

heterodim eric integrin tha t recognises 3-glucan. Many studies focus on the response o f 

neutrophils to  3-glucan binding CR3 w ith  effects including increased chemotaxis, 

adhesion and transendothelial m igration (LeBlanc, Albina et al. 2006). There are tw o  

o the r lesser known 3-glucan receptors-scavenger receptors and lactosylceramide. The 

la tte r is a glycosphingolipid located in the plasma membrane o f a range o f cells. 

Engagement o f lactosylceramide by 3-glucan can result in an oxidative burst response and 

NFkB activation by neutrophils. This can lead to  an increase in anti-m icrobia l activ ity by 

leukocytes, including production o f TNFa (Wakshull, Brunke-Reese et al. 1999).
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Dectin-1

(3-glucan, however, is generally associated w ith  signalling through dectin-1. This type II 

transm em brane NK-cell-receptor-like C-type lectin is a well studied PRR tha t recognises 

m icrobial components and triggers a num ber o f cellular responses tha t are involved in 

clearance o f fungal pathogens, including particle uptake. It has a strong role in primary 

imm une defence as it is particularly expressed in tissue at portals o f pathogen entry such 

as lung tissue. It is mainly expressed on phagocytic cells such as monocytes, DC and 

neutrophils, and can be influenced by cytokines (W illm ent, Lin et ai. 2003). Binding o f (5- 

glucan to  dectin-1 has been shown to  result in phagocytosis, endocytosis, respiratory 

burst and increased pro-in flam m atory cytokine production. Studies involving dectin-1 

knockout mice dem onstrated a central role fo r dectin-1 in im m une function. There was 

im pairm ent in Aspergillus fumigates-'induced  IL -la , IL-1(3, TNFa, MIP-1(3 and CXCL-1 

production and insufficient neutrophil recru itm ent in dectin-1^ mice (W erner, Metz et al. 

2009).

NK cells, p-alucan and dectin-1

Although one o f the main methods o f overcom ing fungal infection is through particle 

engulfm ent by phagocytic cells, NK cells are responsive to  stim ulation w ith  P-glucan- 

containing compounds. P-glucan isolated from  Astraeus hygrometricus  caused 

enhancement o f m urine NK cell activation (Mallick, M aiti et al. 2010). Human NK cell 

function was found to  be potentia ted by pre-incubation w ith (3-glucan, w ith  an increase in 

the p roportion  o f target-b inding lymphocytes and damaged target cells (Di Renzo, 

Yefenof et al. 1991). This was shown to  be dependent on CR3 as a monoclonal antibody 

against a binding site on the receptor abrogated the effect. This fu rthe r supports the role 

o f (3-glucans as im m unostim ula tory agents.

As previously discussed, the m ajority o f studies investigating the im m une response to  (3-

glucan signalling through dectin-1 are based on myeloid cells; there are very few

references to  NK cell biology. Expression o f dectin-1 has been confirm ed on DC,

monocytes, macrophages, neutrophils and a small subset o f T cells. A human hom olog is

expressed on B cells and eosinophils (W illm ent, Marshall et al. 2005). There are many
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CLR, exclusive to  expression by NK cells, which are very sim ilar to  dectin-1. In fact the 

gene encoding dectin-1 is located in the  NKC. However, it is still unclear as to  w hether NK 

cells constitu tive ly express dectin-1, or if the receptor can be induced by cytokines. There 

is some evidence in the lite ra ture  suggesting tha t NK cells express dectin-1, including the 

presence o f mRNA transcripts fo r the receptor in bovine NK cells. In term s o f protein 

expression, there is one report suggesting tha t there was a re latively m inor increase in 

dectin-1 expression by type 2 diabetes m ellitus (T2D) patients compared to  healthy 

controls. However this increase was m inimal; approxim ately 0.25% to  0.4% o f CD56+ 

lymphocytes (Brattebo, W isborg et al. 1990).

Curdlan and Zvmosan: p-alucan containing compounds

When investigating anti-fungal imm une responses, curdlan and zymosan are commonly 

used as model ligands to  dem onstrate the effects o f (3-glucan as they prim arily signal 

using this moiety. Curdlan is a pure 3-1, 3-glucan while zymosan is mostly composed o f 3- 

glucan w ith  some contam ination from  mannans, lipids and o ther potentia l stim ulators o f 

im m une responses.

Curdlan signals through dectin-1 independently o f o ther co-receptors, and can cause 

increased expression o f dectin-1 receptor on human monocytes (Apetrei, Calugaru et al. 

2010). This study also reported upregulation o f TNFa and a decrease in IL-10 in human 

PBMC in response to  curdlan stim ulation. In one study, bone m arrow  derived DC (BMDC) 

produced TNFa and IL-6 in response to  curdlan (Hida, Ishibashi et al. 2009) w hile  another 

study showed no effect o f curdlan on T h l or T h l7  d iffe rentia tion  o f DC. There is fu rthe r 

evidence tha t curdlan induces IL-6 production (Peral de Castro, Jones et al. 2012) from  DC 

and also a subunit o f IL-12 (LeibundGut-Landmann, Gross et al. 2007), which can activate 

NK cells. Signalling through dectin-1 by curdlan may require a co-stimulant, such as TLR2 

agonist Pam3Cys or TLR4 agonist LPS in order to  induce a full response. Stim ulation o f 

human PBMC w ith  curdlan in com bination w ith  e ither o f these compounds resulted in 

TNFa production from  macrophages (Ferwerda, M eyer-W entrup et al. 2008). Although 

co-stim ulants were needed, this was dependent on curdlan signalling through dectin-1.
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This effect was found to  be abrogated when a neutralizing dectin-1 antibody was 

included.

Zymosan signals through dectin-1 as a co-receptor and through a heterodim er complex 

consisting o f TLR2/TLR6. A broad range o f cell types have been shown to  be responsive to  

stim ulation w ith  zymosan. The main cells tha t are im portant in the response to  (3-glucan 

stim ulation are DC and macrophages. This is most clearly observed when zymosan is used 

as a model o f fungal infection through (5-glucan signalling. The transcription facto r NFAT 

was triggered in macrophages and DC fo llow ing ligation o f dectin-1 w ith  zymosan 

particles. NFAT activation leads to  the production o f IL-2, IL-10 and IL-12p70 by the 

stim ulated cells (Goodridge, Simmons et al. 2007). TNFa production by macrophages was 

increased in response to  stim ulation w ith  zymosan (Young, Ye et al. 2001), while  human 

neutrophils were activated to  produce IL-8 (Au, W illiams et al. 1994). Zymosan was also 

found to  stim ulate IFNy and IL-6 production from  murine splenocytes when used as a co

stimulus w ith  anti-CD3 antibody (Zimmermann, W eber et al. 2013).

In summary, curdlan and zymosan have been shown to  activate cells o f the immune 

system and increase production o f p ro inflam m atory cytokines, such as TNFa and IL-6. In 

particular, they have been noted to  interact w ith  DC and cause an increase in IL-12, a key 

cytokine in NK cell biology. Based on these findings, it was hypothesised tha t these P- 

glucan containing compounds could m odulate NK cell activity.

The aims o f this chapter were:

•  Investigate the effects o f 3-glucan-containing compounds, curdlan and zymosan 

on human and murine NK cell activation in vitro.

•  Examine the effects o f in vivo stim ulation w ith  curdlan and zymosan on m urine NK 

cell expression o f CD69, and IL-6 and IFNy production.

•  Investigate the ability o f murine NK cells to  respond to  a secondary stimulus 

fo llow ing exposure to  fungal agonists in vivo.
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3.2 Pectin-1 agonists do not activate human NK cells in 

vitro

3.2.1 Gatina on CD56+CD3- NK cells within a PBMC population

The general gating strategy fo r detecting  NK cells by flo w  cytom etry  is shown below . 

Lym phocytes w ere  gated based on side and forw ard  scatter profile as seen in Fig. 3.2a, 

and NK cells w ere  selected based on CD56+CD3- expression. This population could be 

fu rth e r divided into and CD56‘̂ "̂  NK cells as shown in Fig. 3.2b.
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Fig. 3.2 Gating on CD56+CD3- NK cells within a PBMC population. PBMC were isolated from  healthy 
human donors. Non-specific binding o f antibody was blocked using Fc block. Cells were stained 
extracellularly w ith  antl-CD56 PE and anti-CD3 PERCP. Cells were acquired on a Dako Cyan flow  cytom eter 
and analysed using FlowJo software, (a) shows lymphocyte and monocyte gates based on forward and side 
scatter profile, (b) shows a do t plot o f CDSe'̂ '̂ '®''* and CD56‘̂ '"' NK cells versus CD3+ T cells.
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3.2.2 The Dectin-1 agonist, curdlan. does not increase CD69 expression by 

human NK cells in vitro.

In order to  investigate if dectin-1 agonists activate NK cells, PBMC w ere  isolated from  

healthy donors and stimulted with curdlan in vitro. A fter 18 hr, CD69 expression was 

measured as an activation antigen expressed by NK cells. NK cells responded normally to  

IL-12/IL-15 stimulation with robust expression o f  CD69. However, curdlan did not increase 

CD69 expression by NK cells over levels observed when cells w ere  incubated w ith  PBS as a 

negative control as shown in the  representative Fig. 3.3a. This result was consistent when  

averaged over 5 separate donors as seen in Fig. 3.3b.
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Fig. 3.3 Curdlan did not activate NK cells to express CD69 in vitro. PBMC were isolated from  healthy 
human donors and cultured at a concentration o f 5x10® cells/m l. Cells were stim ulated fo r 18 hr w ith  
curdlan (100 ng/m l), alongside controls. Including PBS as a negative control and IL-12/IL-15 (100 ng/m l and 
30 ng/m l, respectively) as a positive control. Non-specific binding of antibody was blocked using Fc block. 
Cells were stained extracellularly w ith  anti-CD56 PE, anti-CD3 PERCP and anti-CD69 FITC. Cells were 
acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified by 
CD56+CD3- staining w ith in  the lymphocyte gate, (a) shows representative do t plots o f NK cells expressing 
CD69. (b) Data was analysed in Prism and the mean and SD fo r each condition are shown, n=5. An unpaired 
t- te s t was perform ed between control and test. ***p<0.005.
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3.2.3 Curdlan does not induce IFNy or IL-6 expression by human NK cells

The ability of curdlan to induce increased expression of IFNy and IL-6 cytokines by human 

NK cells was investigated. PBMC were stimulated in vitro and intracellular cytokine 

expression of IFNy and IL-6 was measured in NK cells. No cytokine was produced 

following incubation w ith PBS. IL-12/IL-15 caused a significant increase in IFNy expression 

(p<0.005), while R848 induced IL-6 expression in a small but distinct population o f NK 

cells. However, as seen in Fig. 3.4a, curdlan did not cause induction of either IFNy or IL-6 

by human NK cells. There are differences in cell populations which may be due to cell 

survival, or proliferation. Fig. 3.4b shows the average data for 5 donors. Curdlan was 

demonstrated to induce an immune response as seen in Fig. 3.5 as it increased IL-6 

production from monocytes.

3.2.4 TLR2/Dectin-1 agonist. Zvmosan. causes an increase in CD69 expression bv 

NK cells.

Zymosan was used to stimulate human PBMC in vitro to investigate the effect o f dectin-1 

agonists on human NK cell activation. Following 18 hr incubation, NK cells did not respond 

to PBS, but showed a significant increase (p<0.005) in CD69 expression in response to  IL- 

12/IL-15. Zymosan evoked a similar response in NK cells following stimulation, as shown 

in Fig. 3.6a, with increased levels o f CD69 expression observed. The increase in CD69 

expression was statistically significant (p<0.05) when tested in 5 healthy donors; Fig. 3.6b 

shows the average data o f to ta l donors. Interestingly, it was observed that in 4 out of 5 

donors, CD56̂ '̂ '®̂ ‘ NK cells did not increase CD69 expression in response to zymosan 

stimulation; although they did respond robustly to IL-12/IL-15 stimulation. CD56‘̂ '"̂  cells 

that were expressing CD69 increased from a basal level o f 22% to  50% following 

stimulation w ith zymosan over the same 4 donors, as seen in Fig. 3.6c. Both subsets 

responded similarly to IL-12/IL-15.

3.2.5 Stimulating human PBMC with Zymosan does not cause an increase in IFNy 

or IL-6 expression bv NK cells.

To investigate if zymosan could induce expression of IFNy or IL-6 from human NK cells, 

freshly isolated PBMC were stimulated for 18 hr in vitro. As seen in the representative
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dotplots in Fig. 3 .7a, NK cells displayed a strong response to  IL -12 /IL -15  stim ulation w ith  a 

significant increase in IFNy expression w hen com pared to  cells incubated w ith  PBS 

(p < 0 .005). H ow ever zymosan did not increase levels o f the  cytokine over those observed  

w ith  PBS. H ow ever, R848 induced IL-6 expression by a small but notable  population o f NK 

cells. Zym osan did not induce IL-6 expression by NK cells. This result was observed when  

tested  on 5 separate donors, as seen in th e  Fig. 3.7b.
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Fig. 3.4 Curdlan did not induce expression of IFNy or IL-6 cytokine by human NK cells in vitro. PBMC were 
isolated from  healthy human donors and cultured at a concentration o f 5x10® cells/m l. Cells were 
stim ulated fo r 18 hr w ith  curdlan (100 ng/m l), alongside controls, including PBS as a negative contro l and 
IL-12/IL-15 (100 ng/m l and 30 ng/m l, respectively) as a positive control fo r IFNy, and R848 (3 ng / ml) as a 
positive contro l fo r IL-6. Non-specific binding o f antibody was blocked using Fc block. Cells were stained 
extracellularly w ith  anti-CD55 PE and anti-CD3 PERCP. Cells were the stained intracellu larly w ith  anti-IFNy 
PECy? and anti-IL-6 APC. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo 
software. NK cells were identified by CD56+CD3- staining w ith in  the lymphocyte gate, (a) shows 
representative dot plots of NK cells expressing IFNy or IL-6. Data was analysed in Prism and (b) shows the 
mean and SD fo r each condition. n=3/5. An unpaired t- te s t was perform ed between control and test. 
p<0.005.
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Fig. 3.5 Curdlan increased IL-6 production by monocytes. PBMC were isolated from  healthy human donors 
and cultured at a concentration o f 5x10® cells/m l. Cells were stimulated fo r 18 hr w ith  curdlan (100 ng/m l), 
alongside controls, including PBS as a negative control. Non-specific binding o f antibody was blocked using 
Fc block. Cells w ere the stained intracellularly w ith anti-IL-6 APC. Cells were acquired on a Dako Cyan flow  
cytom eter and analysed using FlowJo software. Monocytes were identified by foward scatter versus side 
scatter profile.
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Fig. 3.6 Zymosan increased expression of CD69 by human NK cells in vitro. PBMC were isolated from  
healthy human donors and cultured at a concentration o f 5x10® cells/m l. Cells were stimulated fo r 18 hr 
w ith zymosan (10 ng/m l), alongside controls, including PBS as a negative control and IL-12/IL-15 (100 ng/m l 
and 30 ng/m l, respectively) as a positive control fo r CD69. Non-specific binding o f antibody was blocked 
using Fc block. Cells were stained extracellularly w ith  anti-CD56 PE, anti-CD3 PERCP and anti-CD69 FITC. 
Cells were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were 
identified by CD56+CD3- staining w ith in  the lymphocyte gate, (a) shows representative dot plots o f NK cells 
expressing CD69. Data was analysed in Prism and (b) shows the mean and SD fo r each condition. n=5. (c) 
shows percentage o f CD69+CD56'^'"" or CD69+CD5'’"®̂ ‘ NK cells. n=4. An unpaired t- te s t was perform ed 
between control and test. *P<0.05, ***P<0.005.
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Fig. 3.7 Stimulation with zymosan did not increase IFNy or IL-6 expression by human NK cells in vitro.
PBMC were isolated from  healthy human donors and cultured at a concentration of 5x10® cells/m l. Cells 
were stim ulated fo r 18 hr w ith  zymosan (10 |ig /m l), alongside controls, including PBS as a negative control 
and IL-12/IL-15 (100 ng/m l and 30 ng/m l, respectively) as a positive control fo r IFNy, and R848 (3 ng/m l) as 
a positive contro l fo r IL-6. Non-specific binding o f antibody was blocked using Fc block. Cells were stained 
extracellularly w ith anti-CD55 PE and anti-CD3 PERCP. Cells were the stained intracellu larly w ith  anti-IFNy 
PECy7 and anti-IL-6 APC. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo 
software. NK cells were identified by CD56+CD3- staining w ith in  the lymphocyte gate, (a) shows 
representative dot plots o f NK cells expressing IFNy or IL-6. Data was analysed in Prism and (b) shows the 
mean and SD fo r each condition. n=3/5. An unpaired t- te s t was perform ed between contro l and test. 
***p<0.005.
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3.3 Zvmosan. but not curdlan. activates murine NK cells in 

vitro

3.3.1 Gatina on NKp46+CD3- NK cells within a splenocyte population

It was demonstrated that human NK cells could respond to zymosan, which contains P- 

glucan. P-glucans have been shown to induce immune responses by murine DC and 

monocytes. The aim was to investigate if murine NK cells played a part in this response. 

The gating strategy for flow cytometry analysis is shown below. Splenocytes were isolated 

and stained w ith anti-NKp46 and anti-CD3 in order to distinguish between NK and T cell 

respectively. Cells were gated within a lymphocyte gate which was defined by forward 

scatter and side scatter as shown in Fig. 3.8a, and NK cells were defined by NKp46+CD3- 

expression as shown in Fig. 3.8b.

NK cell NKp46 + 
,  CD3-

Monocyte
gateLymphocyte'
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Forward Scatter

Fig. 3.8 Gating on NKp46+CD3- NK cells within a splenocyte population. Splenocytes isolated from 
healthy female C57BL/6 mice and stained extracellularly w ith anti-NKp46 PE and anti-CD3 FITC. Cells were 
acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software, (a) shows lymphocyte and 
monocyte gates based on side scatter versus forward scatter profiles, (b) shows a dot p lot o f NKp46+CD3- 
NK cells versus CD3+NKp46- T cells.
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3.3.2 Curdlan does not cause an upreaulation of CD69 expression by murine NK 

cells in vitro.

Splenocytes isolated from  healthy C57BL/6 mice w ere  used in o rder to  investigate if the  

dectin -1  agonist, curdlan upregulated expression o f CD69 on m urine NK cells in vitro. 

O vernight s tim ulation w ith  curdlan resulted in levels o f CD69 expression th a t was 

com parable  w ith  PBS as seen in Fig. 3.9a; this was consistent in 14 m ice tested. 

Stim ulation  w ith  Poly (1C) caused a significant upregulation o f CD69 on m urine NK cells 

a fte r 18 hr (p<0.005). H ow ever, in com parison, curdlan did not significantly increase  

levels o f th e  activation m arker over basal levels. The average o f 5 /1 4  experim ents is 

shown in Fig. 3.9b.
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Fig. 3.9 Curdlan did not alter murine NK cell activity in vitro. Splenocytes isolated from  healthy female 
C57BL/6 mice were plated at a concentration o f Ix lo V m l and stim ulated fo r 18 hr at 37°C w ith curdlan 
(100 ng/m l) or Poly (1C) (10 ng/m l) PBS served as a negative control. Non-specific binding o f antibody was 
blocked using Fc block. Cells were stained extracellularly w ith  anti-NKp46 PE, anti-CD3 FITC and anti-CD69 
PECyS. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells 
were identified by NKp46+CD3- staining w ith in  the lymphocyte gate, (a) shows representative dot plots of 
NK cells expressing CD69. Data was analysed in Prism and (b) shows the mean and SD fo r each condition. 
n=12/14. An unpaired t- te s t was performed between control and test. ***p<0.005.
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3.3.3 Expression of IFNy and IL-6 by murine NK cells is not increased following 

stimulation with curdlan in vitro

In order to investigate if curdlan induced NK cell expression of IFN\/ and IL-6, freshly 

isolated splenocytes were stimulated for 18 hr. NK cells did not produce either cytokine 

following incubation with PBS as seen in Fig. 3.10a. There was a significant increase in 

IFNy expression by NK cells following stimulation with PMA/lon (p<0.005). The difference 

in cell population may be due to cell survival or proliferation. In contrast to what was 

seen w ith human cells, there was no increase in IL-6 following R848 stimulation; however 

there was an induction in expression from monocytes, as seen in Fig. 3.11. Curdlan did 

not stimulate murine NK cells to produce either IFNy or IL-6 in vitro over an average of 

7/14 experiments as seen in Fig. 3.10b.

3.3.4 Stimulation of splenocvtes with Zymosan causes a significant increase in 

CD69 expression bv murine NK cells.

Activation of NK cells by zymosan was investigated in vitro in a mixed cell population of 

splenocytes. Expression o f CD69 was measured on NK cells following 18 hr o f stimulation. 

As previously shown in Fig 3.7, there was a high level of basal CD69 expression following 

overnight incubation with PBS but this increased further in the presence of poly (l:C) as 

shown in the representative dotplot in Fig. 3.12a (p<0.005). CD69 on the surface o f 

murine NK cells was significantly higher following stimulation w ith zymosan when 

averaged over 14 mice, as seen in Fig. 3.12b (p<0.01).

3.3.5 Zymosan causes an increase in IFNy expression bv murine NK cells in vitro, 

but did not affect levels of IL-6

The ability of NK cells to produce IFNy or IL-6 in response to zymosan was investigated in 

vitro. Incubation of splenocytes w ith PBS resulted in no IFNy or IL-6 expressed by murine 

NK cells as seen in Fig. 3.13a. Stimulation w ith PMA/lon resulted in a large increase in 

IFNy expression by NK cells (p<0.005), and may have caused the difference in cell 

population. Zymosan also causes a notable increase in IFNy, which was significant when 

averaged over 12 mice, as seen in Fig. 3.13b (p<0.005). As shown in Fig. 3.13b, stimulation
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with R848 resulted in the  induction o f  IL-6 expression by murine NK cells in vitro; how ever  

zymosan did not have this effect.
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Fig. 3.10 Curdlan did not cause IFNy or IL-6 expression by murine NK cells in vitro. Splenocytes isolated 
from  healthy female C57BL/6 mice were plated at a concentration o f IxloVml and stim ulated fo r 18 hr at 
37°C w ith  curdlan (100 |ig /m l), PMA/lon (1 ng/m l and 50 ng/m l, resectively) or R848 (3 ng/m l). PBS served 
as a negative control. Non-specific binding o f antibody was blocked using Fc block. Cells were stained 
extracellularly w ith  anti-NKp46 PE and anti-CDB FITC. Cells were fixed and permeabilised, and stained w ith 
anti-IFNy PECy7 and anti-IL-6 APC. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using 
FlowJo software. NK cells were identified by NKp46+CD3- staining w ith in  the lymphocyte gate, (a) shows 
representative dot plots o f NK cells expressing IFNy or IL-6, as indicated. Data was analysed in Prism and (b) 
shows the  mean and SD for each condition. n=5/7/9 /14. An unpaired t- te s t was perform ed between 
contro l and test. ***p<0.005.
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Fig. 3.11 R848 increased IL-6 expression by murine monocytes in vitro. Splenocytes isolated from  healthy 
female C57BL/6 mice were plated at a concentration o f IxloVml and stim ulated fo r 18 hr at 37°C w ith 
R848 (3 lig /m l). PBS served as a negative control. Non-specific binding o f antibody was blocked using Fc 
block. Cells were fixed and permeabilised, and stained w ith  anti-IFNy PECy7 and anti-IL-6 ARC. Cells were 
acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. Monocytes were identified 
by forward scatter versus side scatter profile.
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Fig. 3.12 Zymosan caused an increase in CD69 expression by murine NK cells in vitro. Splenocytes isolated 
from  healthy female C57BL/6 mice were plated at a concentration o f Ix lo V m l and stim ulated fo r 18 hr at 
37°C w ith  zymosan (10 ng/m l) or PolyilC (PIC) (10 ng/m l). PBS served as a negative control. Non-specific 
binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith  anti-NKp46 PE, anti- 
CD3 FITC and anti-CD69 PeCyS. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using 
FlowJo software. NK cells were identified by NKp46+CD3- staining w ith in  the lymphocyte gate, (a) shows 
representative do t plots o f NK cells expressing CD69. Data was analysed in Prism and (b) shows the mean 
and SD fo r each condition. n=5/14. An unpaired t- te s t was perform ed between control and test **p<0.01, 
***p<0.005
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Fig. 3.13 Zymosan increased expression of IFNy, but not IL-6 by murine NK cells in vitro. Splenocytes 
isolated from  healthy female C57BL/6 mice were plated at a concentration o f Ix lo V m l and stim ulated fo r 
18 hr at 37°C w ith  zymosan (10 ng/m l), PMA/lonomycin (50 ng/m l and 1 (ig/m l, respectively) or R848 (3 
Hg/ml). PBS served as a negative control. Non-specific binding o f antibody was blocked using Fc block. Cells 
were stained extracellularly w ith anti-NKp46 PE and anti-CD3 FITC. Cells were fixed and permeabilised, and 
stained w ith  anti-IFNy PECy7 and anti-IL-6 APC. Cells were acquired on a Dako Cyan flow  cytom eter and 
analysed using FlowJo software. NK cells were identified by NKp46+CD3- staining w ith in  the lymphocyte 
gate, (a) shows representative dot plots o f NK cells expressing IFNy or IL-6, as indicated. Data was analysed 
in Prism and (b) shows the mean and SD fo r each condition. n=5/7 /9 /12 /14 . An unpaired t- te s t was 
perform ed between control and test ***p<0.005
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3.4 Pectin-1 agonists do not activate NK cell functions in 

vivo

3.4.1 Curdlan does not increase activation m arker CD69 on NK cells in vivo.

There have been many studies investigating the response o f DC to  stim ula tion  w ith  

dectin-1 agonists both in vivo and in vitro. I wanted to  investigate NK cell responses 

fo llow ing  stim ulation w ith  dectin-1 agonists in vivo. CD69 expression on splenic murine 

NK cells was investigated 24 hr a fter in traperitoneal injections. LPS caused an increase in 

CD69 expression by NK cells which was statistically significant when compared to  basal 

levels observed w ith  PBS, as seen in Fig. 3.14a (p<0.005). Curdlan did not increase CD69 

expression on murine NK cells in vivo as seen in the averaged data in Fig. 3.14b.

3.4.2 Murine NK cells increases IL-6. but not IFNy in response to curdlan in vivo.

M urine NK cells were examined in order to  investigate if they would produce IFNy or IL-6 

in response to  curdlan stim ula tion in vivo. Following 24 hr incubation, LPS increased IFNy 

and IL-6 expression by m urine NK cells (p<0.005), w ith  no detectable basal levels o f e ither 

cytokine as seen in Fig. 3.15a. Levels o f IFNy production by NK celts did no t increase in 

response to  curdlan stim ulation, as seen in Fig. 3.15b, when averaged over 8 mice. 

However, there was an increase in IL-6 expression fo llow ing  curdlan stim ulation in vivo 

(p<0.05).

3.4.3 CD69 expression is not increased on murine NK cells that have been 

stimulated with zvmosan in vivo

Zymosan was adm inistered to  healthy C57BL/6 mice in traperitoneally fo r 24 hr to 

investigate its effect on m urine NK cells in vivo. As seen in the representative do tp lo t in 

Fig. 3.16a, basal CD69 levels were low, but stim ula tion w ith  LPS increased CD69 

expression to  levels tha t were statistically significant (p<0.005). Similar to  the  observation 

w ith  curdlan in section 3.4.1, zymosan did not increase CD69 expression by m urine NK 

cells in vivo which is consistent over the average o f 8 mice, as shown in Fig. 3.16b. This 

result is in contrast to  the increase in CD69 expression caused by zymosan stim u la tion  in 

vitro, (see 3.3.4)
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3.4.4 Zymosan does not affect levels oflFNy.

Following 24 hr o f stimulation, expression of IFNy and IL-6 by murine NK cells was 

investigated in response to  zymosan. Stimulation with  LPS caused an increase in 

production of both cytokines over basal levels as shown in the  representative dotplots in 

Fig. 3 .17a. Monocytes in particular w ere  noted to produce IL-6 in response to  LPS 

stimulation. Over a cohort of 8 mice, zymosan did not induce expression of IFNy. 

H owever, there  was a small increase in IL-6 expression by murine NK cells in vivo which 

reached statistical significance (p<0.05) as shown in Fig. 3 .17b, although this relatively
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Fig. 3.14 Curdlan did not increase CD69 expression on murine NK cells in vivo. Healthy C57BL/6 mice were 
injected I.P. w ith 200 |il o f sterile PBS, lO m g/m l curdlan or 50 |ig /m l LPS. M ice were left fo r 24 hr and 
sacrificed by asphyxiation and cervical dislocation. Splenocytes were isolated and non-specific binding o f 
antibody was blocked using Fc block. Cells were stained extracellularly w ith anti-NKp46 PE, anti-CD3 FITC 
and anti-CD69 PeCyS. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo 
software. NK cells were identified by NKp46+CD3- staining w ith in  the lym phocyte gate, (a) shows 
representative dot plots of NK cells expressing CD69. Data was analysed in Prism and (b) shows the mean 
and SD fo r each condition. n=8/10. An unpaired t- te s t was performed between control and test. 
***p<0.005
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Fig. 3.15 Murine NK cells did not increase IFNy expression in response to curdlan in vivo. Expression o f 
IFNy and IL-6 by murine NK cells is not increased fo llow ing stim ulation w ith  curdlan in vitro. Healthy 
C57BL/6 mice were injected I.P. w ith  200 |al o f sterile PBS, lO m g/m l curdlan or 50 ng/m l LPS. Mice were le ft 
fo r 24 hr and sacrificed by asphyxiation and cervical dislocation. Splenocytes were isolated and non-specific 
binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith  anti-NKp46 PE and 
anti-CD3 FITC. Cells were fixed and permeabilised, and stained w ith  anti-IFNy PECy7 and anti-IL-6 APC. Cells 
were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified 
by NKp45+CD3- staining w ith in  the  lymphocyte gate, (a) shows representative dot plots o f NK cells 
expressing IFNy or IL-6, as indicated. Data was analysed in Prism and (b) shows the  mean and SD for each 
condition. n=6/7/8 /10. An unpaired t- te s t was performed between control and test. p*<0.05, ***p<0.005.
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Fig. 3.16 CD69 expression was not increased on murine NK cells that have been stimulated with zymosan 
in vivo. Healthy C57BL/6 m ice w e re  in jected I.P. w ith  200 nl o f s terile  PBS, lO m g /m l zymosan o r 50 ng /m l 
LPS. M ice w e re  le ft fo r  24 h r and sacrificed by asphyxia tion and cervical d is loca tion . Splenocytes w ere  
iso lated and non-specific  b ind ing o f a n tibo dy  was blocked using Fc block. Cells w e re  sta ined extrace llu la rly  
w ith  an ti-N Kp46 PE, anti-CD3 FITC and antl-CD69 PeCyS. Cells w e re  acquired on a Dako Cyan f lo w  
cy to m e te r and analysed using FlowJo so ftw a re . NK cells w ere  id en tified  by NKp46+CD3- sta in ing w ith in  the  
lym phocyte  gate, (a) shows rep resen ta tive  d o t p lo ts  o f NK cells expressing CD69. Data was analysed in 
Prism and (b) shows th e  mean and SD fo r  each con d ition . n=8/10. An unpa ired  t - te s t  was pe rfo rm ed  

be tw een con tro l and test. p<0.005
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Fig. 3.17 Zymosan did not affect levels of IFNy and IL-6 expression by murine NK cells. Healthy C57BL/6 
mice were injected I.P. w ith  200 nl o f sterile PBS, lO m g/m l zymosan or 50 ng/m l LPS. Mice were le ft fo r 24 
hr and sacrificed by asphyxiation and cervical dislocation. Splenocytes were isolated and non-specific 
binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith  anti-NKp46 PE and 
anti-CD3 FITC. Cells were fixed and permeabilised, and stained w ith  anti-IFNy PECy? and anti-IL-6 APC. Cells 
were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified 
by NKp46+CD3- staining w ith in  the lymphocyte gate, (a) shows representative do t plots of NK cells 
expressing IFNy or IL-6, as indicated. Data was analysed in Prism and (b) shows the mean and SD fo r each 
condition. n=6 /7 /8 /9 /10 . An unpaired t- te s t was performed between contro l and test. *P<0.05 , p<0.005
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3.5 Dectin-1 agonists prime NK cells in vivo to respond to 

ex vivo stimulation

3.5.1 Curdlan primes NK cells in vivo to increase CD69 expression in response to 

LPS. poly (1:0 and R848 stimulation ex vivo.

As shown in section 3.4, dectin-1 agonists had no effect on the expression of CD69 or IFNv 

by murine NK cells following in vivo stimulation. There was induction of IL-6 but levels 

were relatively low. I wanted to investigate if NK cell responses were primed by curdlan 

in vivo. Healthy C57BL/6 mice were treated w ith either PBS or Curdlan, and sacrificed 

after 24 hr. Isolated splenocytes were stimulated further w ith various TLR agonists or 

PMA/lonomycin for 18 hr. Expression of CD69 by murine NK cells was then measured. The 

levels o f CD69 expression were comparable between control and curdlan-treated mice 

groups when splenocytes were incubated with PBS ex vivo, as seen in representative Fig. 

3.18a. However, when treated w ith R848, LPS or poly (l:C) ex vivo, overall there was an 

increase in CD69 expression by murine NK cells exposed to curdlan in vivo compared to 

PBS in vivo as seen in Fig. 3.18b, although the increase was not statistically significant.

3.5.2 Curdlan primes NK cells in vivo to express IFNy

Production o f IFNy was investigated by murine NK cells treated ex vivo with various 

stimulations following exposure to  curdlan in vivo. As represented in Fig. 3.19a, there 

were similar basal levels o f IFNy expression by NK cells in control or curdlan-treated mice 

followed by 18 hr incubation with PBS. When exposed to a secondary stimulation, the 

levels of cytokine produced in response to PBS and LPS ex vivo were comparable following 

exposure to PBS in vivo. However, the levels o f IFNy production were significantly 

increased in response to LPS following exposure to curdlan in vivo (p<0.05). This is shown 

in Fig. 3.19b.

3.5.3 Curdlan stimulates splenocvtes. including NK cells, to produce IL-6 ex vivo.

IL-6 expression by murine NK cells was measured following a primary stimulation in vivo 

and a secondary ex vivo stimulation. The levels o f IL-6 expressed by murine NK cells 

exposed to  PBS and curdlan were similar following ex vivo incubation w ith PBS as seen in
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the  representative Fig. 3.20a. However, as seen from  Fig. 3.20b, overall there  was a 

statistica lly significant difference when the tw o  groups were compared a fte r R848 

stim ula tion  ex vivo. Cells exposed to  curdlan in vivo showed higher levels o f IL-6 

expression when compared to  those exposed to  PBS in vivo fo llow ing R848 stim u la tion  ex 

vivo (p<0.005).

To fu rthe r investigate this finding, IL-6 protein levels by ELISA were measured in the 

splenocyte cu lture supernatants. Following ex vivo stim ulation w ith  R848 there  was an 

increase in IL-6 produced by splenocytes from  mice tha t had been exposed to  curdlan in 

vivo in comparison to  those exposed to  PBS in vivo, as seen in Fig. 3.21.

3.5.4 CD69 expression is increased bv NK cells in response to Polv IC ex vivo 

following zvmosan stimulation in vivo.

I w anted to  investigate if  murine NK cells were primed by zymosan trea tm en t in vivo to  

respond to  stim ula tion ex vivo. CD69 expression was measured on NK cells tha t had been 

exposed to  e ither PBS or zymosan fo r 24 hr in vivo, and then treated ex vivo w ith  a range 

o f stim ulants fo r 18 hr. The contro l and zymosan-treated groups had comparable levels o f 

CD69 expression on NK cells when treated w ith  PBS ex vivo as shown in Fig.3.20a. 

Following poly (l:C) stim ulation ex vivo there was an increase in expression in CD69 by NK 

cells exposed to  zymosan in vivo compared to  PBS in vivo as seen in Fig. 3.22b although it 

was not statistica lly significant.

3.5.5 IFNy expression bv murine NK cells exposed to zymosan in vivo is increased 

over control levels in response to ex vivo stimulation.

M urine  NK cells were investigated to  see if they were primed in vivo to  produce IFNy in 

response to  stim ulation ex vivo. IFNy expression by NK cells fo llow ing PBS incubation ex 

vivo was comparable in contro l and zymosan-treated groups. Fig. 3.23a shows a 

representative figure. Stim ulation w ith  LPS ex vivo increased IFNy production in zymosan- 

trea ted  groups, although not significantly, over the levels observed in the PBS-treated 

groups, as seen in the averaged data in Fig.3.21b.
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3.5.6 Zymosan primes splenocvtes in vivo to cause an increase in IL-6 production 

in response to ex vivo stimulation.

IL-6 production by murine NK cells in response to ex vivo stimulation was measured to 

investigate in vivo priming by zymosan. Murine NK cell expression o f IL-6 was comparable 

in PBS and zymosan-treated groups following PBS incubation ex vivo as seen in Fig. 3.24a. 

However, when stimulated ex vivo with R848, there were higher levels of IL-6 expression 

by murine NK cells that had been exposed to zymosan in vivo (p<0.05). This effect was 

observed over at least 5 mice tested as seen from Fig. 3.24b.

When the levels o f IL-6 protein were measured from the splenocyte culture supernatant, 

there was an increase in the amount o f cytokine from cells exposed to  zymosan in vivo 

and treated w ith R848 ex vivo in comparison to those exposed to PBS in vivo as shown in 

Fig. 3.25.
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Fig. 3.18 Curdlan primed NK cells in vivo to increase CD69 expression in response to LPS, Poly 1C and R848 
stimulation ex vivo. Healthy C57BL/6 mice were injected IP w ith 200 nl o f PBS or lO m g/m l Curdlan and left 
fo r 24 hr. Mice were culled by asphyxiation and cervical dislocation. Splenocytes were isolated and cultured 
ex vivo fo r 18 hr w ith PBS, LPS (50 ng/m l), poly (l:C) (PIC) (10 ng/m l) or R848 (3 ^lg/ml) at a cell 
concentration o f SxloVml. Non-specific binding o f antibody was blocked using Fc block. Cells were stained 
extracellularly w ith  anti-NKp46 PE, anti-CD3 FITC and anti-CD69 PeCyS. Cells were acquired on a Dako Cyan 
flow  cytom eter and analysed using FlowJo software. NK cells were identified by NKp46+CD3- staining 
w ith in  the lymphocyte gate, (a) shows representative do t plots o f NK cells expressing CD69. Data was 
analysed in Prism and (b) shows the mean and SD fo r each condition. n=5 An unpaired t- te s t was 
perform ed between control and test. p=ns
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Fig. 3.19 Curdlan did not prime NK cells in vivo to express IFNy. Healthy C57BL/6 mice were injected IP 
w ith 200 nl o f PBS or lO m g/m l Curdlan and le ft fo r 24 hr. Mice were culled by asphyxiation and cervical 
dislocation. Splenocytes were isolated and cultured ex vivo fo r 18 hr w ith  PBS, PMA/lonomycin (50 ng/m l 
and 1 ng/m l, respectively) or LPS (50 ng/m l) at a cell concentration o f SxloVml. Non-specific binding of 
antibody was blocked using Fc block. Cells were stained extracellularly w ith anti-NKp46 PE and anti-CD3 
FITC. Cells were fixed and permeabilised, and stained w ith  anti-IFNy PECy7. Cells were acquired on a Dako 
Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified by NKp46+CD3- staining 
w ith in  the lymphocyte gate, (a) shows representative dot plots o f NK cells expressing IFNy. Data was 
analysed in Prism and (b) shows the mean and SD fo r each condition. n=7. An unpaired t- te s t was 
performed between control and test. p*<0.05
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Fig. 3.20 Curdlan stimulation in vivo primed splenocytes, including NK cells, to produce IL-6 in response to 
ex vivo stimulation. Healthy C57BL/6 mice were injected IP w ith  200 nl o f PBS or lO m g/m l Curdlan and left 
fo r 24 hr. Mice were culled by asphyxiation and cervical dislocation. Splenocytes were isolated and cultured 
ex vivo fo r 18 hr w ith  PBS or R848 (3 ng/m l) at a cell concentration o f SxloVml. Non-specific binding of 
antibody was blocked using Fc block. Cells were stained extracellularly w ith  anti-NKp46 PE and anti-CD3 
FITC. Cells were fixed and permeabilised, and stained w ith  anti-IL-6 APC. Cells were acquired on a Dako 
Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified by NKp46+CD3- staining 
w ith in  the lymphocyte gate, (a) shows representative dot plots o f NK cells expressing IL-6. Data was 
analysed in Prism and (b) shows the mean and SD fo r each condition. n=5. An unpaired t- te s t was 
performed between control and test.. *P<0.05
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Fig. 3.21 IL-6 production by splenocytes treated  w ith curdlan in vivo was increased in response to ex vivo 
stim ulation. Healthy C57BL/6 m ice w e re  in jec ted  IP w ith  200 nl o f PBS or lO m g /m l Curdlan and le ft fo r  24 
hr. M ice w ere  cu lled by asphyxia tion and cervical d is loca tion . Splenocytes w e re  iso lated and cu ltu red  ex 
vivo  fo r  18 h r w ith  PBS or R848 (3 n g /m l) at a cell con cen tra tion  o f SxloVml. The superna tan t was re ta ined  
and ELISA was used to  de tec t levels o f excre ted IL-6. M ean levels o f IL-6 p ro d u c tio n  and SD are shown, 
n= 7 /9 /1 0 . p=ns
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Fig. 3.22 C069 expression is increased by NK cells in response to LPS and Poly 1C ex vivo following 
zymosan stimulation in vivo. Healthy C57BL/6 mice were injected IP w ith  200 |il o f PBS or lO m g/m l 
zymosan and left fo r 24 hr. Mice were culled by asphyxiation and cervical dislocation. Splenocytes were 
isolated and cultured ex vivo fo r 18 hr w ith PBS or Poly (l:C) (PIC) (10 ng/m l) at a cell concentration of 
SxloVml. Non-specific binding o f antibody was blocked using Fc block. Cells were stained extracellularly 
w ith  anti-NKp46 PE, anti-CD3 FITC and anti-CD69 PeCyS. Cells were acquired on a Dako Cyan flow  
cytom eter and analysed using FlowJo software. NK cells were identified by NKp46+CD3- staining w ith in  the 
lymphocyte gate, (a) shows representative dot plots o f NK cells expressing CD69. Data was analysed in 
Prism and (b) shows the mean and SD fo r each condition. n=5. An unpaired t- te s t was perform ed between 
control and test, p=ns

74



In vivo stimulation
stimulation ZymosanPBS

PBS

0.00 0.00 Q.OO. Q.QO

a

PMA/lon

10.00 0.000.00 0.00

IFNy expression

b) ^  15-

O)
c
w
(A
0)k.
Ql
X
0)
tn

10-

^  5H 
0) u

□  PBS in vivo 
Zymosan in vivo

ex vivo stimulation

Fig. 3.23 IFNy expression by murine NK cells exposed to zymosan in vivo is not increased over control 
levels in response to ex vivo stimulation. Healthy C57BL/6 mice were injected IP w ith 200 nl o f PBS or 
lO m g/m l zymosan and le ft fo r 24 hr. Mice were culled by asphyxiation and cervical dislocation. Splenocytes 
were isolated and cultured ex vivo fo r 18 hr w ith  PBS or PMA/lonomycin (50 ng/m l and 1 ng/m l, 
respectively) at a cell concentration o f SxloVml. Non-specific binding o f antibody was blocked using Fc 
block. Cells were stained extracellularly w ith  anti-NKp46 PE and anti-CD3 FITC. Cells were fixed and 
permeabilised, and stained w ith  anti-IFNy PECy7. Cells were acquired on a Dako Cyan flow  cytom eter and 
analysed using FlowJo software. NK cells were identified by NKp46+CD3- staining w ith in  the lymphocyte 
gate, (a) shows representative dot plots o f NK cells expressing IFNy. Data was analysed in Prism and (b) 
shows the mean and SD fo r each condition. n=7. An unpaired t- te s t was perform ed between control and 
test. p=ns
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Fig. 3.24 Zymosan primed splenocytes in vivo to cause an increase in IL-6 production in response to ex 
vivo stimulation. Healthy C57BL/6 mice were injected IP w ith  200 |il o f PBS or lO m g/m l zymosan and le ft 
fo r 24 hr. Mice were culled by asphyxiation and cervical dislocation. Splenocytes were isolated and cultured 
ex vivo fo r 18 hr w ith PBS or R848 (3 ng/m l) at a cell concentration o f SxloVml. Non-specific binding of 
antibody was blocked using Fc block. Cells were stained extracellularly w ith  anti-NKp46 PE and anti-CD3 
FITC. Cells were fixed and permeabilised, and stained w ith  anti-IL-6 APC. Cells were acquired on a Dako 
Cyan flow  cytom eter and analysed using FlowJo software. NK cells were Identified by NKp46+CD3- staining 
w ith in  the lymphocyte gate, (a) shows representative do t plots o f NK cells expressing IL-6. Data was 
analysed in Prism and (b) shows the mean and SD fo r each condition. n=5. An unpaired t- te s t was 
performed between control and test. p*<0.05
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Fig. 3.25 IL-6 production by splenocytes treated with zymosan in vivo was increased in response to ex 
vivo stimulation. Healthy C57BL/6 mice were injected IP w ith 200 ui o f PBS or lO m g/m l zymosan and left 
fo r 24 hr. Mice were culled by asphyxiation and cervical dislocation. Splenocytes were isolated and cultured 
ex vivo fo r 18 hr w ith  PBS or R848 (3 ng/m l) at a cell concentration of SxloVml. The supernatant was 
retained and ELISA was used to detect levels o f excreted IL-6. Mean levels o f IL-6 production and SD are 
shown, n = 5 /8 /9 / l l .  p=ns
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3.6 Discussion

The role o f NK cells in contro lling intracellu lar pathogens such as viruses, bacteria and 

protozoa is well established in the lite ra ture  (Lodoen and Lanier 2006) (Korbel, Finney et 

al. 2004) and the pathways leading to  NK cell activation are well elucidated. Studies on NK 

cell involvem ent in fungal infection, however, are still emerging. There is evidence o f 

killing o f d iffe ren t species o f fungal pathogens by NK cells, but investigating the  pathways 

involved is quite complex due to  the diversity o f fungal cell components responsible fo r 

im m une stim ulation. 3-glucan is a major com ponent o f fungal cell wall and is known to 

activate cells o f the innate immune system through its engagement w ith  dectin-1. To a 

large extent, investigations involving this pathway have been mostly focused on activ ity o f 

neutrophils and macrophages, w ith  little  investigation o f NK cells. I wanted to  examine 

the responses o f human and murine NK cells to  (3-glucan-containing compounds, namely 

curdlan and zymosan. The findings fo llow ing human in vitro  and murine in vitro  and in 

vivo stim ulations are summarised in table 3.1.

Human in vitro Murine in vitro M urine in vivo

CD69 IFNy IL-6 CD69 IFNy IL-6 CD69 IFNy IL-6

Curdlan < -> < ->
Zymosan

Table 3.1 Summary o f  dectin-1 agonist in vitro and in vivo results, ind ica tes an increase in percen tage o f 
expression by NK cells. O  indicates no change in percentage o f expression by NK cells.

Human NK cells have been shown to  be responsive to  fungal pathogens/n vitro. One 

study dem onstrated how isolated human NK cells increased CD69 expression and 

cyto toxic ity  activ ity in response to  hyphae f r o m / u m / g o f e s  (Schmidt, Tramsen et 

al 2011) which suggests a direct role fo r human NK cells in anti-fungal defence. Although 

there is noth ing in the lite ra ture  on the direct effects o f curdlan on NK cell activity, there 

have been studies outlin ing the effects o f the (3-glucan containing com pound on human 

PBMC. TNFa was upregulated in response to  stim ulation w ith  curdlan (Apetrei, 

Calugaru et al 2010). Curdlan also causes an upregulation in the production o f a subunit 

o f the IL-12 cytokine by DC in vitro (Brereton, Sutton et al. 2009). When examined in vivo, 

curdlan was shown to  m odulate transcrip tion o f T h l-typ e  cytokines, including IFNy (Rand, 

Sun et al. 2010). From these observations, it was speculated tha t curdlan could potentia lly  

affect NK cell activity e ither d irectly or ind irectly through IL-12 production by o ther cells,
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leading to  induction o f IFNy. However the data indicated that neither human nor murine 

NK cells in mixed cell populations were responsive to  curdlan in vitro. It was also found 

tha t murine NK cells were not responsive to in vivo stimulation with curdlan w ith  the 

exception o f a significant increase in IL-6 production; however there when the dotplots 

were examined there was no profund population o f NK cells tha t appeared to  be IL-6 

positive. The lack o f robust response by NK cells to  curdlan was an unexpected finding 

considering the evidence in the literature outlined above indicating an immune response. 

The data would suggest that NK cells are not activated in response to curdlan or curdlan- 

stimulated cells, and are not contributing to  the increase in Th l- type  responses, such as 

IFNy production.

There are no reports outlining how zymosan affects human NK cells; however it was 

shown tha t human NK cells are responsive to zymosan stimulation, which is a novel 

finding. Studies involving fungal stimulation o f murine cells have shown an immune 

response, both from in vitro and in vivo investigations, and there have been observations 

in the literature of NK cells specifically responding to (3-glucan containing compounds. 

One such study reported that purified murine NK cells produced IFNy in response to  in 

vitro  stimulation with zymosan for 48 hr (Murciano, Villamon et al 2006). The data in this 

thesis agrees with these observations. It was also demonstrated that murine NK cells 

could produce IFNy in response to  zymosan, but for a shorter period o f stimulation. They 

could also cause an upregulation in CD69 which as yet has not been reported in the 

literature. Zymosan shows imm unomodulatory effects in vivo and is used routinely to 

induce peritonitis in mice to demonstrate acute inflammation (Cash, white et al. 2009). 

However, when murine NK cells were investigated, a strong response following in vivo 

stimulation was not observed. There was an increase in IL-6 expression which was 

significant but by a relatively small proportion o f NK cells. Similar to  the finding following 

curdlan simulation in vivo, when the dotplots were examined there was no strong evidnce 

o f cells tha t were genuinely positive for IL-6 production. So there was no robust response 

by NK cells to zymosan in vivo. This is surprising as NK cells are strong promoters of 

immune responses and it was shown tha t they can become activated following 

stimulation w ith  zymosan in vitro. It would be interesting to investigate the effects o f 

stimulation on NK cells over a range o f t ime periods, as they may be responsible for 

mediating earlier responses, or become activated at later t ime points.
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It was interesting to  find tha t there was an increase in human and murine NK cells activity 

fo llow ing  zymosan stim ulation in vitro, but not curdlan. Although both compounds signal 

through dectin-1, it should be noted tha t zymosan also signals through the heterodim er 

TLR2/TLR5. Evidence from  the literature has shown tha t NK cells can be activated directly 

through TLR2 stim ulation (Martinez, Huang et al. 2010). Although there has been no 

investigation o f zymosan signalling independently o f dectin-1, activation o f the TLR2/TLR5 

pathway may account fo r the d iffe ren t responses observed from  curdlan and zymosan in 

term s o f NK cell activity.

It was noted tha t in 4 out o f 5 donors the increase in CD69 expression observed in 

response to  zymosan was exclusive to  the CD56‘̂ ™ subset o f human NK cells. Following 

overnight stim ulation w ith  zymosan in vitro, only 11% o f CD56 '̂ '̂® '̂ cells were positive fo r 

CD69 expression compared to  50% o f CD56'^"^ NK cells. When stim ulated w ith  IL-12/IL-15 

fo r the same period, both subsets o f NK cells responded comparably. A recent study 

showed similar observations whereby CD56‘̂ "̂  NK cells increased CD69 expression in 

response to HCMV infection, but cells did not (M untasell, Costa-Garci et al.

2013). This was also previously described fo r human NK cells exposed to  Plasmodium  

/o/c/porum -infected erythrocytes. Although there was a slight increase in CD69 expression 

by cells, the m a jo rity  o f CD69 expressing cells were CD56^"^ NK cells (Korbel,

Newman et al. 2005). There are functional differences between the tw o subsets w ith  

dogma classifying CD56'^"^ cells as cytotoxic and CD56 '̂ '̂® *̂ cells as cytokine producers. 

However, Korbel et al. dem onstrated tha t cells are just as likely to  produce

cytokines, and can d iffe ren tia te  into IFN-y-producing cells or expressers o f CD107a, while 

sequentia lly upregulating CD69 and CD25 expression. This preferentia l increase in CD69 

expression by CD56'^''" cells is supported by the data as differences were observed in CD69 

expression between the NK subsets. However the underlying mechanisms are still 

unclear. It may be due to  the cells being at varying stages o f developm ent, w ith  

cells yet to  acquire the ability  to  perform  certain functions. It is accepted tha t the CD56‘̂ '"' 

and CD56' '̂ '̂®̂ ' NK cells express d iffe ren t patterns o f receptors, including CD16, KIR, 

cytokine and chemokine receptors (Cooper, Fehniger et al. 2001). This variation in 

expression of certain cell surface receptors may cause them  to  respond d iffe ren tly  to  

signals, resulting in the observation o f CD69 expression by CD56‘̂ "̂  NK cells. One way to  

explore the suggestion o f d iffe rentia l receptor expression would be to  include blocking
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antibodies against the receptors found exclusively on the CD56'^"^ cells to  see if the effect 

on CD69 expression was abrogated. There are no previous findings o f fungal agonists 

preferentially activating particular subsets o f NK cells, so it would be interesting to 

investigate this further.

Although it was beyond the scope o f this study, it would be interesting to  investigate 

other markers o f human and murine NK cell activation with regard to  preferential 

activation o f CD56'*''^ NK cells fo llowing curdlan and zymosan stimulations in vivo and in 

vitro. As previously discussed in terms o f different responses from the NK cell subsets, NK 

cell activation can manifest in a number o f cellular outputs. Although there were no or 

very limited responses, curdlan or zymosan may have the ability to  modulate other 

outputs o f cellular activation such as production o f TNFa or CD107a expression by human 

or mouse NK cells. Another factor tha t could be examined would be measuring the 

activity o f cells from the peritoneal cavity following in vivo stimulation to  investigate the 

local effects o f the fungal compounds. The data showed that splenic NK cells were not 

responsive to  curdlan or zymosan stimulation in vivo w ith respect to CD69 expression, or 

IFNy production, although there was a m inor increase in IL-6 production. This was 

increase was significant but was relatively small. It could be possible tha t the 

concentration o f the compounds were not strong enough to induce a systemic immune 

response in the way splenic NK cells responded to  LPS stimulation (although there are 

some effects in vivo as discussed later). However, NK cells may have responded locally to 

administration o f the compounds. One study demonstrated an influx o f activated NK cells 

into the peritoneal cavity fo l low ing injection with an adenoviral vector encoding the 

mouse interferon-beta gene (Ad.mulFN-beta) (Odaka, W iewrodt et al. 2002). In light of 

this evidence I wanted to investigate NK cell activity locally in response to  intraperitoneal 

injection w ith curdlan or zymosan. NK cells respond quite rapidly to  pathogenic 

stimulation so there could be increased levels o f cytokine production and activation by 

these cells. Several attempts were made to  isolate lymphocytes from the peritoneal 

lavage o f mice tha t had been administered with an intraperitoneal injection. However, 

there were consistently low levels o f cells resulting in unreliable data (not shown). This 

experimental approach needs to  be optimised in order to  be informative.
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The results show tha t zymosan activates human and m urine NK cells in v itro  as measured 

by CD69 expression and IFNy production. However it is not clear w hether the  effect 

observed is d irect or through another accessory cell. One possibility is tha t zymosan is 

d irectly binding to  NK cells and activating them. However, it is also possible tha t zymosan 

is activating an accessory cell and this cell in turn  is activating the NK cells. These 

experim ents do not address w hether the effects are direct or indirect. Experiments to  

investigate this would include analysing receptor expression (investigating dectin-1, fo r 

example) on NK cells or purification o f the NK cells prior to  in vitro  stim ulation. This way 

examines the potentia l o f the compounds to  signal d irectly in greater detail. It has been 

well documented tha t NK cells require interaction w ith  o ther cells in order to  respond to 

certain infections and there are many studies dem onstrating the im portance o f accessory 

cells. One common finding supporting this is the ability o f NK cells in whole blood or 

spleen cell preparations to  respond to  pathogens where isolated NK cells do not. 

Therefore emerging evidence supports the concept tha t NK cells require prior signals in 

order to  reach fu ll activation. In one study from  our lab, human NK cells were shown to  

be responsive to  R848, but th is was dependent on IL-12 production by accessory cells 

(Hart, A thie-M orales et al. 2005). DC in particular are one o f the main accessory cells 

involved in NK cell activation, and can engage in d irect cell-cell contact w ith  NK cells or 

cause activation through cytokine production (Degli-Esposti and Smyth, 2005). DC and NK 

cells can engage in d irect cross-talking, and this has been shown to  occur in the spleen 

fo llow ing  bacterial and viral in fection (Andrews, Scaizo et al. 2003). In response to  murine 

cytom egalovirus (MCMV), pDC and myeloid DC co-ord inate a response resulting in 

secretion o f type I IFNs, IL-12 and chemokines in order to  activate NK cells and recruit 

them  to  the  site o f infection (Krug et al. 2004). Leishmania m a jo r causes IL-12 production 

from  DC and adherent cells in humans, and results in NK cell activation (Akuffo et al. 

1999). Macrophages and monocytes are also im portant accessory cells responsible fo r 

m ediating indirect NK cell activation. Following contact w ith  m ycobacteria-infected 

macrophages, human and bovine NK cells upregulated CD69 expression and IFNy 

production (Denis, Keen et al. 2007) (Brill, Li et al. 2001). From these studies, it is clear 

tha t there is a strong role fo r accessory cells in activating NK cells in response to  a range 

o f pathogens, and could play a role in the experim ental system.
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IL-6 is one o f the prim ary pro-in flam m atory cytokines to  be produced fo llow ing 

stim ulation. Although it is a p le iotrop ic cytokine produced in response to  a range of 

pathogens by a num ber o f d iffe ren t immune cells, there have been reports o f high levels 

o f the cytokine produced by myeloid cells in response to  fungal infection (Municio, 

Alvarez et al. 2013). It was reported tha t there was a substantial increase in IL-6 

production by human macrophages in response to  zymosan stim ulation. Another study 

dem onstrated how zymosan drove IL-6 production from  m urine DC (Sweeney, Lonergan 

et al. 2011). These studies dem onstrate a strong role fo r IL-6 in the immune response to  

fungal infection, and there fore  I wanted to  explore the involvem ent o f NK cells. However, 

when the response o f human and murine NK cells to  a fungal stim ulation was investigated 

using zymosan as a model in vitro, it was found tha t the compound did not drive 

production o f the cytokine. A sim ilar result was observed when the effects o f curdian on 

IL-6 production from  NK cells were investigated. Curdian did drive IL-6 production from  

monocytes however. IL-6 production in vivo was investigated and it was found tha t both 

compounds caused a significant increase; however this increase was still re latively small. 

There have been studies investigating the role o f IL-6 in NK cell biology w ith  regard to  

o ther stim ulants o f imm une responses. Co-culturing o f human NK cells w ith  K562 target 

cells was reported to  induce IL-6 production (Barakonyi, Rabot et al. 2004). M urine NK 

cells tha t were immunised w ith  A85B-early secreted antigenic target 6kDa from  

M ycobacterium  tuberculosis combined w ith  Escherichia coli heat-labile toxin as adjuvant 

showed a robust increase in IL-6 production from  NK cells, particularly in NALT and CN 

tissue (Hall, Clare et al. 2010). Poly (l:C)-treated human NK cells also increased production 

o f IL-6 indicating a role fo r the cytokine in response to  a viral pathogen. In support o f this 

finding, the data dem onstrated strong IL-6 production by human NK cells in response to 

R848 stim ulation in vitro. R848 signals through TLR7/8, which is associated w ith  the 

recognition o f single stranded RNA found in viruses. Thereby it was shown tha t human NK 

cells can produce IL-6; however, it was dem onstrated tha t it is not strongly induced in 

response to  curdian or zymosan.

To summarise the findings w ith  regards IL-6 production, it was found tha t NK cells are not 

responsive to  the fungal agonists tested in vitro. Production o f the cytokine in response to  

fungal pathogens has been w idely investigated. The vast m ajority o f studies have focused 

on non-NK imm une cells and have dem onstrated a strong link between IL-6 production
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and the immune response to fungal pathogens. Murine BMDC were shown to be heavily 

dependent on dectin-1 for production of IL-6 in response to a fungal pathogen 

(Viriyakosol, Jimenez Mdel et al. 2013). There have been no previous investigations of the 

presence o f this receptor on NK cells in the literature. This is addressed in further detail in 

chapter 4, but lack of receptor expression may be one reason as to why there is no 

production of IL-6 by NK cells. As outlined above, studies in the literature indicate that IL- 

6 can be implicated in the resolution of viral and bacterial infection by NK cells, yet there 

is no existing evidence indicating that NK cell-derived IL-6 is important in the clearance of 

fungal pathogens. It was found that curdlan and zymosan, the fungal compounds focused 

on, do not suggest a role for IL-6 in NK cell response to fungi. Further investigations into 

the effects of other P-glucan compounds on NK cell activity are necessary before it can be 

fully concluded that NK cells do not produce IL-6 when in contact w ith them in vitro. The 

increase in IL-6 production following in vivo stimulation would suggest that there may be 

a link between fungal infection and IL-6 production; however this response although 

significant was still relatively small when compared to the response observed following 

other stimulations.

Curdlan in vivo Zymosan in vivo

IN  VITRO 4. CD69 IFNy IL-6 CD69 IFNy IL-6

LPS

Poly (l:C) < ->

R848 < -> < ->
Table 3.2 Summary o f NK cell priming results. All changes are relative to  negative control. 'T' indicates an 

increase in percentage o f expression by NK cells . O  indicates no change in percentage o f expression by NK 

cells.

Although curdlan and zymosan had very little effect on modulating NK cell activity in vivo, 

there was a response observed in vivo whereby both compounds primed various NK cell 

functions. Regarded as being im portant cells linking the innate and adaptive immune 

response, NK cells have a role in inducing activation of other immune cells through 

cytokine production. Recently emerging data is now suggesting the occurrence of priming 

o f NK cells themselves and NK cell memory following primary exposure to cytokines from 

other cells, or the requirement for pre-stimulation from exogenous stimuli to become 

fully effective. As discussed previously, interactions between NK cells and accessory cells 

are sometimes essential for full effector responses to occur. The second aspect of NK cell
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prim ing involves the cells receiving signals from  a source o ther than an accessory cell. In 

this scenario, the NK cell is exposed to  a compound tha t doesn't cause full activation, but 

primes the cell to  respond to  a second stim ulation. It is possible to  investigate this 

prim ing o f NK cells using mouse models. For example mice maintained in SPF 

environm ents are pre-treated w ith  poly (l:C) in vivo in order to  prime them  to  state where 

they would sim ilar to  "resting" human NK cells (Long 2007). These cells were observed to  

react rapidly to  tum our or infected cells. Another study used TLR ligands to  stim ulate cells 

in vivo and then measured NK cell production o f IFNy in response to  incubation w ith  

target cells ex vivo (Lucas, Schachterle et al. 2007). In light o f this response to  ex vivo 

stim ulation I wanted to  investigate the response o f cells tha t had been exposed to  in vivo 

stim ulation. The findings, as summarised in table 3.2, indicated tha t NK cells tha t 

appeared unresponsive to  curdlan in vivo were potentia lly  primed to  am plify CD69 

expression in response to  ex vivo stim ulation when compared to  mice tha t had been 

treated w ith  PBS. This was interesting as it is the firs t indication tha t curdlan has a strong 

effect on NK cells, as previous investigations showed no robust response to  in vitro or in 

vivo stim ulations. The effects o f ex vivo stim ulation fo llow ing in vivo stim ulation w ith  

zymosan were also investigated and a sim ilar trend observed was observed. There was an 

increase in cells expressing CD69 fo llow ing poly (l:C) stim ulation when they had been 

exposed to  zymosan in vivo over those exposed to  PBS, which fu rthe r suggests a role fo r 

NK cell prim ing by (3-glucans.

Intracellu lar expression o f IFNy and IL-6 by NK cells were also investigated and there  was 

a sim ilar pattern o f expression o f IFNy and IL-6 to  tha t observed w ith  CD69. Cells tha t had 

been exposed to  zymosan or curdlan in vivo had higher levels o f IFNy expression fo llow ing 

LPS stim ulation ex vivo over cells tha t had been exposed to  PBS. When stim ulated ex vivo 

w ith  R848 there was an increase in IL-6 expression by m urine NK cells tha t had been 

exposed to  e ither curdlan or zymosan over the levels observed in PBS-treated cells. When 

the supernatant from  these experiments were analysed fo r levels o f IL-6 produced by 

cultured splenocytes, there were higher levels o f IL-6 present in the supernatant o f cells 

tha t had been exposed to  curdlan or zymosan in vivo p rio r to  R848 stim ulation than the 

levels produced by PBS-treated splenocytes. Again this was surprising as the data showed 

tha t neither compound had any effect on NK cell production o f IFNy in vivo, w ith  a 

re latively small am ount o f IL-6 produced. Yet, this observation would suggest tha t the NK
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cells are primed so they (and other cells) can produce IL-6 in response to  a second 

stimulation.

These results lead to  a num ber of questions tha t  require further investigation. Firstly, it is 

unclear as to  w h ere  this potential priming of NK cells is coming from. The ability of  

curdlan and zymosan to  signal directly to  NK cells is yet to be established, and there  is a 

high probability th a t  there  is involvem ent of o ther cells. There have been interesting  

studies investigating priming of o ther im m une cells which are worth  noting in light of  

th e ir  roles as accessory to NK cells. One such study examined priming o f  murine  

macrophages from  the peritoneum . Following prior "priming" with  TLR2 ligands in vitro, 

production o f  type I interferon was strongly potentiated  in response to LPS. It is likely in 

this investigation examining NK cells tha t  another im m une cell is responding to  the  fungal 

stim ulation directly and signalling to  NK cells. It is well established tha t  accessory cells 

signal to NK cells through cytokines such as IL-12 and IL-18 and these could have a role in 

th e  observed response. One study to support this involvem ent of cytokine signalling used 

IL IB^ mice to show how  IL-18 was essential in vivo for IFNy production ex vivo in 

response to  IL-12 stimulation (Chaix, Tessmer et al. 2008) and it was suggested that IL-18 

priming in vivo led to  improved translation of IFNy. It is unclear, however, w hy the  pattern  

of NK cell activation was not observed in the  data with  regard IFNy expression. One  

explanation for this may be tha t  IL-6 has a stronger association with im m une responses to  

fungal infection, whereas IFNy is m ore directed tow ards anti-viral protection.

There  was a difference in response from  NK cells bew een human and murine cells 

fo llowing in vitro stimulation. It would be interesting to fur ther com pare o ther markers of  

activation betw een  human and murine NK cells. Although m urine models are often used 

to  exam ine fundam enta l im m une responses to pathogens, it may not be possible to  

extrapo la te  the  findings and apply them  to human studies. Therefore , it would be 

im p o rtan t  to  separately examine hum an and murine NK cell responses to  fungal 

com ponents.

In sum m ary, it was shown th a t  while curdlan and zymosan have minimal effects on NK 

cells both in vitro and in vivo, they can prime NK cells to  respond to o th er stimuli. The 

data  cannot determ ine  w h e th e r  these compounds are signalling directly to NK cells, or if 

th e re  are accessory cells involved. As shown in Fig. 3 .26 -3 .28 , there  are th ree  possible
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scenarios th a t  resulted in the  observations. Further investigation of dectin-1  expression 

by NK cells w ould confirm w h e th e r  there  is a potential for NK cells to respond directly. 

The signal observed from NK cells was quite weak; there fore  I w anted  to  amplify  this 

signal and em ploy an assay to  a ttem p t to strengthen NK cell specific responses. This is 

addressed in the  following chapter.

Curdlan/ 
 -~ .,,^m osa n

Dectin-1

NK

In vitro Poly (l-.C)/LPS/ 
R848

Fig. 3.26 Curdlan and zymosan may be directly priming NK cells in vivo to potentiate their response ex 
vivo. Curdlan/zymosan may bind directly to  dectin-1 on NK cells, resulting in the NK cell becoming primed, 
w hen  stim ulated ex vivo w ith  agonists, such as poly (l:C) or R848 there is a stronger response from  the NK 
cells.
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Curdlan/Zyniosan

Dectin-1

DC/
>nMv

NK

In vitro
Poly (l:C)/LPS/ 
R848 . /

IL-6 T
IFNvt

CD69t

Fig. 3.27 Curdlan and zymosan may be signalling through an accessory cell to prime NK cells in vivo.
Curdlan/zymosan may be binding to  an accessory cell in vivo such as a monocyte or DC. This cell becomes 
activated and secretes cytokines which Is causing the NK cell to  become primed. The NK cell displays a 
stronger response to ex vivo stim ulation as a result o f indirect priming.

Dectin-1

monocYte

In vitro

IFNvt

i ^ D 6 9 t  /  / T i

Fig. 3.28 Curdlan and zymosan may be priming a non-NK splenocyte in vivo. Curdlan/zymosan may be 
binding to another splenocyte such as a monocyte which expresses dectin-1. This cell may become primed 
in vivo and, in response to  stim ulation ex vivo, secretes higher levels o f cytokine which results in stronger 
responses from  NK cells in the splenocyte population.
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Chapter 4:

Investigating priming of murine 

NK cells by p-glucan-containing

compounds
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4.1 Introduction
One o f the  hallmark features of NK cell biology is the ir  ability to  respond to  a w ide  range 

of pathogenic threats w ithout the  need for prior exposure or specific imm unization;  

generally this is required for cells of the  adaptive im m une system, such as cytotoxic T cells 

to be responsive (Vivier, Raulet et al. 2011). Instead o f  relying on the  rearrangem ent of  

variable-(diversity)-joining gene segments to  recognise infection, NK cells use a finite  

num ber o f  germ line-encoded PRR which trigger or dam pen the ir  responses. However, as 

previously m entioned, the re  is increasing evidence tha t  NK cells possess immunological 

m em o ry  and also tha t  they  may require exposure to  certain stimulants before  they can 

reach a full effector cell state. One of the  earliest indications of this effect was the  

observation that mice deficient in T and B cells used a subset of primed hepatic  NK cells 

to acquire antigen-specific immunological m em ory  to  hapten-based contact sensitizers 

(O'Leary, Goodarzi et al. 2006), (Paust, Senman et al. 2010). In this study hapten-specific  

m em o ry  was observed in naive mice that had received hepatic NK cell f rom  sensitized 

donors. Similar studies involving M C M V  dem onstrates antiviral m em ory  in NK cells. 

M urine  NK cells tha t  had been exposed to M C M V  w ere  transferred to new born  mice, 

which conferred approxim ately  ten-fo ld  improved protection over naive mice (Sun, Beilke 

et al. 2009). A nother study using RAG-deficient mice indicated the  ability of NK cells to 

have virally-induced immunological m em ory. Following sensitization o f  mice using a range 

of viral stimulants, NK cells m ediated  a delayed-type hypersensitivity (DTH) response 

when a subcutaneous injection of recall antigen was adm inistered. W hen NK cells that  

had been sensitized w e re  transferred to naive mice, the  survival rates following lethal 

challenge w ith  the  sensitizing virus w ere  enhanced (Paust, Gill et al. 2010).

Studies similar to  those m entioned  above support the  theory  o f  NK cells having 

immunological m em ory. There are a num ber o f  points to note however. Firstly, these  

studies have mostly focused on tw o  main challenges; hapten-induced contact 

hypersensitivity and viral infection, with little or no light shed on o ther stimulants  

including bacterial or fungal infections. Another point to  note is tha t  these models have 

all been based on in wVo-induced m em ory  cells w ith  no in vitro  antigen-specific m em ory  

NK cell model as yet developed. The use of in vivo models introduces th e  potential of  

different cell-cell interactions which makes it difficult to define correct signalling 

pathways. NK cell interaction with  accessory cells in vivo can involve a number of
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d iffe ren t soluble factors and cytokines. Similar to  the findings regarding NK cell memory, 

studies investigating NK cell prim ing have been o f interest in recent years, and provide 

arguments against the dogma tha t NK cells can only act spontaneously.

It is well known tha t NK cells recognise pathogens and respond by producing cytokines 

which cause activation o f o ther cells including DC and subsets o f T cells. However NK cells 

have been shown to  be influenced themselves by cytokines produced by accessory cells. 

These interactions are necessary fo r NK cell developm ent as they acquire functional 

competence, and also play a part in prim ing the cells to  potentia te  the ir e ffector cell 

activity.

DC are one o f the strongest influencers o f all imm une cells on NK cell activity. M ature DC 

developm ent occurs in a way so tha t they evade killing by the NK cells themselves and 

survive to  allow prim ing o f im m une responses. When m onocyte-derived DC encounter 

PAMP they acquire the ab ility  to  stim ulate NK cells and adjust the strength o f activation 

depending on the needs o f the imm une system over the course o f the response (Strowig, 

Brilot et al. 2008). Many subsets o f human and m urine DC produce IL-12; a cytokine tha t 

is often required fo r NK cell production o f IFNy. DC tha t are exposed to  various stimuli, 

such as poly (l:C), LPS or actinobacillus, produce IL-12 which induces NK cells to  become 

active. IL-2 induces "k ille r" activities as observed when IL-2 is produced by DC in vivo in 

response to  E. coli infection (Granucci, Zanoni et al. 2004). However, NK cells are primed 

by IL-18 to  become "he lper" cells w ith  less cytotoxic activities fo llow ing  subsequent 

stim ulation w ith  o ther factors such as tum our cells or type-1 in terferons (M ailliard, Son et 

al. 2003). IL-15 is the th ird  main cytokine tha t has strong effects on NK cells and is 

presented by IL-15Ra on mature DC. This action stimulates in vivo NK-cell survival, 

p ro lifera tion  and d iffe ren tia tion  o f CD16 to  CD16"  ̂NK cells (Munz, Dao et al. 2005).

These DC-NK cell interactions have been well studied and extensive knowledge is known 

about factors such as synaptic contact and the length o f tim e required to  establish fu ll 

functional potentia l (Borg, Jalil et al. 2004) (Brilot, Strowig et al. 2007). M ost o f the 

studies investigating pre-activation o f NK cells by DC are based in m urine models. There 

have been a ttem pts to  assess the in vivo activ ity o f human NK cells by reconstitu ting mice 

w ith  human immune system components. These studies showed tha t there was

91



dampened effector cell functioning, but there was restoration to full functional 

competency following pre-activation with IL-15 (Huntington, Legrand et al. 2009).

A review by E.O. Long discusses how NK cells do not necessarily become activated 

following interaction w ith DC, and that further stimulation following priming may be 

necessary. It was observed that NK cells primed by DC expressed CD69, but did not 

mediate cytotoxicity nor did they produce IFNy; this required additional signals to  occur. 

This led to the theory that there were sequentially different interactions between DC and 

NK cells; firstly an initial priming o f naive NK cells, which may be followed by induction of 

mutual activation as cellular cross-talking occurs (Long 2007).

Although the interaction between the two cell types is the most well-defined, DC are not 

the only cells that can influence NK cell activity. Recent evidence is emerging which 

implicates a role for receptor/ligands of monocytes and macrophages in modulating NK 

cell biology. Macrophages have been shown to prime NK cells through two main 

mechanisms which involves soluble mediators or direct contact, and in this way recruit 

and activate NK cells to fight infection. When monocytes or macrophages are activated in 

vivo they produce a number of cytokines which are responsible fo r NK cell activation. 

Macrophages that were infected w ith CpG DNA or 6. anthracis enhanced the release of 

IFNy by murine NK cells through IL-12 production. (Chace, Hooker et al. 1997) (Klezovich- 

Benard, Corre et al. 2012). IL-15 from poly (l:C)-stimulated macrophages can also 

promote IFNy production and CD69 expression by murine NK cells (Zhou, Zhang et al. 

2012). In vivo studies have shown that granzyme and IFNy secretion by NK cells is induced 

by monocytes and subsets o f splenic macrophages in mice infected w ith L. 

monocytogenes (Soudja, Ruiz et al. 2012). Human monocytes and macrophages have 

similarly been found to have the same ability to modulate NK cells. It was shown that 

PBMC-derived macrophages express IL-18 in the presence o f LPS which induces synthesis 

o f IFNy by NK cells (Bellora, Castriconi et al. 2012). S. aureus had a similar effect on 

monocytes to  induce the same response (Haller, Serrant et al. 2002).

Certain subsets o f T cells also produce cytokines in response to stimuli which are 

attributed to  NK cell activation. IL-2 derived from T cells contributed to IFNy production 

by NK cells (Fehniger, Cooper et al. 2003). More recently, it was found that Ag-specific 

CD4^ T cells activated NK cells in vivo following Leishmania major infection,
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dem onstra ting bid irectional regulation. This contrasts w ith  the trad itiona l defin ition  o f NK 

cell activ ity as spontaneous. Regulation o f NK cells by T cells can also be contact 

dependent. NK cells were activated through NKG2D by prim ed T cells tha t

recognised in tact MHC molecules in a mouse model o f skin d ra ft rejection (Ito, Shimura et 

al. 2008).

As the lite ra ture  indicates, although NK cells are o f great im portance as firs t-line  defence 

cells, they too  are subjected to  regulation by o ther im m une cells. W hile they still retain a 

ro le in d irectly recognising and responding to  pathogens through the ir cell surface 

receptors, they often  require pre-activation which occurs as a result o f cytokine 

production or cell-cell contact w ith  o ther cells tha t have themselves become activated 

fo llow ing  pathogen recognition. It has also been established tha t NK cells can reach a 

prim ed state whereby they are not fu lly  active, but upon fu rthe r stim ulation display 

potentia ted effector cell responses. However, NK cell prim ing and mem ory are still largely 

unexplored areas o f NK cell biology.

Based on the  observations discussed in chapter 3, it was hypothesised tha t NK cells were 

prim ed in vivo by the fungal compounds, although the  mechanisms involved were 

unclear. A num ber o f potentia l pathways could be involved, d irectly  or indirectly, which I 

w anted to  investigate fu rther.

The specific aims o f this chapter were:

•  Determ ine if  beta-glucan-containing compounds, curdlan and zymosan, could 

signal d irectly to  m urine NK cells by investigating dectin-1 expression

•  Investigate if dectin-1 could be induced or upregulated by murine NK cells under 

certain culture conditions

•  Establish a model to  d irectly activate NK cells though engagement o f NK cell 

surface receptors

•  Investigate if  curdlan and zymosan prime NK cells in vivo to  respond to  o ther 

stim uli.
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4.2 Dectin-1 is not expressed on the surface of NK cells

4.2.1 Human NK cells have low levels ofdectin-1 expression

There have been reports linking dectin-1 mRNA or protein and NK cells. The presence of  

dectin-1 on hum an NK cells was investigated. Although there  was a significant difference  

in MFI levels betw een  the  isotype control and the  test (p<0.05), as seen in fig. 4.1c there  

was no prom inent population of dectin-1 expressing NK cells (Fig. 4.1a). W h e n  MFI of  

dectin-1 expression was compared on and CD56^'"^ NK cells the re  was no

significant difference (Fig. 4 . Id ) .
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Fig 4.1 Dectin-1 is expressed at very low levels on human NK cells. PBMC were isolated from  healthy 
human donors and cultured at a concentration o f 5x10® cells/m l. Non-specific binding o f antibody was 
blocked using Fc block. Cells were stained extracellularly w ith  anti-CD56 PE, anti-CD3 PERCP, anti-CD14 FITC 
and anti-dectin-1 PeCyS. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo 
software. NK cells were identified by CD56+CD3- staining w ith in  the lymphocyte gate. Monocytes were 
identified by CD14+ staining w ith in  the monocyte gate, (c) and (d) shows the mean and SD o f MFI fo r each 
condition. An unpaired t-test was used to  compare MFI o f (c) control and test and (d) CDSS'’"^'’* and CD56'^™ 
NK cells. n=3 *p<0.05.
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4.2.2 Murine NK cells do not basally express dectin-1.

Expression of dectin-1 has been confirmed on a number of immune cells including DC and 

macrophages. I wanted to investigate if murine NK cells constitutively expressed the 

receptor on the cell surface. Freshly isolated splenocytes were examined by flow 

cytometry following incubation with a fluorescently labelled antibody against dectin-1. 

Fig. 4.2a shows a representative dotplot. DC provided by Dr. David Finlay were used as a 

control to ensure the antibody was working. These cells were shown to constitutively 

express dectin-1 on their cell surface as seen in the representative histogram in Fig. 4.2b. 

Although there was a small shift as seen in the histogram, the difference between the MFI 

of IgG control and dectin-1 on NK cells was not statistically significant, as seen in Fig. 4.2c.

4.2.3 Dectin-1 is not induced bv IL-4 and/or IFNv on the surface on murine NK 

cells.

Monocytes have been reported to upregulate expression of dectin-1 in response to 

various cytokines, with IFNy, IL-4 and a combination of the two having the greatest effect. 

Having established that NK cells do not express dectin-1, I wanted to see if these 

cytokines could cause induction of the receptor. Splenocytes were incubated w ith lL-4, 

IFNy or a combination of both cytokines for 4 and 24 hr. Dectin-1 expression was 

measured by flow  cytometry. DC were also included as a control and were found to 

express dectin-1, as shown in the representative histograms in Fig. 4.3. In all cases dectin- 

1 expression was not induced on NK cells. When MFI of dectin-1 expression was 

compared between the control and stimulated cells there was no statistically significant 

difference, as seen in Fig. 4.4a and b.
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Fig. 4.2 NK cells do not basally express dectln-1. Splenocytes were isolated from  healthy C57BL/6 mice 
and cultured at 1x10^ cells/m l. BMDC provided by Dr. David Finlay were cultured in a separate well and 
treated in the same manner as splenocytes. Non-specific binding o f antibody was blocked using Fc block. 
Cells were stained extracellularly w ith  anti-NKp46 PE, anti-CD3 FITC and anti-dectln-1 APC. Cells were 
acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified by 
NKp46+CD3- staining w ith in  the lymphocyte gate, (a) shows a representative dot p lot of NK cells expressing 
dectin-1. (b) shows a representative histogram o f dectin-1 expression on NK cells (blue) compared to  DC 
(green) (c) shows mean and SD o f MFI fo r each condition , n=5. An unpaired t-tes t was used to  compare 
control and test. p=ns.
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Fig. 4.3 Dectin-1 was not induced by IL-4 and/or IFNy on the surface on murine NK cells. Splenocytes 
from  healthy C57BL/6 mice were isolated and cultured at 1x10^ cells/ml. BMDC were provided by Dr. David 
Finlay and cultured in a separate well. Both sets o f cells were treated fo r 4 or 24 hr w ith  IL-4 (10 ng/m l), 
IFNy or a com bination o f both cytokines. Non-specific binding o f antibody was blocked using Fc block. Cells 
were stained extracellu larly w ith  anti-NKp46 PE, anti-CD3 FITC and anti-dectin-1 APC. Cells were acquired 
on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified by 
NKp46+CD3- staining w ith in  the lymphocyte gate (a) shows representative histograms of dectin-1 
expression by unstim ulated NK cells (blue), stim ulated NK cells (brown) and DC (green) a fte r 4 hr 
stim ulation w ith  the indicated cytokine, (b) shows expression o f dectin-1 after 24 hr stim ulation. n=3
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Fig 4.4 Dectin-1 was not induced by IL-4 and/or IFNy on the surface on murine NK cells. Splenocytes 
from  healthy C57BL/6 nnice were isolated and cultured at 1x10^ cells/m l. BMDC were provided by Dr. David 
Finlay and cultured in a separate well. Both sets o f cells were trea ted  fo r 4 or 24 hr w ith  IL-4 (10 ng/m l), 
IFNy or a com bination o f both cytokines. Non-specific binding o f antibody was blocked using Fc block. Cells 
were stained extracellularly w ith  anti-NKp46 PE, anti-CD3 FITC and anti-dectin-1 APC. Cells were acquired 
on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified by 
NKp46+CD3- staining w ith in  the lymphocyte gate. n= 3. Mean and SD fo r MFI fo r each condition Is shown 
fo r (a) 4 hr and (b) 24 hr. An unpaired t-test was performed to  compare test and control. p=ns.
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4.3 Establishment of in vitro NK cell amplification assav: 

Crosslinking activatory NK cell surface receptor NKl.l 

results in IFNy cvtokine production.

4.3.1 Crosslinking N K l.l on murine NK cells in vitro for different lengths o f time 

causes different outputs ofNK cell activation

I w a n te d  to  specifically t a r g e t  and  ac t ivate  m uri ne  NK cells by crosslinking NKl . l .  This 

assay involved e n g a g e m e n t  o f  t h e  ac t ivatory  r e c e p t o r  and is a m e t h o d  o f  inducing specific 

NK cell r e s p o n s e s  in a t a r g e t  cell-free m an n e r .  Similar assays  in o t h e r  s tu d i e s  have b ee n  

used to  ac t ivate  T cells using an t ibod ies  aga ins t  CD3. Two protocols  w e r e  t e s t e d  in o r d e r  

t o  op t imise  t h e  e x p e r i m e n t  and  d e t e r m i n e  which induced  t h e  s t r o n g e s t  NK cell r e spo nse .  

CD69 express ion an d  IFNy pro duc t ion  w e r e  m e a s u r e d  a f te r  8 or  24 hr  of  crosslinking 

N Kl . l .  Af ter  8 hr  of  crosslinking in t h e  p r e s en ce  of  brefeld in  A, IFNy produc t ion  w a s  

i ncreased  w h e n  N K l . l  w as  en g ag ed .  H ow ever  t h e r e  was  a m o r e  m o d e s t  increase  in CD69 

express ion as s e e n  in r e p r e s e n t a t i v e  d o tp lo t  in Fig. 4.5a.  Conversely,  t h e r e  w a s  no c h a n g e  

in IFNy p ro d u c t io n  by NK cells fol lowing 24 hr of  N K l . l  crosslinking. The re  was ,  ho w ever ,  

a large increase  in expr ess ion  of  CD69 by m uri ne  NK cells as s ee n  in t h e  r e p r e s e n t a t iv e  

figure in Fig. 4.5b.

4.3.2 Crosslinking NKp46 or CD16 in vitro for 8 hr does not increase CD69 

expression or IFNy production from murine NK cells.

O th e r  r e c e p to r s  on t h e  surface  of  NK cells are  also as soc ia te d  wi th ac t ivation.  I w a n t e d  to

inves t igate  t h e  ef fec ts  of  en ga g ing  NKp46 an d  CD16 to  s ee  if t h e r e  r e s p o n s e  w as  similar,

o r  s t ro nge r ,  t h a n  t h a t  s ee n  wi th N K l . l  a f te r  8 hr of  crosslinking. Al though t h e r e  w as  no

increase  in CD69 express ion fol lowing 8 hr  of  crosslinking wi th an  an t ibody  aga ins t

NKl. l , i t  w a s  included it in t h e  pane l  of  m ark e rs  m e a s u r e d  to  s e e  if t h e r e  w ould  b e  an

effec t  w h e n  o t h e r  r e c ep to r s  w e r e  t e s t e d .  Similar to  t h e  resul t  o b s e r v e d  fol lowing

crosslinking wi th  N K l . l ,  t h e r e  w a s  no increase  in CD69 expr ess ion  by m u r in e  NK cells

w h e n  cul tu red  in wells b o u n d  wi th an t ibod ies  aga ins t  NKp46 o r  CD16 for  8 hr. There  was

no inc rease  in IFNy. The levels of  IFNy p ro d u c e d  by m uri ne  NK cells w a s  c o m p a r a b l e  in

r e c e p t o r  crossl inked cells an d  the i r  c o r re sp o n d in g  IgG con tro l  as s e e n  in t h e

re p r e s e n t a t i v e  d o tp lo t s  in Fig. 4 .6a.  W h e n  this w as  c o m p a r e d  wi th t h e  levels of  IFNy
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expression by NK cells fo llow ing N K l. l crosslinking, there was a striking difference, as 

shown in the summarised graphed data in Fig. 4.7a. Overall, crosslinking NK cell surface 

receptors fo r 8 hr did not increase CD69 expression as seen in the  representative dotp lo t 

in Fig. 4.6b and the summarised data in Fig. 4.7b.
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Fig. 4.5 Crosslinking N K l.l on murine NK cells in vitro for different lengths of time caused different 
outputs of NK cell activation. Monoclonal antibody PK136 (a n ti-N K l.l) or Ig62a (10 ng/m l) were coated 
onto a 6 well plate at 37°C fo r 90 min. Splenocytes were isolated from  healthy C57BL/6 mice and plated in 
the wells at a concentration o f IxloVml. Cells were incubated fo r either (a) 8 hr in the presence of 
Brefeldin A fo r the final 7 hr, or (b) 24 hr in the presence o f Brefeldin A fo r the final 5 hr. Non-specific 
binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith  anti-NKp46 PE, anti- 
CD3 FITC and anti-CD69 PeCyS. Cells were fixed and permeabilised, and stained w ith  anti-IFNy PeCy7. Cells 
were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells w ere identified 
by NKp46+CD3- staining w ith in  the lymphocyte gate. n=3
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Fig. 4.6 Crosslinking NKp46 or CD16 in vitro for 8 hr does not increase CD69 expression or IFNy 
production from murine NK cells. Monoclonal antibodies anti-NKp46, anti-CD16, or corresponding IgG 
controls (10 |ig /m l) were coated onto a 6 well plate at 37°C fo r 90 min. Splenocytes were isolated from  
healthy C57BL/6 mice and plated in the wells at a concentration o f IxloVml. Cells were incubated fo r 8 hr 
in the presence o f Brefeldin A fo r the final 7 hr. Non-specific binding o f antibody was blocked using Fc 
block. Cells were stained extracellularly w ith  anti-NKp46 PE, anti-CD3 FITC and anti-CD69 PecyS. Cells were 
fixed and permeabilised, and stained w ith anti-IFNy PeCy7. Cells were acquired on a Dako Cyan flow  
cytom eter and analysed using FlowJo software. NK cells were identified by NKp46+CD3- staining w ith in  the 
lymphocyte gate, (a) shows representative dotplots o f IFNy expressing NK cells, or (b) CD69 expressing NK 
cells. n=3
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Fig. 4.7 Crosslinking N K l.l Increases IFNy expression by murine NK cells. Monoclonal antibodies antl- 
N K l. l,  anti-NKp46, antl-CD16, or corresponding IgG controls (10 ng/m l) were coated onto a 6 well plate at 
37°C fo r 90 min. Splenocytes were isolated from  healthy C57BL/6 mice and plated in the wells at a 
concentration o f Ix lo V m l. Cells were incubated fo r 8 hr in the presence o f Brefeldin A fo r the  final 7 hr. 
Non-specific binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith  anti- 
NKp46 PE, anti-CD3 FITC and anti-CD69 PecyS. Cells were fixed and permeabilised, and stained w ith  anti- 
IFNy PeCy7. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK 
cells were identified by NKp46+CD3- staining w ith in  the lymphocyte gate. Data was analysed in Prism, (a) 
shows overall mean and SD o f IFNy expressing NK cells, or (b) CD69 expressing NK cells. n=3. An unpaired t -  
test was perform ed between control and test. p=ns
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4.4 Pectin-1 agonists do not affect NK cell activity as 

measured by NK crosslinking assay

4.4.1 Curdlan does not prime murine NK cells in vivo to express CD69 in 

response to N K l.l crosslinking.

I wanted to  fu rthe r investigate the potentia l prim ing effect o f NK cells by dectin-1 

agonists in vivo. I wanted to  exclusively target NK cells tha t had been exposed to  curdlan 

in vivo to  see if they were primed to  increase CD69 expression in response to  a stimulus 

specific to  them . As previously m entioned, there was no increase in CD69 expression 

fo llow ing  8 hr o f crosslinking N K l. l;  however it was still included it in the investigation 

alongside o ther markers. Following in vivo trea tm en t w ith  PBS or curdlan, N K l. l was 

crosslinked using a plate-bound antibody in order to  am plify NK cell activity. An isotype 

was also included as a negative contro l. When NK cells were exposed to  PBS or curdlan in 

vivo, the levels o f CD69 expression were comparable when lgG2a receptors were 

crosslinked as seen in the  representative do tp lo t in Fig. 4.8a. This was also observed when 

N K l. l  was crosslinked, w ith  no significant robust increase in CD69 expression in the 

curdlan-treated NK cells, as shown in the  representative figure. Fig. 4.8b (p=ns).

4.4.2 IFNy and IL-6 expression bv murine NK cells is not increased in response to 

N K l.l crosslinkina following curdlan stimulation in vivo.

Following from  the observed increase in IL-6 production from  curdlan-exposed NK cells in 

response to  R848 stim ulation, as seen in Fig. 3.19b, I wanted to  investigate cytokine 

production from  NK cells, stim ulated in vivo, fo llow ing direct targeting fo r activation. Mice 

were given PBS or curdlan in traperitonea lly  as before. Splenocytes were isolated a fte r 24 

hr and plated in wells coated w ith  N K l. l o r lgG2a. A fte r 8 hr incubation the levels o f IFNy 

and IL-6 expressed by m urine NK cells were measured.

Levels o f IFNy expressed by NK cells exposed to  PBS and curdlan in vivo were comparable 

fo llow ing  crosslinking w ith  lgG2a. NK cells exposed to  LPS in vivo had slightly higher levels 

o f IFNy expression but this may be an indication to  in vivo activation. When N K l. l was 

crosslinked, NK cells still displayed sim ilar levels o f IFNy expression regardless o f w hether 

they were treated w ith  PBS or curdlan in vivo (p=ns), as seen in the representative figure.
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Fig. 4.9a. There was an increase in IFNy expression when N K l. l  crosslinking was 

compared to IgG controls but there was no difference between the in vivo treated groups 

as seen in Fig. 4.9b.

IL-6 expression was observed to be higher in curdlan-exposed NK cells over PBS-exposed 

cells following stimulation with R848, which suggested priming of the NK cells. I wanted  

to investigate further to see if NK cells were in a primed state following isolation by 

triggering activation by crosslinking N K l.l.  IL-6 expression by NK cells was low following in 

vivo  stimulation and lgG2a crosslinking, and was comparable between the tw o in vivo 

treated groups, as seen in the representative dotplots in Fig. 4.10a. When N K l. l  was 

crosslinked following in vivo stimulation, there was a very small increase in IL-6 

expression from NK cells exposed to curdlan in vivo over the levels observed from cells 

exposed to  PBS. However, this was not a significant result over 3 separate experiments as 

shown in Fig. 4.10b (p=ns). As IL-6 levels were quite low from NK cells, monocytes were 

also investigated to ensure the antibody could detect cytokine expression. Fig. 4 .11 shows 

an increase in IL-6 production from  monocytes stimulated with LPS in vivo, which was 

increased following PMA/lonomycin stimulation ex vivo.
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Fig. 4.8 Curdlan did not prime murine NK cells in vivo to express CD69 in response to N K l.l crosslinking.
Healthy C57BL/6 mice were injected intraperitoneally w ith  PBS, 200 nl curdlan (lO m g/m l) or 200 |il LPS (50 
Hg/ml) and le ft fo r 24 hr. Monoclonal antibody PK136 (a n ti-N K l.l)  or lgG2a (10 ng/m l) were coated onto a 
6 well plate at 37°C fo r 90 min. Splenocytes were isolated from  healthy C57BL/6 mice and plated in the 
wells at a concentration o f IxloVml. PMA/lonomycin (1 ng/m l and 50 ng/m l, respectively) was included. 
Cells were incubated fo r 8 hr in the presence of Brefeldin A fo r 7 hr. Non-specific binding o f antibody was 
blocked using Fc block. Cells were stained extracellularly w ith  anti-NKp46 PE, anti-CD3 FITC and anti-CD69 
PeCyS. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells 
were identified by NKp46+CD3- staining w ith in  the lymphocyte gate, (a) shows representative dot plots of 
NK cells expressing CD69. Data was analysed in Prism and (b) shows the mean and SD. n=6. An unpaired t -  
test was perform ed between control and test. p=ns

106



a) In vivo

stimulation

PBS

Curdlan

LPS

Crosslinking ex vivo

M lgG2a

O
U
+
\D

a

6̂6 66 1130

i i ^
1

1 __ m

NKl.l PMA/lon
9177 1 8 23 72 39

10.0Q,_ 1 0,00 5:00,_ i  _000 .0.00,. . O.OQ

pool

IFNy expression

89 64 1036

’ m

.0.00,. O.OQ

U31

o x 000

76 39 23 61 p 

*

6 0 » 39 64 36 18 64 «

000 000 OW 000 0 00 OOC

b)
50n

O) 4 0 -

P 30-
l i

In vivo priming

^  PBS
CURDLAN 
LPS

\\0

Fig. 4.9 IFNv expression by murine NK cells was not increased in response to N K l.l crosslinking 
following Curdlan stimulation in vivo. Healthy C57BL/6 mice were injected in traperitoneally w ith  PBS, 200 
Hl curdlan {lO m g/m l) or 200 |il LPS (50 |ig /m l) and le ft fo r 24 hr. Monoclonal antibody PK136 (a n tl-N K l.l)  
or lgG2a (10 ng/m l) were coated onto a 6 well plate at 37°C fo r 90 min. Splenocytes were isolated from  
healthy C57BL/6 mice and plated in the wells at a concentration of IxloVml. PM A/lonom ycin (1 ng/m l and 
50 ng/m l, respectively) was included. Cells were incubated fo r 8 hr in the presence o f Brefeldin A fo r 7 hr. 
Non-specific binding o f antibody was blocked using Fc block. Cells were stained extracellu larly w ith  anti- 
NKp46 PE and anti-CD3 FITC, Cells were fixed and permeabilised, and stained w ith  anti-IFNy PeCy7. Cells 
were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified 
by NKp46+CD3- staining w ith in  the lymphocyte gate, (a) shows representative do t plots o f NK cells 
expressing IFNy. Data was analysed in Prism and (b) shows the mean and SD fo r each condition. n=6. An 
unpaired t- te s t was performed between control and test. p=ns
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Fig. 4.10 Curdlan does not prime nnurine NK cells in vivo to express IL-6 in response to N K l.l crosslinking.
Healthy C57BL/6 mice were injected in traperitoneally w ith  PBS, 200 ^il curdlan (lO m g/m l) or 200 |il LPS (50 
Hg/ml) and le ft fo r 24 hr. Monoclonal antibody PK136 (a n ti-N K l.l)  or lgG2a (10 |ag/ml) were coated onto a 
6 well plate at 37°C fo r 90 min. Splenocytes were isolated from  healthy C57BL/6 mice and plated in the 
wells at a concentration o f IxloVml. PMA/lonomycin (1 ng/m l and 50 ng/m l, respectively) was included. 
Cells were incubated fo r 8 hr In the presence o f |ig /Brefeld in A fo r the final 7 hr. Non-specific binding of 
antibody was blocked using Fc block. Cells were stained extracellularly w ith anti-NKp46 PE and anti-CD3 
FITC. Cells were fixed and permeabilised, and stained w ith anti-IL-6 APC. Cells were acquired on a Dako 
Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified by NKp46+CD3- staining 
w ith in  the lymphocyte gate, (a) shows representative dot plots o f NK cells expressing IL-6. Data was 
analysed in Prism and (b) shows the mean and SD for each condition. n=6. An unpaired t- te s t was 
performed between contro l and test. p=ns
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Fig. 4.11 IL-6 was produced by murine monocytes in response to LPS in vivo. Healthy C57BL/6 mice were 
Injected intraperltoneally w ith  PBS or 200 |il LPS (50 ng/m l) and left fo r 24 hr. Splenocytes were isolated 
from healthy C57BL/6 mice and plated in the wells at a concentration o f Ix lo V m l. PMA/lonomycin (1 
|ig /m l and 50 ng/m l, respectively) was included. Cells were incubated fo r 8 hr in the presence o f Brefeldin A 
fo r 7 hr. Non-specific binding o f antibody was blocked using Fc block. Cells were fixed and permeabilised, 
and stained w ith  anti-IL-6 APC. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using 
FlowJo software. Monocytes were identified by forward scatter versus side scatter profile.

4.4.3 Zvmosan does not prime murine NK cells to increase CD69 expression 

following engagement of the activating receptor N K l.l.

It was observed tha t CD69 expression was increased by m urine NK cells when they were 

exposed to  zymosan in vivo and then stim ulated ex vivo w ith  LPS and poly (l:C). I wanted 

to  investigate if the NK cells specifically were primed to  respond to  ex vivo stim ula tion. I 

wanted to  am plify any potentia l activation by crosslinking N K l. l fo llow ing  in vivo 

stim ulation. M urine NK cells tha t had been exposed to  e ither PBS or zymosan in vivo were 

measured fo r CD69 expression fo llow ing  N K l. l engagement. Levels o f CD69 expression in 

PBS and zymosan-treated groups were sim ilar fo llow ing 8 hr incubation w ith  lgG2a. 

Similarly, the  levels o f CD69 expression were sim ilar fo llow ing  crosslinking o f N K l. l  in 

both groups w ith  no significant difference, as seen in the representative figure. Fig. 4.12a. 

This was observed over 6 separate experiments as shown in Fig. 4.12b.
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Fig. 4.12 Zymosan fails to prime murine NK cells to increase CD69 expression following engagement of 
the activating receptor N K l.l. Healthy C57BL/6 mice were injected intraperitoneally w ith  PBS, 200 nl 
zymosan (lO m g/m l) or 200 |il LPS (50 |ig /m l) and le ft fo r 24 hr. Monoclonal antibody PK136 (a n ti-N K l.l)  or 
lgG2a (10 ng/m l) were coated onto a 6 well plate at 37°C fo r 90 min. Splenocytes were isolated from  
healthy C57BL/6 mice and plated in the wells at a concentration o f IxloVml. PMA/lonomycin (1 ng/m l and 
50 ng/m l, respectively) was included. Cells were incubated fo r 8 hr in the presence o f Brefeldin A fo r 7 hr. 
Non-specific binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith  anti- 
NKp46 PE, anti-CD3 FITC and anti-CD69 PeCy5. Cells were acquired on a Dako Cyan flow  cytom eter and 
analysed using FlowJo software. NK cells were identified by NKp46+CD3- staining w ith in  the lymphocyte 
gate, (a) shows representative dot plots o f NK cells expressing CD69. Data was analysed in Prism and (b) 
shows the mean and SD fo r each condition. n=6. An unpaired t- te s t was performed between control and 
test. p=ns
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4.4.4 The expression oflFNy or IL-6 by murine NK cells is not affected by N K l.l 

crosslinkina following exposure to zymosan in vivo.

I wanted to  investigate the potentia l prim ing o f NK cells by zymosan trea tm en t in vivo and 

the response to  N K l. l crosslinking through cytokine production. The levels o f cytokine 

expression by m urine NK cells were measured fo llow ing in vivo stim ulation and N K l. l 

crosslinking. IFNy expression by m urine NK cells was measured a fte r 24 hr o f in vivo 

stim ulation w ith  PBS or Zymosan, fo llowed by 8 hr o f N K l. l crosslinking. As before, the 

negative contro l fo r crosslinking was lgG2a, which caused NK cells to  express sim ilar low 

levels o f IFNy regardless o f in vivo stim ulation. When N K l. l  was engaged, the levels o f 

IFNy were still comparable, as seen in the representative figure. Fig. 4.13a. As Fig. 4.13b 

shows, when investigated in 5 experiments this observation was consistent.

IL-6 expression by potentia lly  primed NK cells was investigated in a sim ilar fashion. 

Following in vivo stim ulation and lgG2a crosslinking, there were sim ilar levels o f IL-6 

expression by m urine NK cells exposed to  PBS or zymosan in vivo. There was no change in 

IL-6 expression when N K l. l was crosslinked fo r 8 hr as shown in the representative 

figure, Fig. 4.14a, which was also consistent over 3 experiments as seen in Fig. 4.14b. 

Detection o f IL-6 production was confirm ed by examining monocytes stim ulated in vivo 

w ith  LPS, and also w ith  PM A/lonom ycin fo r 8 hr ex vivo which was shown in Fig. 4.11.
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Fig. 4.13The expression of IFNy by murine NK cells is not affected by N K l.l crosslinking following 
exposure to Zymosan in vivo. Healthy C57BL/6 mice were injected intraperitoneally w ith  PBS, 200 |il 
zymosan (lO m g/m l) or 200 nl LPS (50 ng/m l) and le ft fo r 24 hr. Monoclonal antibody PK136 (a n ti-N K l.l)  or 
lgG2a (10 ng/m l) were coated onto a 6 well plate at 37°C fo r 90 min. Splenocytes were isolated from  
healthy C57BL/6 mice and plated in the wells at a concentration o f IxloVml. PMA/lonomycin (1 ng/m l and 
50 ng/m l, respectively) was included. Cells were incubated fo r 8 hr in the presence o f Brefeldin A fo r 7 hr. 
Non-specific binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith an ti- 
NKp46 PE and anti-CD3 FITC. Cells were fixed and permeabilised, and stained w ith  anti-IFNy PeCy7. Cells 
were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified 
by NKp46+CD3- staining w ith in  the lymphocyte gate, (a) shows representative do t plots o f NK cells 
expressing IFNy. Data was analysed in Prism and (b) shows the mean and SD for each condition. n=5/6. An 
unpaired t- te s t was perform ed between control and test. p=ns
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Fig. 4 .14The expression of IL-6 by murine NK cells is not affected by N K l.l crosslinking following 
exposure to Zymosan in vivo. Healthy C57BL/6 mice were injected in traperitoneally w ith PBS, 200 |il 
zymosan (lO m g/m l) or 200 nl LPS (50 ng/m l) and le ft fo r 24 hr. Monoclonal antibody PK136 (a n ti-N K l.l)  or 
lgG2a (10 ng/m l) were coated onto a 6 well plate at 37°C fo r 90 min. Splenocytes were isolated from  
healthy C57BL/6 mice and plated in the wells at a concentration o f IxloVml. PM A/lonom ycin (1 |ig /m l and 
50 ng/m l, respectively) was included. Cells were incubated fo r 8 hr in the presence o f Brefeldin A fo r 7 hr. 
Non-specific binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith  anti- 
NKp46 PE and anti-CD3 FITC. Cells were fixed and permeabilised, and stained w ith  anti-IL-6 APC. Cells were 
acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified by 
NKp46+CD3- staining w ith in  the lymphocyte gate, (a) shows representative do t plots o f NK cells expressing 
IL-6. Data was analysed in Prism and (b) shows the mean and SD fo r each condition. n=3. An unpaired t- te s t 
was perform ed between control and test. p=ns.
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4.5 Discussion
As discussed in chapter 3, the data indicated th a t  although curdlan and zymosan did not 

activate NK cells following in vivo stimulation, they  appeared to prime the  cells to  

upregulate CD69 expression, and IFNy and IL-6 production in response to ex vivo 

stimulation. Despite showing tha t  this response came directly from NK cells, it was still 

unclear as to w h e th e r  curdlan and zymosan w ere  signalling directly, or if accessory cells 

w e re  involved in m ediating activation. I w anted  to address this question and proposed  

th ree  possible scenarios. First, it could be that the  com pounds are signalling directly to 

th e  NK cells in vivo, causing them  to  become primed and respond ex vivo. Secondly, the  

com pounds could be signalling to a non-NK im m une cell, causing activation and 

subsequent cytokine production which is priming the  NK cells in vivo. Thirdly, it may be a 

non-NK splenocyte th a t  is activated by the  compounds in vivo and is responding to ex vivo 

stimulation. It m ay be at this point w here  the  NK cells are receiving the  signal to  become  

activated.

Up until now, the  presence on dectin-1  on NK cells was still unclear despite being one of  

the  most intensively studied C-type lectin receptors (Plato, W il lm en t et al. 2013). It is 

expressed on DC, macrophages, neutrophils and monocytes. In certain tissues it has been  

found to  be expressed on B cells and subsets of T cells (W il lm ent, Marshall et al. 2005).  

There  have only been a couple of reports suggesting the  possibility o f  dectin-1 mRNA or 

protein expression by NK cells. Flow cytom etry  was used to  see if constitutive  

extracellular expression o f dectin-1 receptor by NK cells could be detected. Basal levels of 

dectin-1 expression on the  surface o f BMDC and monctes w ere  detectable. W hen  human  

NK cells w ere  investigated, it was found th a t  there  was a significant increase in dectin-1  

expression. The population of dectin-1  expressing NK cells was very small however, and is 

unlikely to  be taking part in the  NK cell responses observed in chapter 3. W h en  splenic NK 

cells w ere  investigated, no evidence of dectin-1 protein on the  cell surface was found. I 

also w an ted  to  investigate fur ther to  see if NK cells could be induced to  express dectin-1. 

A previous study reported tha t  monocytes trea ted  with  IL-4, IFNy or a combination of the  

tw o  cytokines fo r  4 and 24 hr increased expression o f the  receptor. Splenocytes were  

cultured in these conditions and examined NK cells for expression of dectin-1. Similar to 

the  previous observation, there  w ere  no detectable  levels of dectin-1 following the 

incubation. These results led us to  conclude that dectin-1  is not constitutively expressed,
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nor can it be induced by IL-4 or IFNy stimulation of murine splenic NK cells. To follow on 

from this, it may be interesting to  investigate NK cells from  o ther tissues such as lymph  

nodes, or mucosal tissue, as 3-glucan recognition may be more im portant in these  

locations. A nother potential investigation would be to  culture the  cells w ith  other  

cytokines or compounds that may induce expression of the  receptor, including IL-13 or IL- 

23. As previously m entioned, it was found tha t  monocytes increased expression o f dectin-  

1 when exposed to P-glucans. However, this experim ent was not included as part of this 

study.

From these data, it was concluded tha t  the  effects that curdlan and zymosan w e re  having 

on murine NK cells was m ore likely to  be due to indirect signalling, as the  presence of  

dectin-1 expressing NK cell was so small. As NK cells are strongly influenced by cell-cell 

contact with  other accessory cells and by the  cytokines they produce, it is not surprising 

that the  priming effect observed may be due to  signalling through indirect mechanisms. I 

w anted  to establish if NK cells w ere  primed in vivo by other cells exposed to curdlan and 

zymosan. In order to do this an experim ent was devised which would specifically target  

NK cells and amplify potential primed cellular activities. This involved in vivo stimulation, 

followed by engagem ent o f  activatory NK cell receptors and m easurem ent of CD69 and 

cytokine expression as before. This would give us m ore insight into the "activation status" 

of the  cell following in vivo manipulation. The results of optimisation of the  crosslinking 

assays are summarised in tables 4 .1 and 4.2.

1 8 hr 24 hr
CD69 ^

IFNy ^

Table 4.1 Summary o f crosslinking N K l.l on murine NK cells fo r different lengths of time. I^indicates an 
increase in the percentage o f expression by NK cells. O  indicates no change in percentage o f expression by 
NK cells.

NKl.l NKp46 CD16
CD69

IFNy

Table 4.2 Summary o f crosslinking different activatory receptors on murine NK cells. I'in d ica tes  an 
increase in the percentage o f expression by NK cells. <r-> indicates no change in percentage o f expression by 
NK cells
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There  is a wide range of cell surface receptors on NK cells tha t  are responsible for causing 

NK cells to  become active. N K l . l  is expressed by murine NK cells and a small subset o f  T 

cells. NK cells tha t  w ere  cultured with  a monoclonal antibody specific for N K l . l  w ere  

induced to  lyse the resistant target Daudi cells (Karlhofer and Yokoyama 1991). Another  

study found tha t  NK cells produce large amounts o f  IFNy in response to N K l . l  crosslinking 

(Arase, Arase et al. 1996). NKp46 is another receptor involved in mediating cell lysis by NK 

cells. It is exclusive expressed on NK cells and is also associated with cytotoxicity. It was 

found tha t  crosslinking of NKp46 resulted in phosphorylation of ERK2 and JN K l which are  

key steps in polarization and release o f  cytolytic granules prior to  cell killing (Chen, Trivedi 

et al. 2007). A nother study dem onstrated the  induction of Ca^^ mobilization, cytotoxicity  

and lymphokine release by NK cells tha t  w e re  crosslinked with  NKp46 (Sivori, Vitale et al. 

1997). CD16 is not exclusively expressed by NK cells and can be found on other  

leukocytes, monocytes and macrophages. However, w hen crosslinked on NK cells it was 

shown to  upregulate the  expression o f  markers including CD25, CD69 and NCR (Marquez,  

M ille t  et al. 2010). I w anted  to  assess which receptors could potentia te  the  strongest 

signal in terms of cytokine production or CD69 expression, and also which conditions 

w e re  optimal to  observe an effect. Using immobilised monoclonal antibodies N K l . l ,  

NKp46 and CD16 w ere  crosslinked on untreated splenocytes to investigate the ir  potential 

to  activate NK cells. It was found tha t  N K l . l  was the  only receptor to activate NK cells in 

term s of the  outputs that w ere  measured, with upregulated expression o f IFNy after 8 hr 

and increased levels of CD69 following 24 hr of receptor crosslinking. It is possible that 

o th er NK cell markers of activation, CD107a as a m arker o f  degranulation for example, 

m ay have been increased following crosslinking o f NKp46 and CD16; how ever IFNy 

expression was focussed on.

N K l . l  crosslinking Curdlan in vivo Zymosan in vivo

CD69

IFNy <r>
IL-6

Table 4.3 Summary of in vivo and crosslinking assays. O  indicates no change in percentage expression by 
NK cells
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Crosslinking o f N K l . l  has been used extensively to  investigate NK cell licensing, a process 

by which NK cells recognize self M HC  class I molecules and allows the  cells to  acquire 

functional com petence. This m ethod there fore  can be used as a target cell-free system to  

stimulate NK cells to  measure "activation status". I w anted  to use this system to 

investigate if NK cells w ere  primed in vivo following exposure to  curdlan and zymosan, 

which was concluded not to  be as a result of direct signalling. Splenocytes th a t  had been  

exposed to  curdlan or zymosan in vivo w ere  crosslinked with PK136, a monoclonal 

antibody for N K l . l ,  and CD69, IFNy and IL-6 expression was measured. As summarised in 

tab le  4.3 it was found tha t  in vivo stimulation had no effect on how NK cells responded  

w hen N K l . l  was crosslinked. W hereas previously in chapter 3 a greater upregulation was 

observed in CD69 expression and IL-6 production by NK cells that had been exposed to  

curdlan or zymosan in vivo and treated with  various stimuli ex vivo. It would appear that  

the  effect of the  in vivo stimulations is not actually affecting the  NK cells within the  in vivo 

model, as crosslinking N K l . l  does not amplify any potential priming.

It was dem onstrated  in chapter 3 tha t  murine NK cells from  mice exposed to  an in vivo 

fungal stimulation w ere  m ore susceptible to increased activation in response to  ex vivo 

stimulation. Although they w ere  not activated following in vivo stimulation, they  

appeared primed to respond. A num ber of possible methods w ere  suggested through  

which this effect is occurring (Fig. 3 .26-3 .28). From investigating the expression of dectin-  

1 on the  cell surface, it was concluded tha t  this was not a direct effect. Following from  

this I w anted  to  see if the NK cells w ere  receiving signals from other cells in vivo that had 

been activated by curdlan or zymosan. How ever upon investigation it was found that NK 

cells from PBS-stimulated mice and those that had received a fungal pathogen responded  

similarly. From this it was concluded tha t  the  signals that the  NK cells are receiving to  

becom e activated are occurring ex vivo. It is likely tha t  non-NK spleen cells exposed to  

curdlan or zymosan in vivo are primed, and when stimulated ex vivo are producing  

cytokines resulting in the observed NK cell response. I a ttem p ted  to  explore this further  

by exposing splenocytes to  the  fungal compounds in vitro to  prime non-NK cells and re- 

stim ulate to see if there  was a similar effect. Splenocytes w ere  stimulated in vitro w ith  

curdlan or zymosan for 24 hr and re-stimulated with  R848, poly (l:C) and LPS to see if 

the re  was a similar observation to the  priming effect. This would have strengthened the  

theory  tha t  it is a splenocyte tha t  is primed and signalling to  the  NK cells. However,
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following over 40 hr of culturing with various stimulants cell viability was low, and the  

result was inconclusive.

Another way to address this would be to stimulate non-NK splenocytes with the 

compounds and culture isolated NK cells in the supernatant to examine w hether the 

stimulated cells were secreting cytokines resulting in NK cell activation. It would be 

interesting to measure levels of cytokines, such as IL-12 and IL-15, in the supernatant as 

these are important for modulating NK cell activity. Another approach would be to 

include a cytokine blocking antibody in the ex vivo stimulations performed in chapter 3 to 

investigate the possibility of abrogating the effect.

In summary, although it was postulated that NK cell were primed in vivo  by fungal 

compounds it was deduced that it is more likely that another cell is responding to curdlan 

and zymosan. An increase in NK cell activity following ex vivo stimulation is a 

manifestation of this in vivo interaction rather than a direct response from the NK cells. It 

was also found that any NK cell activation as a result of stimulation with the compounds is 

likely to be an indirect effect as NK cells lack dectin-1 receptor which is necessary for 

recognition of (3-glucan.
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Chapter 5

The effects of Candida species on 

modulating human and murine

NK cells
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5.1 Introduction

Candida are a genus o f yeast that can exist as harmless commensals or as pathogenic 

organisms. The severity of fungal infections caused by Candida species ranges from local 

skin and mucosal surface colonization to  systemic infection and candidiasis. Infection 

often occurs in hosts that have immunological deficiencies (Kourkoumpetis, Manolakaki 

et al. 2010), particularly in individuals w ith AIDS or chemotherapy patients, whereby 

fungal infection can persist and develop. As a result, the prevalence of life-threatening 

systemic fungal infection has risen quite dramatically over the last 3 decades.

Candida Albicans

C. albicans is one o f the most common fungal organisms that generally exists as a lifelong 

commensal on human skin and mucosal surfaces. It is dimorphic and can grow as ovoid

shaped budding yeast or as parallel-walled true hyphae (Sudbery, Gow et al. 2004). 

Depending on growth factors, C. albicans can switch between the two morphologies; the 

immunological implications of the plasticity of C. albicans are discussed later.

Although colonization o f C. albicans remains benign in healthy individuals, it is a

pathogenic threat in immunocompromised individuals and many studies have outlined

the immune response to infection. Cells o f the innate immune system, such as

macrophages and neutrophils, are the first line o f defence against invasion of C. albicans.

Recognition of C. albicans by cells of the immune system occurs through the interaction

between components o f the fungal cell wall and receptors on the surface of the immune

cell. Depending on the morphology o f C. albicans there may be a variety o f components

displayed on its surface which can dictate the response induced by the immune cell; this

includes induction o f phagocytosis and production o f inflammatory cytokines. 0-bound

mannan is a fungal cell component that is recognised by TLR4 and was shown to  induce

TNFa production by human monocytes (Tada, Nemoto et al. 2002). Neutrophils have also

been reported to elicit fungicidal activity and respond to C. albicans by increasing

production of ROS and pro-inflammatory cytokines such as IL-8 (Svobodova, Staib et al.

2012). IFNy is an important pro-inflammatory cytokine, and has been shown to  be

involved in the activation o f macrophages in response to fungal and bacterial pathogens.
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Stimulation w ith  C. albicans resulted in increased levels o f IFNy (Savolainen, Lintu et al. 

2001) and IL-6 (Toth, Csonka et al. 2013) from  human PBMC.

Studies have also investigated the role o f Candida species in inducing m urine candidiasis. 

Phospholipomannan (PLM) on the surface o f C. albicans was shown to  stim ulate TNFa 

production through TLR on m urine macrophages (Jouault, Ibata-Ombetta et al. 2003). 

Another study dem onstrated the induction o f the chemokines KC and MIP-2, and the 

cytokines TNF, IL - la  and IL -ip  by m urine macrophages in response to  C. albicans (Netea, 

Van Der Graaf et al. 2002).

Candida dubliniensis

C. dubliniensis is the most closely related species to  C. albicans and shares a num ber o f its 

characteristics. It is the only o ther species o f Candida tha t has the  ability to  switch 

m orphology depending on its external environm ent. Like C. albicans it also generally 

exists as a harmless commensal, however there has been a rise in the occurrence o f 

severe infection, especially in HIV and AIDS patients (Svobodova, Staib et al. 2012).

A lthough it is reported to  be less v iru len t than C. albicans, C. dubliniensis can cause 

candidemia in im m unocom prom ised hosts (Meis, Ruhnke et al. 1999). As before, 

neutrophils have a key role in e lim inating fungal pathogens by responding to  chem otactic 

factors released by C. dubliniensis (Geiger, Wessels et al. 2004) and engaging in 

phagocytosis (Svobodova, Staib et al. 2012). It was also reported tha t IL-17 is produced by 

m ononuclear cells exposed to  C dubliniensis, which in tu rn  results in the recru itm ent and 

activation o f neutrophils.

W ith  regards to  the  murine im m une response to  C. dubliniensis there  has been re latively 

little  investigation. From some o f the studies tha t have been carried out, it is thought tha t 

Candida dubliniensis induces weaker responses by m urine imm une cells than those 

observed in humans. However, there are indications tha t murine imm une cells w ill 

respond fo llow ing  an encounter w ith  this fungal pathogen. One such study dem onstrated 

how m urine macrophage cell line, RAW264.7 cells, successfully phagocytosed 

chlamydospores o f C. dubliniensis fo llow ing  overnight co-culturing. This resulted in the 

loss o f m orphology and death o f the spores (Citiulo, M oran et al. 2009). Another study
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outlined how  th e  morphology of C. dubliniensis can a lter its ability to induce oral 

candidiasis in mice. This study found tha t  in yeast form  there  was no d evelopm ent of oral 

thrush. However, when inoculated with  mycelial from cells there  was an onset of thrush  

th a t  was histopathologically similar to the  onset following C. albicans inoculation  

(Yoshioka, Ito-Kuwa et al. 2012). M o re  specific roles for individual im m une cells, in terms  

of cytokine production and upregulation of activation markers, in response to  Candida 

dubliniensis have yet to  be fully elucidated.

Candida Glabrata

Unlike C. albicans  or C. dubliniensis, C. g labra ta  is a non-dimorphic, haploid yeast and is 

the  second most prevalent hum an yeast pathogen (Pfaller and Diekema 2007). A recent 

review (Jandric and Schuller 2011) describes C. g labrata  as an emerging opportunistic  

pathogen, causing mucosal and blood stream infections in hosts with  compromised  

im m un e  systems. There  have been fe w  studies on C. glabrata,  but already there  is 

m ounting evidence indicating interactions betw een the  yeast and the innate im m une  

system. W h e n  w hole  blood of healthy individuals was tested with a num ber of species of 

Candida, C. g labra ta  caused the  strongest induction of lL-6. There was also an increase in 

the  production o f TNF (Naw rot, Grzybek-Hryncewicz et al. 2003). W h en  investigated in 

human m onocyte-derived macrophages (M D M ) ,  C. g labrata  caused an increase in G M -  

CSF production, but failed to  induce any o ther in f lam m atory  responses and successfully 

survived engu lfm ent by phagosomes (Seider, Brunke et al. 2011).

Studies investigating murine im m une response to  infection with C. g labrata  indicate that 

the  kidney is the  main organ targeted  by the  fungal pathogen. There w ere  high levels of 

organisms reported  in kidneys of mice with  chronic non-fatal infection. Also, induction of 

mRNAs and protein for pro in flam m atory  TNFa, IL-12 and IFNy cytokine, but an absence of 

th e  inhibitory IL-10 protein was observed (Brieland, Essig et al. 2001).

Variation between and within Candida species

There are clear differences in the  types of im m une  response induced by the various 

strains of Candida. The morphology of dimorphic fungi is also a virulence factor tha t  adds
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to the complexity of the immune response to fungal infection. C. albicans and C. 

dubliniensis exist as yeast and hyphae depending on growth conditions, and trigger 

different immune responses as the host recognises the morphological change. Candida 

signals through dectin-1 and TLR4 when in yeast form. However, it loses the ability to 

signal through these receptors when in hyphal form and instead triggers an immune 

response through binding TLR2 and dectin-2. Murine macrophages that w ere stimulated  

with either yeast or hyphal forms of Candida had increased expression of dectin-1 and 

TLR4, or dectin-2 and TLR2, respectively (Han, Park et al. 2013). Signalling through these 

separate pathways causes the distinct response to each morphologic form of Candida. 

The ability of Candida to switch morphologies has been shown to be im portant for 

maintaining virulence, as mutants that are incapable o f forming hyphae are generally 

avirulent in mouse models (Fu, Ibrahim et al. 2002).

NK cells and Candida infection

Evidence in the literature has been somewhat controversial in terms of the role that NK 

cells play in defence against Candida infection. One early study reported that human NK 

cells had little effect on hindering the viability of C. albicans, and that the unopsonized 

form of the fungus could block NK cell-mediated cytotoxicity towards K562 cells (Zunino 

and Hudig 1988). Another study more recently published reported that killed hyphae and 

yeast cells from C. albicans caused an inhibition of IFNy release by murine NK cells 

(Murciano, Villamon et al. 2006). These studies would suggest that C. albicans has 

developed mechanisms of immune evasion. Conversely, some studies report an 

upregulation in the activity of NK cells. One report outlines the release of cytokines by 

lymphocytes and subsequent activation of NK cells following Candida infection 

(Richardson and Rautemaa 2009). Another study details how NK cell cytotoxicity increases 

when PBMC are exposed to C. albicans (Tran, Ahmad et al. 2003). It was observed that C. 

o/b/cons-stimulated NK cells produced IFNy to  affect form ation of the yeast form of the  

fungus (Mogg 1977). One study attributes the anti-Conc//c/o/ responses of peripheral blood 

lymphocytes to a variety of Candida species to NK cells (Gulay and Imir 1996). Currently 

the role of NK cells in response to Candida infection is conflicting, with evidence 

supporting an up-regulation of anti-fungal activities, but there are also indications o f NK 

cell inhibition and immune evasion by the fungal pathogen.
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Variation between human and murine response to Candida infection

Most of the early studies investigating host defence against infections w ith Candida were 

performed in the mouse model. Although these insights into basic fungal pathology are 

invaluable, there are differences between human and murine immune systems that are 

implicated in the response to candidiasis. As discussed previously, neutrophils are one of 

the key immune cells responsible for eliminating fungal pathogens. The main 

chemoattractant in the human immune system for this cell is IL-8, whereas in the mouse 

system they are KC, M IP la  and M IP lp. Therefore, different degrees of response from 

neutrophils would be expected depending on the model investigated.

Macrophages are another immune cell that are important in defence against fungal 

infection, and there are also differences in murine and human systems. Human 

macrophages kill C. albicans through release of reactive oxygen intermediates. Murine 

macrophages, on the other hand, have the ability to produce large amounts o f nitric 

oxide. This is released in response to  infection with C. albicans in order to eliminate the 

pathogen (Hajimoradi, Monire et al. 2009).

There is no evidence in the literature directly comparing human and murine NK cell 

responses to C. albicans. NK cells from both species have been shown to respond to 

Candida stimulation, but there is yet to be an investigation to distinguish if they mount 

similar responses when examined simultaneously or under the same culturing conditions.

The specific aims of this chapter were:

• Examine the effects o f different Candida spp on human and murine NK cell activity

124



5.2 Candida species modulate human NK cell activity.

5.2.1 Candida dubliniensis. but not Candida albicans or Candida glabrata. 

significantly increases CD69 expression on the surface of human NK cells in vitro.

Our aim was to investigate human NK cell response to Candida stimulation and examine if 

there were variations between 3 different species tested. Freshly isolated PBMC were 

cultured overnight w ith heat-killed C. albicans, C. dubliniensis or C. glabrata  and levels of 

CD69 expression by NK cells was measured as output of activation. As a control, LPS 

caused an increase in expression o f CD69 by human NK cells, while basal levels remained 

low following incubation with PBS, as shown in the representative graph in Fig. 5.1a. C. 

albicans and C. glabrata caused a slight increase (p=ns), but stimulation with C. 

dubliniensis resulted in a robust statistically significant increase (p=0.024) in CD69 

expression which was stronger than the positive control response observed w ith LPS as 

seen in Fig. 5.1b. Although CD56‘̂ ''̂  NK cells showed a stronger response, there was also 

an increase in CD69 expression by CD56̂ '̂ '®̂ * cells; this was not observed when cells were 

stimulated w ith zymosan as was discussed in section 3.6. As seen in Fig. 5.2 the overall 

mean of CD69-expressing CD56‘̂ "̂  NK cells increased from  3% to 32%, while 

cells increased from 10% to 48%. However, this increase was not statistically significant, 

and may be due to  high variation between donors and low cell number for NK

cells.

5.2.2 IFNy expression by human NK cells is increased in response to Candida 

dubliniensis. but not in response to Candida albicans or Candida alabrata.

NK cell production o f IFNy plays a major role in immune response to pathogenic infection. 

Expression of IFNy by human NK cells was measured following overnight in vitro 

stimulation of PBMC with 3 species of Candida. NK cells expressed low basal levels of IFNy 

when incubated w ith PBS, as represented in Fig. 5.3a, but increased expression when 

stimulated w ith LPS. Stimulation w ith C. albicans and C. glabrata resulted in levels of IFNy 

that were comparable to basal levels. However, C. dubliniensis caused a robust increase 

(p=ns) in IFNy expression that exceeded LPS-induced levels, and overall data is shown in
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Fig. 5.3b. There was donor to donor variation resulting in large margins o f error. IFNy 

expression was observed from both CD56‘̂ ™ and 0056*^"^^^subsets o f NK cells.

5.2.3 Expression of IL-6 bv human NK cells is not affected bv stimulation with 

Candida species.

IL-6 has been shown to be increased in response to fungal pathogens in macrophages and 

neutrophils (Murciano, Yanez et al. 2008). Human PBMC were treated Candida in order to 

investigate NK cell response to fungal infection w ith regards to IL-6 production. 

Incubation w ith PBS or LPS did not cause induction of IL-6 by NK cells, as shown in the 

representative figure, Fig. 5.4a. Similarly, there was no detectable levels o f IL-6 following 

stimulation w ith Candida when NK cells were examined in 5 donors as shown in Fig. 5.4b 

(p=ns). IL-6 was induced by monocytes in response to the positive control, LPS (Fig. 5.5).
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Fig. 5.1 Candida dubliniensis, but not Candida albicans or Candida glabrata, significantly increased CD69 
expression on the surface of human NK cells in vitro. PBMC were isolated from  healthy human donors and 
cultured at a concentration o f 5x10® cells/m l. Cells were stim ulated fo r 18 hr w ith  heat-killed C. albicans 
(1x10^ cells), C. dubliniensis (1x10^ cells) and C. glabrata  (1x10^ cells). PBS and LPS (50 ng/m l) were included 
as negative and positive controls, respectively. Non-specific binding o f antibody was blocked using Fc block. 
Cells were stained extracellularly w ith  anti-CD56 PE, anti-CD3 PERCP and anti-CD69 FITC. Cells were 
acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified by 
CD56+CD3- staining w ith in  the lymphocyte gate, (a) shows representative do t plots o f NK cells expressing 
CD69. (b) Data was analysed in Prism and the mean and SD for each condition are shown n=4. An unpaired 
t- te s t was perform ed between control and test *p<0.05.
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Fig. 5.2 Candida dubliniensis increased CD69 expression on both subsets of human NK ceils. PBMC were 
isolated from  healthy human donors and cultured at a concentration o f 5x10® cells/m l. Cells were 
stim ulated fo r 18 hr w ith  heat-l<illed C. dubliniensis (1x10^ cells). PBS was included as negative control. Non
specific binding o f antibody was blocked using Fc bloci<. Cells were stained extracellularly w ith  anti-CD56 PE, 
anti-CD3 PERCP and anti-CD69 FITC. Cells were acquired on a Dal<o Cyan flow  cytom eter and analysed using 
FlowJo software. NK cells were identified by CD56+CD3- staining w ith in  the lymphocyte gate. Data was 
analysed in Prism and the mean and SD fo r each condition are shown, n=4. An unpaired t- te s t was 
perform ed between control and test p=ns
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Fig. 5.3 IFNy expression by human NK cells was Increased In response to Candida dubliniensis, but not in 
response to Candida albicans or Candida glabrata. PBMC were isolated from  healtliy  liuman donors and 
cultured at a concentration o f 5x10® cells/m l. Cells were stim ulated fo r 18 hr w ith  heat-killed C. albicans 
(1x10^ cells), C. dubliniensis (1x10^ cells) and C. glabrata  (1x10^ cells). PBS and LPS (50 ng/m l) were included 
as negative and positive controls, respectively. Non-specific binding o f antibody was blocked using Fc block. 
Cells were stained extracellularly w ith anti-CD56 PE and anti-CD3 PERCP. Cells were fixed and 
permeabilised, and stained intracellu larly w ith  anti-IFNy PECy7. Cells were acquired on a Dako Cyan flow  
cytom eter and analysed using FlowJo software. NK cells were identified by CD56-fCD3- staining w ith in  the 
lymphocyte gate, (a) shows representative dot plots o f NK cells expressing IFNy. (b) Data was analysed in 
Prism and the mean and SD for each condition are shown, n=4. An unpaired t- te s t was performed between 
control and test. p=ns
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Fig. 5.4 Expression of IL-6 by human NK cells was not affected by stimulation with Candida species.
PBMC were isolated from  healthy human donors and cultured at a concentration o f 5x10^ cells/m l. Cells 
were stim ulated fo r 18 hr w ith  heat-killed C. albicans (1x10^ cells), C. dubliniensis (1x10^ cells) and C. 
glabrata  (1x10^ cells). PBS and LPS (50 ng/m l) were included as negative and positive controls, respectively. 
Non-specific binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith an ti- 
CD56 PE and anti-CD3 PERCP. Cells were fixed and permeabilised, and then stained intracellu larly w ith  anti- 
IL-6 APC Cells were acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells 
were identified by CD55+CD3- staining w ith in  the lymphocyte gate, (a) shows representative dot plots o f 
NK cells expressing CD69. (b) Data was analysed in Prism and the mean and SD fo r each condition are 
shown, n=4. An unpaired t- te s t was perform ed between control and test p=ns
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Fig. 5.5 LPS increased IL-6 expression by murine monocytes in vitro. Splenocytes isolated from  healthy 
female C57BL/6 mice were plated at a concentration o f 1x10 /m l and stimulated fo r 18 hr at 37°C w ith LPS 
(50 ng/m l). PBS served as a negative control. Non-specific binding o f antibody was blocked using Fc block. 
Cells were fixed and permeabilised, and stained w ith  anti-IFNy PECy7 and anti-IL-6 APC. Cells were acquired 
on a Dako Cyan flow  cytom eter and analysed using FlowJo software. Monocytes were identified by forward 
scatter versus side scatter profile.
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5.3 Candida species do not affect murine NK cell activity in 

vitro.

5.3.1 Candida albicans. Candida dubliniensis and Candida alabrata cause a 

m inimal increase in CD69 expression on murine NK cells in vitro.

Murine candidiasis has been shown to activate immune cells such as macrophages and 

induce cytokine production. In order to  investigate the effect of Candida species on 

murine NK cell activity, splenocytes were incubated overnight with C. albicans, C. 

dubliniensis and C. glabrata. The levels o f CD69 expression by NK cells incubated w ith PBS 

for 18 hr showed low basal levels when compared to LPS stimulation (Fig. 5.6a). All three 

species of Candida tested slightly increased the level of CD69 expression on the surface of 

murine NK cells, but only Candida dubliniensis reached statistical significance (p=0.045) 

as shown in the summarise data (Fig. 5.6b).

5.3.2 Stimulation with Candida glabrata induces marginal increase in IFNv 

expression bv murine NK cells, with no effect from  Candida albicans or Candida 

dubliniensis.

Murine NK cells were examined following overnight incubation w ith different species of 

Candida to see if there was any effect on IFNy expression intracellularly. There was no 

expression o f IFNy from murine NK cells following incubation w ith PBS, however there 

was an increase when splenocytes were stimulated with LPS (Fig. 5.7a). There was a small 

increase in IFNy expression by NK cells when stimulated w ith C. glabrata, but very little 

difference when C. albicans and C. dubliniensis were investigated (p=ns). The overall data 

o f 9 mice tested is shown in Fig. 5.7b.

5.3.3 IL-6 expression by murine NK cells is not affected bv stimulation with 

Candida species

IL-6 expression by murine NK cells was measured following 18 hr of incubation with C. 

albicans, C. dubliniensis or C. glabrata. IL-6 was not expressed by NK cells incubated 

overnight with PBS. A representative dotplot is shown in Fig. 5.8a. LPS increased 

expression levels, but didn't reach statistical significance. Monocytes produced IL-6
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robustly in response to another positive control, R848 (Fig. 5.9). The three species of 

Candida did not induce NK cell expression of IL-6; there was a nninor increase following 

stimulation but this was not statistically significant overall, as seen in Fig. 5.8b (p=ns).
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Fig. 5.6 Candida dubliniensis caused an increase in CD69 expression on murine NK cells in vitro.
Splenocytes isolated from  healthy female C57BL/6 mice were plated at a concentration o f Ix lo V m l.  Cells 
were stim ulated fo r 18 hr w ith  heat-killed C. albicans (1x10^ cells), C, dubliniensis (1x10^ cells) and C. 
glabrata  (1x10^ cells). PBS and LPS (50 ng/m l) were included as negative and positive controls, respectively. 
Non-specific binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith  an ti- 
NKp46 PE, anti-CD3 FITC and anti-CD69 PeCyS. Cells were acquired on a Dako Cyan flow  cytom eter and 
analysed using FlowJo software. NK cells were identified by NKp46+CD3- staining w ith in  the lymphocyte 
gate, (a) shows representative do t plots o f NK cells expressing CD69. Data was analysed in Prism and (b) 
shows the mean and SD fo r each condition. n=9. An unpaired t- te s t was performed between control and 
test. *p<0.05 **p<0.01
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Fig. 5.7 Stimulation with Candida glabrata minimally increased IFNy expression by murine NK cells, with 
no effect on Candida albicans or Candida dubliniensis. Splenocytes isolated from  healthy female C57BL/5 
mice were plated at a concentration o f Ix lo V m l. Cells were stim ulated fo r 18 hr w ith  heat-killed C. albicans 
(1x10^ cells), C. dubliniensis (1x10^ cells) and C. glabrata  (1x10^ cells). PBS and LPS (50 ng/m l) were included 
as negative and positive controls, respectively. Non-specific binding o f antibody was blocked using Fc block. 
Cells were stained extracellularly w ith  anti-NKp46 PE and anti-CD3 FITC. Cells were fixed and permeabilised, 
and stained w ith  anti-IFNy PECy7. Cells were acquired on a Dako Cyan flow  cytom eter and analysed using 
FlowJo software. NK cells were identified by NKp46-nCD3- staining w ith in  the lymphocyte gate, (a) shows 
representative dot plots o f NK cells expressing IFNy. Data was analysed in Prism and (b) shows the mean 
and SD fo r each condition. n=9. An unpaired t- te s t was perform ed between control and test. p=ns
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Fig. 5.8 IL-6 expression by murine NK cells was not affected by stimulation with Candida species.
Splenocytes isolated from  healthy female C57BL/6 mice were plated at a concentration o f Ix lo V m l.  Cells 
were stimulated fo r 18 hr w ith  heat-killed C. albicans (1x10^ cells), C dubliniensis (1x10^ cells) and C. 
glabrata  (1x10^ cells). PBS and LPS (50 ng/m l) were included as negative and positive controls, respectively. 
Non-specific binding o f antibody was blocked using Fc block. Cells were stained extracellularly w ith  anti- 
NKp46 PE and anti-CD3 FITC. Cells w ere fixed and permeabilised, and stained w ith anti-IL-6 APC. Cells were 
acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. NK cells were identified by 
NKp46+CD3- staining w ith in  the  lymphocyte gate, (a) shows representative dot plots o f NK cells expressing 
IL-6. Data was analysed in Prism and (b) shows the mean and SD fo r each condition. n=7. An unpaired t- te s t 
was performed between control and test. p=ns
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Fig. 5.9 R848 increased IL-6 expression by murine monocytes in vitro. Splenocytes isolated from  healthy 
female C57BL/6 mice were plated at a concentration o f 1x10 /m l and stimulated fo r 18 hr at 37°C w ith 
R848 (3 jig /m l). PBS served as a negative control. Non-specific binding of antibody was blocked using Fc 
block. Cells were fixed and permeabilised, and stained w ith  anti-IFNy PECy7 and anti-IL-6 APC. Cells were 
acquired on a Dako Cyan flow  cytom eter and analysed using FlowJo software. Monocytes were identified 
by forward scatter versus side scatter profile.
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5.4 Discussion

There are approximately 200 different types of Candida spp., but only relatively few  are 

opportunistic pathogens with the ability to cause infection. This is due to the biological 

diversity between the various members of the Candida genus. C. albicans is the most 

commonly studied species and is thought to be the most virulent. In recent years, other 

species have been emerging with increased frequency and the focus of Candida research 

has been widening in order to investigate pathogenicity of other species of Candida other 

than C. albicans. C. glabrata  is the second etiologic agent of candidiasis in the United 

States, after C. albicans (Dongari-Bagtzoglou, Dwivedi et al. 2009). The prevalence of C. 

dubliniensis has also increased as the use of immunosuppressive therapy has allowed this 

opportunistic pathogen to cause superficial and invasive candidiasis. I investigated the 

ability of these three strains of Candida to  affect human and murine NK cell activity in 

mixed cell populations in vitro and, as summarised in table 5.1, there were quite varied 

responses observed between the species of Candida used to stimulate the cells, and also 

between the species of host. In brief, both murine and human NK cells responded to C. 

dubliniensis but not C. albicans or C. glabrata. It was observed that C. dubliniensis 

upregulated CD69 and IFNy by human NK cells, but only CD69 by murine NK cells.

Human Murine

CD69 IFNy IL-6 CD69 IFNy IL-6

C. albicans <r>

C. dubliniensis <r> t

C. glabrata <r>

Table 5.1 Sum m ary o f chapter 5  results. I '  indicates an Increase in percentage of expression by NK cells. 

<-> indicates no change In percentage of expression by NK cells.

Due to the fact that they are highly morphologically and molecularly similar to  each other 

(Sullivan and Coleman 1998), C. albicans and C. dubliniensis induce a similar type of 

immune response following infection. In spite of this, C. albicans has generally been
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observed to induce stronger responses in a range of infection models. C. dubliniensis has 

been shown to induce higher degrees of neutrophil migration and fungal uptake in 

comparison to  C. albicans. In contrast to this, cytokines and chemokines such as IL-la , IL- 

ip , TNFa, IL-10, G-CSF and GM-CSF were observed to be higher in PBMC stimulated with 

C. albicans (Svobodova, Staib et al. 2012). Therefore, although they are closely related 

and induce pro-inflammatory responses, generally C. albicans has stronger effects. The 

data shows a difference in the ability of C. albicans and C. cJubliniensis to activate human 

NK cells. It was observed that C dubliniensis, which was in yeast form, caused human NK 

cells to increase expression of CD69 and intracellular IFNy. In comparison, NK cells did not 

respond to overnight stimulation with C. albicans, which was grown in conditions to 

promote hyphae formation; there was no increase in CD69 or IFNy expression by NK cells.

Although there may be other explanations, including species differences, one possibility 

for the differences in NK cell response may be due to fungal morphology. Changes in 

fungal morphology result in a different range of PAMP on display by the fungal pathogen, 

therefore altering the signalling pathway. It has been shown that the ability o f Candida to 

switch between these two morphologies is important for virulence and can trigger 

different types of immune responses. For example, one study examined murine 

neutrophil responses to the two morphologies, and found that IL-12 was produced in 

response to C. albicans in yeast form and IL-10 in response to C. albicans in hyphal form 

(d'Ostiani, Del Sero et al. 2000). A similar type o f response was observed in DC. When the 

yeast form of the fungus was ingested in vitro, DC produced IL-12 and primed T h l cells. 

However, when C. albicans hyphae were ingested there was an inhibition o f IL-12 and T h l 

priming, and an induction o f IL-4 production. These observations clearly demonstrate that 

different responses occur to the two forms of Candida. In these experiments, two 

different morphological forms of Candida were used and differences in responses were 

observed. However, as there was strain variation there are other factors that could 

account for the different responses. Although they are quite closely related, each has 

genotypic and phenotypic distinctions. For example, the number o f chlamydospores 

formed is different with C. dubliniensis forming pairs, triplets or clusters o f spores at the 

end of small hyphae. This may result in different levels of exposure of surface ligands that 

stimulate immune responses. Another major phenotypic difference between the two 

strains is their tolerance o f environmental stresses, including thermal, osmotic and
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oxidative stress (Sullivan, Westerneng et al. 1995) (Vilela, Kamei et al. 2002) (Enjalbert, 

Moran et al. 2009). Sensitivity to culturing conditions and environments may affect the 

efficacy of the fungus to trigger immune responses. C. albicans forms a single 

chlamydospore on an elongated suspender cell (Sullivan, Westerneng et al. 1995). One 

study that investigated genetic variation between the two strains compared the ACTl 

gene which encodes Actin 1. Although the exons of the two genes are 97.9% identical, the 

two species only share 83.4% of the genes for introns (Donnelly, Sullivan et al. 1999). This 

results in the production of proteins of different sizes, which may have an effect on cell 

structures.

There are a number of investigations that could be undertaken to clarify whether the 

response observed is due to strain or morphology variation. Stimulating cells w ith the 

different strains of the same morphology, or with different morphological forms of the 

same strain and measuring NK cell responses would enable direct comparison of the 

effects. It would also be interesting to examine the response of other cells such as 

macrophages that are highly responsive to fungal infection, and if stimulation results in 

cytokine production that may influence NK cell activity. Currently there has been no 

investigation comparing the ability o f different Candida strains/morphologies to 

modulate NK cells directly, or through accessory cells. The data suggests that NK cells can 

respond to some fungal species, so it would be interesting to investigate how different 

factors could modulate potential NK cell responses.

In contrast to the two similar strains C. albicans and C. dubliniensis, monomorphic C. 

glabrata is phylogentically, genetically and phenotypically quite different. The strategy of 

infection and outcome contrasts w ith C albicans (Brunke and Hube 2013). Systemic 

infection o f immunocompromised mice with C. glabrata resulted in a non-fatal infection 

and was associated w ith rapid induction o f mRNAs and protein expression o f TNFa, IL-12 

and IFNy, but decrease in anti-inflammatory IL-10. A similar infection w ith C. albicans 

resulted in rapid m ortality w ith induction of mRNA and protein expression o f IL-10, and a 

delay or absence in pro-inflammatory cytokines (Brieland, Essig et al. 2001). The data 

showed that C. glabrata failed to stimulate a response from human NK cells in terms of 

CD69 or IFNy expression. However, as previously mentioned it is less virulent and acts 

rapidly in comparison to C. albicans yeast. So it is possible that a response may be
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observed at an earlier time point, or alternatively C. glabrata may not elicit observable 

immune activation.

Studies involving Candida are generally focused on its impact on the human immune 

system. Early research involving the occurrence o f Candida in mice indicated that it 

cannot be isolated from a conventional laboratory mouse and the fungus is not a 

constituent resident oral microbe. However it serves as a robust model o f induced 

Candidasis and the use of genetically modified mice enables in depth investigation into 

the type o f cells involved in Candida clearance. Mice that had deficient NK-cell activity as 

well as a defect in phagocytosis were highly susceptible to systemic candidiasis (Gallin, 

Bujak et al. 1974), suggesting a role for NK cells in promoting defence against fungal 

infection. It has been reported that there is a correlation between murine NK cell 

activation and resistance to systemic candidiasis (Ortega, Algarra et al. 2000). Mice that 

were depleted of NK cells demonstrated that NK cells were essential in maintaining basal 

levels of phagocytosis by splenic macrophages (Gaforio, Ortega et al. 2002). In the same 

study, it was reported that despite the role o f NK cells in promoting phagocytosis, they do 

not contribute to production of IL-6, TNFa or IL-12 during acute systemic candidiasis. The 

aim was to investigate other markers of murine NK cell activation in response to Candida, 

including CD69 expression and IFNy production. Similar to the findings in the literature, 

there was no increase in IFNy or IL-6 by murine NK cells. There was a significant increase 

in CD69 expression in response to Candida dubliniensis, but it was not as strong as the 

response observed by human NK cells. It would be interesting to further examine the 

production of other cytokines or chemokines by NK cells as it could be that rather than 

becoming cytotoxic, NK cells may be promoting activation of other cells. Other factors 

that are secreted by NK cells that would activate other immune cells include GM-CSF or 

IL-18.

When using murine cells in these experiments, a different type of response was observed 

from NK cells to the different forms of Candida. Overnight stimulation did result in an 

increase in CD69 expression by murine NK cells in response to Candida dubliniensis which 

just reaches statistical significance (p=0.045) and may be comparable to the response 

observed from other strains tested. This contrasts with data from human NK cells, 

whereby C. dubliniensis showed much stronger CD69 upregulation and was incomparable 

to the response observed following stimulation w ith other strains, was interesting to
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observe tha t  Candida spp had d ifferent effects on hum an and murine NK cells. It was 

im portant to  note that the  increase in IFNy production observed by hum an NK cells 

following stimulation with  C. dubliniensis was not seen in the  murine model. Although 

investigations in mice are com m only  used as model systems for hum an biology, there  are  

discrepancies betw een  human and murine innate and adaptive im m une systems, so care 

should be taken not to  extrapolate results from  one system into the  other. Firstly, it 

should also be noted tha t  m any species o f Candida, including C. albicans and C. g lab ra ta  

are generally  associated w ith  human carriage and not thought to  be naturally occurring  

commensals in m urine hosts (Savage and Dubos 1967). A nother key factor is that the  

difference in cellular composition can affect species specific im m une system responses to  

Candida  infection. A difference in the  proportion of neutrophils and lymphocytes is quite  

relative in the  case of Candida  infection and can interfere with  how  a particular host 

species will interact with  a fungal pathogen. Differential receptor expression may also be 

a reason as to  why the effect o f Candida spp on murine NK cells differs from  the  human  

counterparts. For example TLR4, which is an im portant receptor for detecting microbial 

pathogens is regulated quite d ifferently  in mouse than it is in humans; this includes 

regulation in specific organs and of transcript following activation with  LPS (Rehli 2002). 

So th e re  may be d ifferent interactions betw een Candida and im m une  cells which is 

resulting in the  variation in cell activation observed betw een  human and mouse NK cells.

In chapter 3 it was observed tha t  zymosan increased CD69 expression on hum an NK cells, 

but it appeared to be exclusive to  the  CD56'^"^ subset. The percentage o f CD69-expressing  

CD56 '̂ '̂® *̂ cells increased from  a m ean o f approxim ately  7% to  12%. However, when  

hum an NK cells w ere  stimulated with  the  yeast form  of C. dubliniensis, there  was an 

increase in CD69 expression on both CD56 ‘̂ "̂  and CD56 '̂ '̂® *̂ NK cells. In this case the  

overall m ean o f  CD69-expressing NK cells increased from 10% to 48% , although

it was not statistically significant. Relative to  the  overall num ber of CD 56 ‘̂ ''" NK cells, the  

num ber o f  NK cells was quite  low, which may account for the  lack o f  statistical

significance. How ever it is interesting to note the  trending response o f NK cells

to C. dubliniensis but not to  zymosan, as it is thought that zymosan and Candida  signal 

through the  same pathway via 3-glucan and dectin-1.

If this result was found to  be reproducible, one explanation could be th a t  there  are  

different pathways of activation being used, causing the  difference in response; there
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may be another signalling m otif on the surface of Candida other than |3-glucan that is 

causing activation of both subsets of NK cells. Ligands that are present on Candida include 

mannans, phospholipomannan and beta-mannosides, and these bind to a variety of 

receptors such as TLR, MR and galectin-3 (Cheng, Joosten et al. 2012). Some of these are 

present on NK cells so it may be that C. dubliniensis is signalling directly to both subsets of 

NK cells through one of these receptors instead of through dectin-1. Equally, it may be 

that C. dubliniensis is using an alternative pathway to activate an accessory cell to 

produce cytokines that have an effect on both subsets, whereas zymosan can only induce 

activation o f CD56^™ NK cells. This could be due to  differential cytokine receptor 

expression on NK cells.

In summary, the data showed that NK cells were responsive to  only one o f the Candida 

species that was tested. Human NK cells increased CD69 expression and production of 

IFNy following incubation w ith C. dubliniensis, but not w ith C. albicans or C. glabrata. 

This demonstrates how different strains of the fungus are more pathogenic than others 

and can induce potent immune responses when other cannot. It was also observed that 

there is a difference in NK cells responses between hosts. Unlike the response observed 

from human NK cells, murine NK cells were not activated following stimulation with any 

strain of Candida. It would be interesting to investigate other markers of activation, or 

production of other cytokines. Different strains, and even morphologies, of Candida 

display a variety of molecules that are capable of binding different immune receptors. 

This could potentially result in the activation o f different signalling pathways meaning 

the immune response may differ from one strain to another, and it would be interesting 

to explore the role of NK cells in these responses.
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Chapter 6: 

General discussion
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6.1 Introduction

It was first established in the 1980s and early 1990s that NK cells had a role in antifungal 

defence. However, up until recently there was very little  progress made until improved 

experimental methods and increased understanding of the immune system allowed for 

further investigation into the response of NK cells to fungal infection (Schmidt, 

Zimmermann et al. 2013). Until then, most of the research into the immune response to 

fungal infection was focused on other cells such as DC and monocytes. There is now 

evidence supporting NK cell involvement in antifungal immunity. In vitro studies using 

Aspergilus fumigates. Cryptococcus neoformans and Paracoccidioides brasiliensis have 

demonstrated an ability of murine and human NK cells to  exhibit immune responses in 

response to stimulation (Bouzani, Ok et al. 2011) (Hidore, Nabavi et al. 1990) (Jimenez 

and Murphy 1984). Further studies investigating the effects of fungal pathogens in vivo 

have demonstrated increases in NK cell activity including secretion of IFNy, increased 

induction of phagocytosis by accessory cells and increased cytotoxicity in response to a 

range of fungi (Algarra, Ortega et al. 2002). Despite these findings, the knowledge of NK 

cell responses to  particular types of fungi is still quite limited to  certain strains. Also, the 

mechanisms underlying NK responses to fungi are still unclear. With particular relevance 

to this study, |3-glucan signalling through dectin-1 is one o f the most defined and 

elucidated pathways through which myeloid cells recognise a fungal pathogen. Little is 

known about the effects of P-glucans on NK cells. I wanted to investigate the ability of 

human and murine NK cells to  respond to a range of strains of Candida and also the 

ability o f a particular fungal cell wall structure, 3-glucan, to modulate NK cell activity.

6.2 NK cells and p-glucan signalling

The study o f NK cells response to |3-glucan is an area that has been largely unexplored, 

w ith very little  known about the types of response an NK cell will elicit following exposure 

to the fungal moiety, and any pathways o f signalling are yet to be established. This study 

investigated the response of human and murine NK cells to two P-glucan-containing 

compounds, curdlan and zymosan. These compounds are known to signal using |3-glucan

as a ligand for dectin-1 to activate DC and other myeloid cells (Kankkunen, Teirila et al.

145



2010) (Rosas et al. 2008). The data established that neither human nor murine NK cells 

responded to  in vitro stimulation w ith curdlan, which signals solely through dectin-1. 

However, it was observed that zymosan induced CD69 expression by human and murine 

NK cells, and also increased IFNy production from murine NK cells. Zymosan employs 

dectin-1 as a co-receptor and signals through TLR2/TLR6 heterodimer. It could be 

suggested that zymosan is inducing NK cell activation through synergy o f these two 

receptors on NK cells, whereas curdlan can only engage dectin-1 resulting in a lack o f NK 

cell response. It has been shown that curdlan promotes T h l and Th l7  responses when 

used in combination with agonists for TLR (Dragicevic et al. 2012). So it could be that 

activation of another receptor is required for NK cells to become responsive to  curdlan.

It was also interesting to note the different responses observed from human and murine 

NK cells. Zymosan caused an increase in CD69 on the surface of human NK cells; this was 

observed by murine NK cells, but there was also a robust increase in IFNy production. 

There was a profound lack o f IFNy production by human NK cells suggesting that their 

response mechanisms differ from that o f murine NK cells. It would be interesting to 

further investigate other markers o f NK cells and compare the different profiles o f how 

different species o f NK cells respond to 3-glucan-containing compounds, such as 

zymosan. Different responses between human and murine immune cells to pathoens can 

be due to  host species variation. However, it is also worth noting that murine models 

generally have unchallenged immue system prior to experimental testing. Immune cells 

have been show to have memory, develop tolerance and also may become primed, and 

this may result in a variety of immune responses depending on previous encounters with 

pathogens. Using human models differs from murine models as humans encounter a vast 

number o f immunologica threats which results in a more "experieced" immune system 

then that of a mouse maintained in SPF conditions.

Following on from these findings, NK cells were examined for expression o f dectin-1 

protein. Previous studies reported observations of dectin-1 mRNA in bovine NK cells, but 

there is weak evidence of protein expression (Willcocks et al. 2006). I showed thatalhough 

there were detectable levels o f dectin-1 on the surface o f human NK cells, it would not be 

enough to cause any stron biological effects. Murine NK cells do not express dectin-1 on 

the cell surface, and it cannot be induced by IL-4 or IFNy which have been shown to 

increase receptor expression on myeloid cells. From this it was concluded that the effects
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observed following zymosan stimulation w ere  as a result o f  indirect signalling. As shown  

in Fig. 6.1, zymosan may be signalling to a nearby m onocyte  or o ther accessory cell which 

produces cytokines resulting in an increase in NK cell activity. NK cells are responsive to  

cytokine production by o ther cells, such as those from  monocytes or DC. Particular 

attention was given to  the  observed increase in CD69 expression by hum an NK

cells tha t  was not evident in cells, and occurred in 4 out of 5 donors tested. It is

accepted tha t  there  are differences in receptor expression betw een  the  tw o  subsets o f NK 

cells. It is known tha t  these subsets are functionally d ifferent as well as phenotypically. So 

there fore  not only will activation be induced by potentially  different stimuli, they  can also 

respond with d ifferent outputs. It was hypothesised tha t  there  are factors being produced  

by monocytes following stimulation with zymosan tha t  are stimulating CD56'^''^ cells 

through cell surface receptors tha t  are not present on NK cells. Research into

differential expression of receptors for key cytokines associated with NK cells (such as IL- 

12R or IL-15R) betw een these tw o  subsets, and differences in responses to  these  

cytokines appears to  be lacking in the  literature. It w ould  be interesting to  exam ine this in 

further detail.

In vitro

a)
Zymosan

b)

Dectln-l

monocyte

IFNy

CD69t

Fig. 6.1 Zymosan acts indirectly to activate NK cells in vitro, a) Dectin-1 is expressed on accessory cells 

w ith in  the PBMC or splenocyte population, such as monocytes. Zymosan can bind to  th is receptor, however 

having no direct effect on NK cells, b) The monocyte is activated and produces cytokines which can activate 

NK cells resulting in CD69 expression or production o f IFNy.
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Although r e s p o n se s  of  NK cells t o  fungal  infection in vivo  have  s t a r t ed  to  b e c o m e  m o r e  

e s t ab l i shed  recent ly,  t h e  major i ty  of  t h e s e  s t ud ies  focus on par t icular  s t ra ins  of fungi  as 

being m o r e  pathogen ic .  This still leads  us to  q u es t io n  t h e  role of  par t icular  ligands 

d i splayed by di f fe ren t  fungal  s t ra ins  in driving an i m m u n e  re sponse .  I w a n t e d  to  

c o n c e n t r a t e  on t h e  ef fec ts  of  3-glucan signalling in vivo  us ing curdlan  an d  zymosan.  

However ,  it w a s  fo und  t h a t  t h e s e  c o m p o u n d s  had  no ef fec t  on  NK cell activity in t e r m s  of  

CD69 express ion  o r  IFNy produc t ion ,  and very little change  in IL-6 p roduc t ion .  This is 

u n e x p e c t e d  consider ing  e v idence  in t h e  l i te ra tu re  t h a t  indica tes  t h e  ability o f  t h e s e  

c o m p o u n d s  t o  ac t ivate  key cells t h a t  ar e  ac cesso ry  t o  d o w n s t r e a m  activation of  NK cells. 

From this,  an d  t h e  o b se r v a t io n s  f r om  t h e  in vitro  inves tigat ion,  it w as  e x p e c t e d  t h a t  NK 

cells m ay  s h o w  signs of  ac tivation.  LPS a d m in i s t e red  as a pos it ive contro l  cau sed  

m e a s u r a b l e  increases  in NK cell ac tivation,  th u s  showing  t h a t  in t ra pe r i to nea l  

adm in i s t r a t ion  could successful ly ac t ivate  splenic NK cells. In light of  t h e  f indings  in vitro  

and  previous  ev iden ce  in t h e  l i te ra ture ,  it is unlikely t h a t  t h e  c o m p o u n d s  a r e  having no 

ef fec t  on  NK cells. It is s u s p e c t e d  t h a t  cells may  h av e  r e s p o n d e d  locally, or  t h a t  a h igher  

d o s e  of t h e  c o m p o u n d  m ay  h ave  had  s t ro n g e r  effects.  So whi le NK cells a p p e a r e d  to  

r e s p o n d  q u i t e  minimal ly t o  t h e s e  3-glucan-conta in ing c o m p o u n d s  an d  in an indi rec t 

m a n n e r ,  t h e  ef fec ts  of  in vivo  ex p o s u r e  t o  curdlan  and zymosan  still w a r r a n t e d  f u r th e r  

inves t igat ion.

6.3 NK cell priming bv p-glucan
With increas ing ev idence  s u p p o r t in g  pre -ac t ivat ion and pr iming o f  NK cells, t h e  t radi t ional  

v iew of  NK cell activity as  ent i re ly  s p o n t a n e o u s  is b e c o m in g  less fa voure d .  It is well known 

t h a t  NK cells ar e  recep t ive  t o  signals f rom o t h e r  cells and in s o m e  ca ses  it has  b e e n  sh o w n  

to  p o t e n t i a t e  NK cell activity. DC can p r im e NK cells t h ro u g h  cytokines  so  t h e y  can 

r e s p o n d  to  a p a th o g e n ,  as s e e n  in Fig. 6.2. NK cells can also be  p r i m ed  by cer ta in  soluble 

fac tor s  such as cytokines , including IL-18 (Chaix, T es sm er  e t  al. 2008)  o r  TLR agonis ts  

(Long 2007).
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~^^^arget cell

^ ^ m r N K c e l l

Lymph node , - / 1 Blood J

Dendritic cell Primed NK cell

I  scl(K:tin 

Naive NK cell

Fig. 6.2 DC can prime NK cells in vivo. DC can become activated by a range o f d iffe ren t stimuli which causes 
them to  upregulate expression o f IL-lSRalpha and IL-15. Naive NK cells migrate from  to lymph node to  the 
site o f activated DC. Here they are trans-presented w ith IL-15 which results in NK cell priming. There is also 
potentia l fo r other receptor-ligand interaction between the tw o cell types. These primed NK cells become 
effector cells fo llow ing additional activation signals. Taken from EO. Long, 2007.

3-glucan has been shown to  have the ability to  prime imm une cells both d irectly and 

indirectly. DC tha t were activated by particulate P-glucan caused the prom otion o f T h l 

and cytotoxic T-lymphocyte prim ing (Qi, Cai et al. 2011). Another study dem onstrated 

d irect prim ing by 3-glucan whereby human prim ary m ononuclear cells had enhanced 

cytokine production in response to  TLR agonist and bacterial stim ulation fo llow ing  

prim ing w ith  P-glucan (Ifrim , Joosten et al. 2013). This led us to  hypothesise tha t curdlan 

and zymosan had an effect on NK cells in vivo in term s o f cell prim ing. I stim ulated NK 

cells tha t had been exposed to curdlan or zymosan in vivo w ith  a range o f TLR ligands and 

PM A/lonom ycin ex vivo to  examine if  the 3-glucan containing compounds could 

potentia te  NK cell activation. Despite showing no signs o f activation fo llow ing in vivo 

stim ulation NK cells did appear to  have been primed by 3-glucans. They produced higher 

levels o f IL-6 in response to  TLR7/8 agonist R848, and had increased levels o f CD69 in 

response to  TLR3 ligand Poly (l:C) relative to  cells tha t had been exposed to  PBS in vivo. 

There has been no o ther study dem onstrating this effect on NK cells in response to  fungal
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stimulation. As dectin-1 is not expressed on NK cells it was concluded that it was not as a 

result of direct signalling and involved another accessory cell, although it was not clear 

which cell was implicated. It was surmised that either an accessory cell is signalling to NK 

cells in vivo causing a stronger response to ex vivo stimulation, or a non-NK splenocyte is 

exposed to the fungal stimulation in vivo and is activating the NK cells in response to the 

second stimulation. To investigate this effect further, I used a crosslinking assay to engage 

N K l. l  in order to  amplify the signal exclusively in NK cells, and also to deduce w hether 

they are in fact primed in vivo and are in a pre-activated state prior to ex vivo stimulation. 

This assay is used evaluate NK cell licensing to determ ine if NK cells are functional or 

hyporesponsive. Using this assay it was observed that NK cells that were exposed to 

curdlan or zymosan in vivo had the same response to N K l. l  crosslinking as those exposed 

to  PBS. Therefore, it was concluded that a non-NK splenocyte that was exposed to 

curdlan or zymosan in vivo induced NK cell activation in response to TLR ligands (see Fig. 

6.3). Although NK cells themselves may not be primed by the fungal agonists, this is the 

first evidence of the induction of NK cell activation by fungal-primed accessory cells. It 

was interesting to  observe that only certain TLR agonists could amplify the priming effect, 

in particular agonists of TLR3 and TLR7/8. These receptors are present on the proposed 

primed cells and recognise viral DNA. It could be that the fungal agonists can prime cells 

that will then have a promoted response to viral infection. Fungal agonists are often used 

as adjuvants in order to promote immune response to  vaccines, so it is unsurprising that 

they would prom ote responses to viral pathogen. Also, as NK cells are strongly responsive 

to viruses and the resulting cytokines produced following infection, such as IFNa, it would 

be likely that they would increase their activity in the hypothesised scenario (Netea, Gow 

et al. 2006).
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In vivo

Curdlan/Zymosan

Dectin-1

monocyte

Poly(l:C)/LPS/ 

R848 I

C D 6 9 f

Fig. 6.3 Accessory cells exposed to fungal stim ulation in vivo Induce NK cell activation ex vivo, a) Dectin-1 
is present on m ye lo id  cells, such as m onocytes, th a t act as accessory cells to  NK cells in vivo, b) Curdlan o r 
zymosan binds to  dectin -1  and prim es th e  cell, c) TLR ligands can s tim u la te  NK cells along w ith  th e  prim ed 
m yelo id  cell, d) The p rim ed  cell secretes h igher am ounts o f cy tok ine w h ich  s tim u la tes the  NK cell to  
produce increased IL-5 and express CD69.

6.4 NK cells and whole fungi
The interaction b etw een  (3-glucan and dectin-1  is just one w ay in which the  im m une  

system can recognise fungal pathogens. There are many different types of fungi, such as 

Saccharomyces and Candida, and even within these genera, there  can be a n u m b er of  

different species. This can lead to  variation in the  types o f  ligands tha t  may be expressed, 

and the re fo re  can impact on the  type o f  im m une responses tha t  are caused as a result of  

stimulation or infection. I w an ted  to investigate the  ability of different species o f  Candida  

to  evoke an NK cell response having observed increases in activation following zymosan  

stimulation. As slight differences w ere  observed betw een murine and human NK cells, I 

w anted  to  investigate if d ifferent hosts would respond differently.

There was no profound response from  murine NK cells in term s o f IFNy or IL-6 production,

which was unexpected considering the  response observed following zymosan stimulation.

There was an increase in CD69 expression following Candida dubliniensis stimulation
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which was significant but was not connparable to  response observed following human NK 

cell stimulation. M ur ine  NK cells may require higher numbers of fungal cells then w hat  

was used experim entally  in order to  respond strongly, and this may account for the  w eak  

response. However, when investigated in hum an NK cells, C. dubliniensis caused an 

profound upregulation in CD69 expression and IFNy production. This dem onstrated tha t  

different species of Candida  w ere  capable of inducing an NK cell response whereas other  

w e re  not. As the  same num ber o f  yeast cells w ere  used in human and murine  

experiments, it is possible tha t  host variation is a factor in the  response of the  im m une  

system to fungal infection. This would require m ore in depth investigation including 

examining o ther markers of stimulation and using a range of d ifferent strains at varying  

concentrations. Generally, Candida are classified as human commensals, so this may be 

another reason w hy the  response is stronger in the  human system. The response  

observed from  NK cells is reflective of the  variation in the  degree of cell response 

betw een  murine and human cells observed following zymosan in vitro  stimulation. This 

fu r th e r  supports the  rationale behind experiments investigating the response of different  

species of host im m une cells to  fungal cells, or fungally derived components.

A nother interesting observation was tha t  C. dubliniensis caused upregulation of CD69 on 

both subsets of NK cells, whereas zymosan stimulation only resulted in activation of 

CQsgdim concluded th a t  zymosan is not signalling directly to  NK cells due

to lack o f dectin-1 expression by NK cells, and instead is acting through a P-glucan-dectin-  

1 interaction on an accessory cell. This cell may then be producing factors tha t  are  

stimulating CD56 ‘̂ "̂  NK cells. C. dubliniensis  how ever may have other cell surface ligands 

th a t  can signal to  another NK cell receptor. M annan, for example, can signal through  

TLR4. This TLR is expressed by both subsets o f NK cells so this would fur ther  support the  

data (Souza-Fonseca-Guimaraes, Parlato et al. 2012); C. dubliniensis may be signalling 

through TLR4 expressed by 0056*^™ and 0056*” '̂®̂* NK cells causing them  to  be activated. 

Using a TLR4 blocking antibody to  try  abrogate the  effect would verify if C. dubliniensis  is 

using this pathw ay to  activate NK cells. If this is shown to be true, this observation would  

dem onstrate  how  Candida  are recognised by the  im m une system through a num ber of  

pathways, and is one example of how the  im m une system has developed in order to  

prevent im m une evasion by pathogens.

It is also w o rth  noting the morphological forms o f  the  strains o f  Candida  used in these

experiments. It is known tha t  hyphae and yeast can stim ulate different responses from
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im m une  cells. Although I did observe the  strongest response from the  strain th a t  was in 

the  more pathogenic yeast form, it was inconclusive as to w h e th e r  this was an influential 

factor and fur ther research would be required.

The data dem onstrates tha t  NK cells are responsive to stimulation with Candida, although  

there  may be several factors that influence the degree to which a response can be 

observed. The strain of Candida  used to induce a response is clearly im portant for human  

NK cells, but not as strongly for murine NK cells as was shown. This observation is also 

in form ative in term s of host differences, and could be further explored by investigating  

divergence of fungal PRR betw een host species.

6.5 Concluding Remarks
Although it has been several decades since the  earliest research into the  

im m unom odula to ry  effects o f fungi, the  continual rise in clinical presentations of acute  

fungal infections m ean tha t  studies to  investigate the ir  pathogenic mechanisms are still 

very relevant. As new  families of im m une receptors are discovered, there  are increasing  

numbers of mechanisms through which cells o f  the  im m une system can recognise fungal 

pathogens and signal to  each o ther in order to  efficiently elim inate the  threat.

The prim ary focus o f  this study was to investigate a role for NK cells in recognising and 

responding to (3-glucan. The interaction betw een  P-glucan and dectin-1 is thought to  be 

one o f  the  primary mechanisms through which the  im m une system responds to  fungal 

stimulations. This work has dem onstrated  tha t  although it is not caused by direct 

signalling through a cell surface receptor, NK cells do play a role in promoting the  im m une  

response to  the  fungal m oiety  and are involved in the  first im m une responses to (3-glucan 

through expression o f  CD69 and production of IFNy. They are also potentially  implicated  

in fur ther  dow nstream  signalling when accessory cells subjected to fungal priming are  

stim ulated fur ther  as they increased production o f  IL-6. There is a lot o f research detailing  

priming of im m une  cells and how accessory cells can influence NK cell activity, but there  

is no other study that links the  priming of non-NK im m une cells by model |3-glucan 

compounds, the  response to  ex vivo stimulation and the  resulting impact on NK cells.

However, it does not entirely rule out the  possibility that NK cell can interact w ith  fungi.  

Through the  use o f heat-killed fungal cells, I observed slightly d ifferent NK cell responses
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f rom  t h o s e  o b s e r v ed  previously wi th c o m p o u n d s  conta in ing c o m p o n e n t s  of  fungal cell 

wall. Al though t h e y  w e r e  no t  conflicting, it could  infer t h a t  t h e r e  ar e  d i f fe ren t  signalling 

m e c h a n i s m s  in ac tion,  which m ay  involve d i rec t  in terac t ions  wi th NK cells th rough  

re cep to r s  o t h e r  t h a n  dectin-1.

Hum an  and m uri ne  NK cells ar e  u n d o u b t e d l y  im p o r t a n t  in med ia t ing  t h e  im m une  

r e s p o n s e  t o  fungi as I have  d e m o n s t r a t e d  ac tivat ion fol lowing ex p o su r e  in a variety of 

models .  It is ex p e c t ed  t h a t  as m o r e  r e sea rc h  is u n d e r t a k e n  to  de l inea te  t h e  signalling 

p a th w a y s  involved in fungal  recogni t ion ,  t h e  specific role of NK cells will b e c o m e  clear. 

Fur th er  u n d e r s t a n d in g  o f  t h e  exact  m e c h a n i s m s  o f  h o w  NK cells r e s p o n d  can be  

a d v a n t a g e o u s  for d e v e l o p m e n t  of  ant i -fungal  t h e rapeu t i c s .  Currently,  convent ional  

t r e a t m e n t s  for  fungal  infect ion a r e  de s igned  to  t a r g e t  t h e  invading p a t h o g e n  (Hamad,  

2008).  T hese  include azole drugs  t h a t  inhibit  essen t ia l  en z y m e  n eces sa ry  for fungal 

g ro w th  and survival. O th e r  t r e a t m e n t s  result  in t h e  loss of  fungal cell wall integrity, and 

ul t im a te  cell d ea th .  However ,  m a n y  of  t h e s e  t r e a t m e n t s  t a rg e t  ho s t  cells which result  in a 

n u m b e r  of ad v e r se  s ide ef fects ,  an d  can b e  qu i t e  toxic. Recently,  t h e r e  has  bee n  m o re  

focus on th e r a p i e s  t h a t  m o d u l a t e  t h e  hos t  r e s p o n s e  in o r d e r  t o  minimise t h e  drawbacks  

of  t h e  cu rren t ly  u sed  t r e a t m e n t s .  Clinical trials involving ac tive immuniza t ion w e r e  shown 

t o  be  successful  in sens it izing t h e  i m m u n e  sys tem  to  infection (Bellocchio e t  al. 2005); 

a lbei t  is t h o u g h t  t o  b e  d e p e n d e n t  on t h e  individual having an u n c o m p r o m i s e d  im mune  

sys tem  a n d  m ay  n o t  be  as ef fec tive in pa t i en t s  wi th immunodef ic i ency.  Another  

i m m u n o m o d u l a t o r y  ap p r o a c h  c o n c e n t r a t e s  on  t h e  i m p o r t a n c e  of  T h l - d e p e n d n t  

r e s p o n se s  an d  involves t h e  ad o p t iv e  t r a n s f e r  of  T cells f r om  hos ts  t h a t  had b e e n  exposed 

to  fungal p a t h o g e n s  (Cenci, 2000).  This m ode l  has  b e t t e r  success  ra te s  in t e rm s  of 

i m m u n o c o m p r o m i s e d  hos t  re sp o n ses ,  and  t h e r e  m ay  be  po tent ia l  for fur ther  

im p r o v e m e n t  f rom t h e  a s p e c t  of  NK cell r e sponse s .  NK cell a r e  key for m odu la t ing  Thl  

r e s p o n se s  and m ay  be  m a n ip u la t ed  in o rd e r  t o  fu r th e r  improve t h e  efficacy of 

i m m u n o m o d u l a t o r y  th erap ies .

6.6 Future perspectives
Fur ther  invest igations  are  r e qu ir ed  in o rd e r  to  def ine  a precise  role of NK cells in anti-(B- 

glucan r e sponse s .  I hav e  e s t ab l i shed  t h a t  zymos an  d o e s  n o t  signal di rect ly t o  NK cells due
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to  lack of dectin-1 expression. It would be interesting to decipher which cell is responding  

to  the  in vitro stimulation directly and w h a t factors are being produced that result in 

activation o f  the  NK cells. This would be useful in term s of gaining insight into which cells 

are also responding to the  in vivo stimulations. It is often more difficult in in vivo models  

to  establish which cells are responding, how ever it is certain it is a non-NK splenocyte. It 

would be interesting in both models to  isolate out specific cell types and perform  the in 

vitro/ex vivo stimulations solely on that cell type. The supernatants could then be 

measured for key cytokines associated with  NK cells, such as IL-12 or IL-18, or used to  

culture isolated NK cells to see if the  same response is observed.

A nother area tha t  would require further investigation involves the  observed responses to  

the  heat-killed fungal cells. It would be interesting to  explore the  potential mechanisms  

through which fungal cells may be activating both NK cell subsets and which 

receptor:ligand interaction may be responsible. Current research is on going in the  lab to  

investigate the  ability of different morphological forms of Candida  to  activate NK cells 

using hyphae and yeast of the  same strain (Keane, unpublished). This research is also 

covering the  response of NK cells to a range of fungal cell concentrations to see the  

impact of NK:Candida  cell ratio. Lastly, it would be interesting to  use a w ider range of  

fungi, such as strains of Saccharomyces, to  investigate the  response o f NK cells to  

individual fungal genera. These investigations could further contribute to  a more in-depth  

understanding o f  the  underlying mechanisms governing the  role of NK cell in the  

response to  fungal infection, which may be o f  importance clinically in term s of host- 

directed anti-fungal therapy.
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