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Abstract

Here we investigate the role of NK cells in inhibiting T cell cycle during Human
Parainfluenza Virus type 3 (HPIV3) infection, attributing viral Hemagglutinin
neuraminidase (HN) to activation of this NK cell mediated T regjulationvia

the NK cell receptors NKp44 and NKp46. Having associated HN with the
induction of low level I:2 production we demonstrated that low dose?IL
expands primary human CD58" NK cells resulting in contact dependent cell
cycle arrest of T cell proliferation. While this was true for the conventional T
cell population, Tregs were actualy promoted in these cultures. We also
demonstrate by using blocking and activating antibodled simulaneous
activation of both NKp44 and NKP46 induce NK mediated cell cycle arrestin T
cells at low 11-2 but that NKp44 alone is responsible for enhanced apoptosis in
T cells at high IE2. These results not only highlight the importan€ &K cells

in immune regulation but also identify key human therapeutic-tdigets for

the future. In addition, these results may provide further insights into the
therapeutic mechanisms of low dose-2Lin autoimmunity. Finaly, the
possibility of solated HPIV3 HN as a molecule for induction of this immune

regulation is under investigation.
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1 GENERAL INTRODUCTION

1.1RESPIRATORY VIRAL INFECTIONS

Viruses are small infectious agents, which have the abilty to infect all organisms (Arpaia and
Barton, 2011). They are composed of genomic material; either DNA or RNA and are obligate
parasites, meaninghey can only replicate within the cell of the host organism (Harper 1998).

Respiratory viral infectons (RVIs) are a leading cause of death and hospitalization,
especialy in chidren, all over the world. Exacerbations include bronchioltis, asthma,
wheeing, croup, and even pneumonia, and they are attributed to both upper and lower
respiratory tract infections (Pavia 201Bs already stated,cate RVIs are the leading cause

of hospitalization for infants and younger chidreaccounting for significantmorbidity
worldwide. Many of these viruses also have overlapping clinical presentation, and therefore,
can be dificutt to diagnose and treat (Mahomy al 2011). The common RVIs are
Respiratory Syncytial Virus (RSV), Parainfluenza Virus (PIV), infuenaad adenovirus
(Pavia 2011). As RVis are airborne diseases which can be transmitted via large droplets,
aerosols or formites, they can spread rapidly from one individual to the next and must be
monitored closely. This is especially true for influenza yias it has the potential to change
rapidly, producing a virulent strain, which could result in a pandemic (Fauci 2006, Mahony

al 2011, Kreitzet al 2011). Additionally, recurrent infections such as those caused by PIVs
and RSVs are quite commoiRRVIs can persist within the host causing prolonged ilness
(Collins and Mel er o 2011, Hal I 2001) . These
modulate or evade the host immune system. For example, human parainfuenza virus type 3
(HPIV3), a strain of PIV,induces inhibiton of T cell responses, preventing the development
of immune memory (Noonest al 2008). Control of these viruses is a major goal for
researchers and efforts have been made to develop new detecton methods and means of
combat (Mahonyet al 2011). Vaccine development has been a crucial area of research in this
field in recent years, with the introduction of the trivalent inactivated vaccine for influenza
and antiviral agents, such as neuraminidase inhibitors, adaamiiisl drugs such as
ribavarin and fusion inhibitors (Colins and Melero 2011, Abed and Boiin 2006).
Unfortunately, whie these antiviral agents may inhibit certain aspects of viral replication,
reinfection by the virus is not prevented. Thus, vaccines remain the moswesfleetitment

for viral infections, as they can induce lifelong immunity to a particular viral strain (Keeitz

al 2011). The trivalent vaccine which targets influenza needs to be changed annually due to

1



the quick mutation rate of the virus (Doherty et28D6). While such efforts are underway for
inluenza prevention, medically important respiratoryusas such as PIV an RShave no
icensed vaccines due to the faiure of immune memory associated with infection (Mehony

al 2011, Colins and Melero 2011Abed and Boivin 2006). Thus, understanding immune
response to these respiratory viruses is critical to the development of new and more efficient

vaccines.

1.1.1 Parainfluenza viruses

Human Parainfluenza Viruses (HPIVsS) are currently the second most comosan afaacute
respiratory ilness leading to hospitalization (Schnaitital 2011). They are a major cause of
respiratory ilness in neonates and infants, for which there is no effective vaccine, despite
years of intensive efforts (Moscona 2005). These ed&rugre part of the paramyxovirus
famiy, of which there are four different serotypes: HPIV 1, 2, 3 and 4 (Henrickson 2003,
Chanock 2001). This study wil focus on HPIV3 infection. This serotype is a major cause of
lower respiratory infections in infants, meh are commonly characterized by ilness such a

croup, pneumonia and bronchiolitis (Schmigttal2011).

1.1.1.1 Structural Organisation

Human Parainfluenza viruses are negative sense, single stranded, enveloped, RNA viruses,
which encode at least sixommon structural proteins essential for viral replication:
Nucleocapsid protein (NP), Phosphoprotein (P), Large RNA polymerase protein (L), Matrix
protein (M), Hemagglutinin Neuraminidase (HN) and Fusion protein (F). Key to immunity
and pathogenesis to thdrus are the surface glycoproteins; F and HN proteins (Figurel.l),
which are responsible for attachment and fusion to host cels (Moscona 2005). Notably, these
surface proteins have been used in thedfalaccines against HPIYSchmidtet al 2011). It

is thought that the M protein is involved in mediating the attachment of nucleocapsids to the
envelope.The L, P and NP proteins are in close association with the viral RNA (VRNA) and

are closely involved in viral replication (Henrickson 2003, Chanock 28allL,2001).
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Figure 1.1: Structure of human parainflue nza virus(Taken from Moscona 2005). Here the general

structure of HPIV is represented. Two surface glycoproteins, HN and F are present on the lipid
bilayer, undemvhich the M protei lies. ThelL protein, NP and P protein make up the internal RNA.

1.1.1.2 Viral Replication

Infection with HPIV is intiated by HN binding to sialic acid on celular membrane proteins.
The F protein mediates fusion between the viral envelope and theapfasmbrane of the

host cell (Schmidtet al 2011). As a result of this, the viral nucleocapsid is released into the
cytoplasm of the host cel. The virus can then use the host ribosomes to translate the viral
messenger RNA (mRNA) into viral proteins, whidirect replication of the viral genome,

frstly to a postive sense strand and then into a negative sense strand. Once replicated, RNA
in encapsulated with NP, formng a new viion. Finally, these viions are released
intracellularly by a budding (Henricke 2003, Moscona 2005). In addition, during infection,

F proteins are transported to cell surface where they can cause the host cel membrane to fuse
with a neighbouring cell. This results in syncytia, which are mulinucleated cells which result

from multple cell fusions of uninuclear cells (Figure 1.2) (Hall 2001).
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Figure 1.2: Syncitial  formation  during HPIV3 infection  (Taken  from:
http://www.mcld.co.uk/hiv/?g=syncydia The binding of two cells vidusion proteins can results in

dinucleated cells. When this occurs repeatedly, mudtleated cells form in a process known as

syncytial formation.

1.1.1.3 Pathogenesis

HPIV3 infection occurs in the epithelial cels which line the respiratory tract. r&igne
infection starts in the epithelial cells of the nose and throat, but can spread to the lower
respiratory tract. It is suggested that host immune response, rather than the direct effect of
infection, is the main contributor to pathogenesis (Schridial 2011). Upon replication,
inlammation of the airways or bronchiolitis occurs. Additionally, a large infux of
inflammatory cells occurs at the site of infection. In most cases, the virus -isytoghathic

and can occasionaly lead to persistent fides (Moscona 2005). The tissue damage
associated with infection causes increased levels of mucus secretions, which obstruct airfiow
and cause wheezing or coughing of the patient. While reinfection throughout life is common,

recovery from infection usugll occurs within a few days (Henrickson 2003, Hall 2001).
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1.1.1.4 Immunity to HPIV

HPIV infection induces strong humoral and celular immune responses. Both local and
systemic neutralizing antibodies (IgG and IgA) towards HPIV surface glycoproteins HN an
F are found in serum and mucosa of infected patients. Whie reinfection with this virus is
common, these neutralzing antbodies eventually confer immunity. -¥®itosded
interferons (IFN antagonists) allow HPIV replication, but this IFN production atidtyaare

not completely blocked and may stil contribute to host defence (Sclamidil 2011). In
addition, cytotoxic T cells appear to be important in the clearance of HPIV from the lower
respiratory tract. The induction of these cells is crucial, @siffants with severe T cell
defciency; HPIV3 can be associated wih fatal cases of pneumonia (Chanock 2001).
Although adequate protection appears to be mounted against HPIV3, with viral clearance
occurring within days, no long lasting immunity to theseises ever develops (Henrickson
2003). This faled memory was investigated by Noateal (2008) and wil be further
explored in this study. The understanding of poor immune memory associated with HPIV3 is
of importance for vaccine development, and wihieg lasting robust responses to PIV
vaccines have been demonstrated in mouse, this appears not to be the case for PIV infections
of humans (Schmidet al2011).

1.1.2 Influenza virus

For HPIV3 experiments described in this study, infuenza viral iofectvas used as a
control for comparison with another respiratory virus. Although influenza evades host
immunity by altering its surface antigens it does induce long lasting immunological memory
to the same strain in humans. Therefore, this agent senas escellent control virus for our
studies with HPIV3. Infuenza is a welbcumented, highly contagious, acute respiratory
disease of global importance. It is responsiole yearly epidemics in addition tgporadic
pandemics, and so, is a major cause mobrtalty worldwide. Influenza infection is
characterized by fever and dhil accompanied by headache, mgalgand a dry cough
(Kuken et al 2012, Wright and Webster 2001). Influenza is a member of the
orthomyxoviridae faiy including; influenza A, B, C. Of these, influenza A ighe most
important clinicaly Infuenza A is further divided into subtypes based on the antigenic
nature of their hemagglutinifHA) and neuraminidas€NA) proteins (Kuikenet al 2012,



Hileman 2002, Lamb 2001). The;N; subtype was used as the viral control for comparison
to HPIV3 infection in this study.

1.1.2.1 Structural organization and replication

Strong immune memory is mounted towards influenza, so that reinfection rarely occurs with
the same strain. Thus, influenzarveel as a good reference ugr for studying HPIV3.Both

are human viral infections thahare the same portal of entry and target cells. Whie Influenza
serves only as a reference virus in this study, the structure and replication of this virus are

descried briefly here, as immutyi against this virus is amportance to this study.

Influenza A virus is an enveloped, negative, sisgianded RNA virus. It has a segmented
genome which contains 8 RNA segments which encode at least 10 polypeptides. [The vira
envelope contains spidige projections, or membrane glycoproteitdA and NA (Figure

1.3). The HA binds to sialic acid receptors on the host cel, initiating reeegeiated
endocytosis and the formation of a membrane bound vesicle around the Qmes. the
vesicles are formed, they fuse with endosomes, causing a lower pH and intating
conformational changes in HA. This allows the virus to fuse with cell membranes and form
endocytic vesicles for release into the cytosol. From there, the viral geeot®es the
nucleus where it begins transcripton. Whie six of the newly transcribed mRNAs are
translated into viral structural proteins, two code for-stactural proteins. New virions are
then assembled at the host membrane, and released from thg lwadding. The NA protein
functions in the release of the new wviral progeny from the cel, by cleaving sialic acid
receptors, preventing aggregation and alowing release of the virion (Kekeal 2012,

Lamb 2001).
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Figure 1.3: Structure of Influenza virus A

(Taken from: http//www.virology.ws/2009/04/30/structuad-influenzavirus/ ) This is a

representative figure of an influenza A versome. HA and NA proteins are dpidh@layer, under
which the matrix protein lies, and in which the M2 ion channel is present. Inside is the segmented

negative strand RNA gene, NP and RNA polymerase

1.1.2.2 Pathogenesis

During infection, infuenza virus replicates in the epithelialscef the respiratory tract. This
induces pathological changes, especialy in the lower respiratory tract. Infecton of these
epithelial cels induces inflammation in the larynx, trachea and bronchi. This is associated
with a strong influx of leukocytes. hEse inflammatory responses manifest clinically with
symptoms such as fever, myalgia and dry cough. Most individuals recover from influenza
infection within seven days (Kuikeet al 2012, Wright and Webster 2001). As strain specific
clearance and memory @gs to infuenza, including strong immune T cel responses, it
served as a good viral comparison to HPIV3 infection. Infection of the respiratory tract may
gve rise to primary pneumonits, especialy in immunocompromised individuals. This may
lead to seondary bacterial infections such as those caused by streptococcal and
staphylococcal bacteria. These secondary infectons can cause severe pulmonary
complications and can be fatal (Wright and Webster 2001, Hileman 2002).
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1.2 Immunity to viruses

Viral infections are a constant challenge for immunologists, with regard to prevention and
vaccine development-or example, the occuranag new infuenza strains makes prevention

a constant endeavour. In addition, there are newly emerging viruses such as cateere a
respiratory syndrome (SARs) and those with high mutaton rates such as human
immunodeficiency virus(HIV), which can make preventiohallenging (Kawai and Akira
2006, Dohertyet al 2006). Additionally, viruses have also developed mechanisms by which
they can modulate the hostds immune system
recognises HPIV3, this virus induces suppression of human T cel responses, which could
account for the poor immunological memory to this virus in humans (Neonal 2008).
Understanding these complex immune interactions between viruses and host, particularly to
infections such as HPIVwhich remain refractory to convimal approaches, is key in the

development of vaccines.

There are two arms to the immune systerg; nbrspecific, fast acting, innate responses and
the more specific adaptive responses. These work to provide the most efficient means of

protection and viral clearance (Khan 2011, Janeway 2003).



1.2.1 The innate immune system

The innate immunesystem is noispecific, but acts quickly and provides the first line of
defense against invading pathogens. The first role of innate immunity is to limit pathogen
entry, a role which is quite successful. Pathogen entry is prevented by both physical and
medianical barers, including the skin andnucousal membrane In addition, chemical
barriers, such as digestive enzymes, contribute to innate immunity. If these surface defences
are overcome by invad) pathogens, they encountamnate immune cells and piaa
proteins of the complement system. Plasma proteins can be activated by infection, resulting
in enhaced opsoniation and phagocytosis of the pathogen (Janeway 2008, Sarma and Ward
2011).

The innate immune cells include various leukocytes, such as nd&ileal (NK) cells,
monocytes, and dendritic cells (DCs). Phagocytic cels that engulf and destroy invading
pathogens are of importance to innate immunity. These phagocytic cells include macrophages
and neutropls (Khan 2011, Tosi 2005). Innateels expres pattefrecognition receptors
(PRRs), which are capable of recognising conserved motifs on microbes, which are known as
pattern associated molecular patterns (PAMPS). These include double stranded RNA
(dsRNA) or single stranded RNA (ssRNAyroduced by valy infected cels which are
detected by TLR3 and TLR7 (Janeway 2008, Kawai and Akira 2006). These receptors
recognise specific microbial motifs that have remained conserved over time. These patterns
are not expressed by the host cels so the innatenenisystem only responsds to foreign or
Adanger o signals of t he invading pathogen.
and of a relatively short duration. Additionally, there is no immunological memory associated
with innate immune responses. [Tike receptors (TLRs) are the most characterised PRRs in
humans (Akira and Takeda 2004).



1.2.1.1 Pattern Recognition receptors: Toll like receptors

As previously described, when PRRs on innate immune cels bind PAMPS, innate immune
responses are aeted. The most characterised PRRs in humans are TLRs, with eleven
identified in humans to date (Arpaia and Barton 2011). Expression of TLRs correlates with
locations of innate immune response; within circulaton, and epithelial cels lining
respiratory,intestinal and urogenital tracts (Ashketr al 2003). Some TLRs are expressed on
the cell surface (TLR 1, 2, 4, 5, 6 and 11), whie others are expressed intracellularly (TLR 3,
7, 8, 9). The most relevant TLRs for this study are TLR 3, 7, and 8, as thesenfin the
detection of viruses. These TLRs have the ability to recognize nucleic acids that are not
usually produced in host cels, such as dsRNA (detected by TLR3) andstiagded RNA
(ssRNA) (detected by TLR7 and human TLR8)LR9 also recognize nucleic acids
produced in infected host cells, such as unmethylated CpG DNA of viruses and bacteria
(Janeway 2008, Iwasaki and Medzhitov 2004, Kawai and Akira 2006eHail2004). TLRs

3, 7, 8 and 9 are localized to intracellular compartments whegectin detect nucleic acids

in late endosomes or lysosomgskira and Takeda 2004, Diebokdt al 2004, Kawai and

Akira 2006).

Once TLR stimulation has occurred, various signal transduction pathways are activated,
which result in the nuclear translocatienn d activation of-yBjucl @hrs f
leads to celular activaton. NFB is a transcription factor w
promotion of numerous genes, transcribing proteins involved in inflammatory responses such
as cytokines and eimokines Janeway 20080 6 Ne i | and Bowie 2007, O¢
proteins play an important role in immune response to viruses. Chemokines control leukocyte
traficking and migration, while cytokines activate and regulate numerous cel types, both of

which are essential for viral clearance (Arpaia and Barton 2011, Cee#l@005).

There are also TLfhdependent mechanisms such as retinoic -iadiscible gene (RIG)

and melanoma differentiation associated gene 5 (Mda 5). These are RNA helicases that ca
bind to viral dsRNA in the cytoplasm, leading to activation of various signaling pathways,
including the NFy B pat hway and secretion of type 1 i
inlammatory proteins Arpaia and Barton 2011Janeway 2008, Kawai andkira 2006,

Akira and Takeda 2004).
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1.2.1.2Interferons

In a viral infection, the interferons (IFNSs) are the most important cytokines produced, as they
have antiviral properties. Viral infection of a cel directly stimulates the production of type 1
IFNs (Wang and Fish 2012). These cytokines have antiviral properties and are secreted from
many different cell types. Therefore, they are of great importance for viral clearance by the
innate immune system. There are two main famiies of these antiviralinegoltype 1 IFNs
(IFN-U andb)l,FNand typ-e )GartiaSdstreNusd Bifoh FOBB, Guidotti and
Chisari 2000.

Type 1 interferons comprise IFN andb,l Fi\hi ch share a common he
(IFNAR). Viral infection of a cel directly shulates the production of type 1 interferons,

which function to inhibit viral replication. Binding of I or-b | EN t heir recep
host cell triggers a transduction pathway (Jak/Stat) which leads to transcriptional activation of
celular geneswhose products are responsible for the induction of an antviral state. For
example, IFNinduced protein kinase R (PKR) is an inactive kinase which requires AIsSRN

for its activation. In addition tactivation by dsRNA, which is uncommon except during viral
replication, PKR expression also increases 20 fold with IFN stimulation, and acts by
inhibiting protein synthesis and blocking viral replication in infected cells. Addiionally, IFN
induces the family of dsRNM epend-Bnt o2bdgoadenyl atadvatesynt ha
ribonuclease RNasel, which degrades siagiianded RNAs of celular and viral origin. IFN

can also induce synthesis of the isoform of dsR¥p&ciic adenosine deaminiase which

converts adenosine to inosine in viral and celular RNA. This amegi substitiution results

in the formation of inactive viral protein (Khan 2011, Colier and Oxford 2006, G3asire

and Biron 2006, Mayer 2003).

The binding of IFNU andb ItFAN i mmune cell s, such as macrtr
activates them for kiling viraly infected cels (Wang and Fish 2012, Guidotti and Chisari
2000). Type 1 IFNs can lead to DC maturation, resuling in the upreguldttHG and
costimulatory molecules, on the surface of DCs, which is essential for T cel activation
(Theofilopouoset al 2005). Addtionaly, type 1 IFNnduced DC maturation following viral

infection, can promote cross priming (process whereby a captutestedular antigen can

be presented on MHC class 1 molecules) of antigens to CD8+ T celsngesuli cell

activation (Le Bonet al 2003). Thus, type 1 IFNs play an important role in bridging innate

and adaptive immune responses and directing apat®pr cell responses.
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IFN-2 is a preinflammatory type Il IFN cytokine that can modulate many aspettéheo

immune response, and is considered keyatdiviral immunity (Janeway2008) This is

mainly secreted from T cels and NK cels and is a critigabkine involved in activating
macrophages. Activated macrophages can produce nitric oxide (NO) and oxygen radicals,
which have potent antimicrobial actvity. This is also the primary cytokine involved in
driving differentiation of naive CD4+ T cells toethThl subset. These cells xingise the

kiling eficacy of macrophages, enhance prolferation of cytotoxic CD8+ cells and promote
the production of opsonizing antbodies. As BN i s associated wi t h
functions, it is one of the most important cytokines involved in ispapr directing adaptive

immune responses (Janew2§08, Guidotti and Chisari 2000).

1.2.1.3Cell types of the innate immune system

The cels of the innate immune system provide rapid but unspecific protection against viruses
and other pathogens. Thebelude cytotoxic lymphocytes (such as NK cells), toxieasing

cells of myeloid origin such as mast cels, basophis and eosinophis, and the phagocytic cells
of the monocyte/macrophage lineage, neutrophis and myeloid dendritic cells (DCs)

(Janeway 208).

1.2.1.3.1 Antigen presenting cells

Monocytes, macrophages and Dendritic cells (DCs), comprise a group of cells specialised in
phagocytosis, antigen presentation to cels and control of immunity. Monocytes circulate in
the blood, bone marrow and spleerhese cels do not prolferate in a healthy host. This
subset of innate effector cells has both chemokine and pattern recogniton receptors that
modulate migration during infection. Monocytes function by the production of inflammatory
cytokines, as wellas the uptake of infected cels or toxic molecules. These cels can
differentiate into DCs or macrophages during infection. When a monocyte in circulation
enters damaged tissue, it undergoes a series of changes to become a macrophage. These
macrophages ar@hagocytic cells of both lymphoid and rlymphoid tissue. They have a

broad range of PRRs, making them e ffit at phagocytosis and thproduction of

inflammatory cytokines.
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Classical DCs (cDCs) are specialsed antigetessing and presenting celsjupped with
phagocytic activity when immature, and high cytokine production when mature. These cells
can migrate from tissues to the T cell and B cell zones of lymphoid organs. cDCs regulated T
cell responses both in healthy and infected hosts. Plasidad@s (pDCs) are relatively

long lived compared to cDCs. These cells are specialzed #virahtresponses, with a high
production level of type 1 interferons. Addtionaly, they act as APCs and control T cell
responses. The generation of monocytes,ropdiages and DCslepends on the actvation of
PRRs by the pathogen and subsequent cytokine rel€aseent models propose that blood
monocytes, many macrophage subsets and most DCs originate from hematopoietell stem
derived subset§lanewayet al2008).

Antigen presentation by these cells is crucial for the activation of T cells and overal adaptive
responses. MHCs are cell surface glycoproteins which bind antigenic pefotidestigen
presentationto T cells. Two classes exist; MHC class 1 whichspne to CD8+ T cels, and
MHC class 2, which present to CD4+ T cells. In humans, the MHC gene is called the human
leukocyte antigen (HLA) gene complex, where HBA B and C, are the main genes of the
MHC class 1 molecules and HEBR, DP, and DQ are the magenes of the MHC class I
molecules. Internalised antigens are processed in acidic intracellular vesicles or endosomes,
generating class Il associated antigens, whereas antigens present in the cytosol, dsuch as
novo synthesised viral proteins, are pessed to generate class | associated antigens. Once
processed, this MHC:peptide complex is delvered to the cell surface to present to T cells
(Smith-Garvin et al2009, Janeway 2008).

When APCs become activated by a pathogen, phenotypic changes occerctd guch as

this MHC upregulation as well as the upregulation of costimulatory molecules, such as CD80
and CD40. Upon presentation of antigen to a T cel, the T cell requires both MHC:peptide
recognition, as well as the appropriate costimulatory sigfiaim the APC, such as the
binding of CD80 molecules on the APC to T cel CD28 molecules, for activation.
Additionally, T cels express coreceptors CD4 and CD8 which bind to invariant sites on
MHC molecules. This enhances «mll adhesion and strengtisensignal transduction
(Geismannet al2010).
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1.2.1.3.2 Polymorphonuclear cells (PMNs) and Mast cells

Neutrophils are released from bone marrow in response to infection and are abundantly found
in blood. These too are important phagocytes and expresecEptors for antibbodies and
receptors for complement proteins that aid in the phagocytosis of opsonized bacteria. Unlke
macrophages, neutrophils are quite short lived, possible due to the variety of lytic enzymes
released dimg phagocytosis Khan 2011 Janeway 200B Eosinophis and basophis have
noted importance in defence against parastic infections and are recruited to sites of allergic
inflammation. Mast cels in the tissue at these sites release many chemical mediators
triggering local inflammationand blood vessel diation in response to alergens. These
mediators, when released in the host body, induce symptoms of an allergic reaction (Janeway

et al2005. These cell types are nobnsidered to be of major importante viral clearance.

1.2.1.3.3Natural Killer cells

Natural kiler (NK) cels are large granular cytotoxic lymphocytes which play an important
role in innate responses, particularly in antiviral and tumour immunity. These cells account
for approximately 10% of blood lymphocytes. Thag groduced in the bone marrow from
CD34+ progenitor cells and are found mainly in blood throughout the body. NK cells can be
characterised by their CD56 expression. As this marker is also expressed on some T cells,
CD56+CD3 celis are usually consideredkNcells (Raulet and Vance 2006, Tosi 2005

The main function of NK cells is the recognition and kiling of host cells infected with virus,
as wel as tumour cells. Their responses, although less specific, are more rapid than T cell

responses. Unlike T i there is no immunological memory associated with NK cells.

When an NK cel is activated to kil a target cel, cytotoxic granules are released. These
granules are usualy perforin and/or granzymes. Perforin forms holes in the target cell
membrane, abling granzymes to enter, where they can activate capsases in the cell, leading
to nuclease activation, DNA degradation and ultimately cell death. This is usualy initiated by
N K cell recognition of Ami ssing sel tlg or
resulting in the NK cell mediated death of only infected cells, not healthy tissue. NK cells can
kil virally infected cels by binding to targetelrboundigG. NK cels attach to antiboely

coated cels via their JFreceptors triggering the releasd perforin, causing cel death
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(Janeway 2008)NK cels also release of IFNN and ot her cytokines wh
important for viral clearance and the induction of Thl responses (Wang and Fish 2012,
Wallace and Smyth 2005). During viral infection, APCs present viral antigen to NK cells,
indwcing NK cell activation and subsequent death of infected cells. Additionally, DC derived
cytokines such as #4 and IL-12 canaffect NK cell function (Morettaet al2006).

1.2.1.3.3.1 Natural Killer cell subsets and their generation

NK cels can be foundn body tissues, but are mainly found in circulation, such as in the
lymph system (Lydyardet al 2003). They develop in the bone marrow from CD34+
progenitor cells (Malhotra and Shanker 2011). Two main subsets of NK cels have been

noted which are classfil according to CD56 expression.

The first are CD58'9" NK cells, which express high levels of the marker CD&6d are both

CD3 and CD16. This subset makes up ~10% of all circulating NK cels or ~1% of all
lymphoid cells (Caligiuri 2008). CDH8™ NK cells are considered the more regulatory

subset, due to their release of regulatory cytokines, such a® IFNupon stimul at i c
cytokines contributeto immune homeostasis (Shereek al 2007). The second subset is

CD56°™ NK cells, which make up 9%f lymphoid cells. These cels are low in CD56, and

are CD16+ and CD3 Whie low in cytokine release, this subset is highly cytolytic against
infected or tumor cells (Maghazachi 2004). CBB6NK cel cytotoxicity is attributed to

CD16 expressior(Caligiuri 2008) (Figure 1.4).

While gene profing studs suggests more independenfyik 2007), others suggest
placicity between NK cel types. Some have suggested that THE56NK cels are
intermediates in the development of CBSBNK cels (Caligiuri 208). However, an earlier
study supported a mechanism wherebylf, an interleukin produced by DCs, stimulates
CD56°™M NK cels to develop CD569" phenotype (Maghazachi 2004).

Traditonally, NK cell defintions were confined to the innate immuneegys{Maghazachi
2004) . They were <considered Al arge granul ar
infected or tumor cels (Krzewski and Struminger 2008). However in recent years, with the
reported immune regulation function of CI8#" NK cels, their role is expanding. ey are

now taking centre stage as important players in immune regulation.
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Figure 1.4: Representation of both NK cell subsetsCD56"" NKs are represented here by their
surface markers and high cytokine producition, and €33\NKs by low but high CD16. (Taken
from Ritz 2005)
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1.2.1.3.3.2 Natural Killer cell receptors

A variety of stimuli are required for the activation of NK cell functions and the balance of
stimulatory and inhibitory signal is crucial to this. Nkelle have a wide repertoire of both
activating and inhibitory receptors for the detection of these signals (Figure 1.5). These
inhibitory receptors are responsible for the ability of NK cells to spare normal healthy tissue
from NK mediated death, but natabsformed or infected celslgneway 2008, Raulet and
Vance 2006Kumar and MNerny 2005.

Receptors Adaptors h KIR-L
NKp46 CD83L, FcRy h LILRB1
CD16 CD3L, FcRy CD94/NKG2A
h NKp30 CD3L, FeRy m Inh. Ly49
h NKp44 DAP12 m NKR-P1B
h NKp80 = m NKR-P1D gggg
m NKR-P1C FcRy KLRG-1 CCR7
NKG2D DAP10 TIGIT CXCR1
m NKG2D-S DAP12 CEACAM-1 CXCR3
h KIR-S DAP12 LAIR- 1 CXOR4
m Act. Ly49 DAP12, DAP10 CXCR6
CD94/NKG2C DAP12 CX3CR1
CRACC SAP, EAT2
Ly9 SAP h Chem23R
CD84 SAP, EAT2 S1R5
NTBA SAP
2B4 SAP, EAT2,
ERT
IL-1R
IL-2R Adhesmn receptors
IL-12R
IL-15R CD2
IL-18R DNAM-1
IL-21R B1 integrins
IFNAR B2 integrins

Figure 1.5: Representation of the wide range of NK cell activating and inhibitory receptors:

Taken from: http//www.sciencemag.org/content/331/6013/44/F2.expansionTiimlwide range of

NK cell receptors are represented here. The balance of activating and inhibitory signals through these

receptors dictates NK cell function

NK cells can recognise decreased levels of self major histocompatabiity complex (MHC)
class 1 molecules. These molecules are highly polymoprhic glycoproteins expressed on the
surface of nucleated cells. In a homeostatic state, inhibitory signals are delivereslf by s
MHC class 1 molecules to NK cells, protecting that cell from lysis (Figure 1.5.A). However,
some viruses reduce MHC class 1 molecule expression and the absence of class 1 molecules

activates NK mediated kiling of uninfected cels by NK cels. Thkimsown as the fn
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selfo hypot hesi s et(aF20fly Ralet 20063asi D05, Biagsonret alr
2001).

Figure 1.5 Detection of s EakehfromKumarfandiMesyi2005. sel f o

NK cells detect infected or transfoeah cells by the loss of MHC expression on these targets, marking

these cells for NK cell mediated apoptosis

In humans, inhibitory receptors for MHC class 1 molecules include Kiler cell immunaeglobin
like receptors (KIRs). These KIRs bind to the consemagion of class 1 MHC molecules
associated with the self peptide. This provides a negative signal to the NK cells and kiling of
selfcell is prevented. Notably, KIR genes are highly polymorphic, meaning there is
variability in KIR repertoirs between inddwals (Jamil and Khakoo 2011, Viviet al 2011,
Janeway 2008Kumar and MNerny 2005. There are also other inhibitory signals which NK
cells can detect for Bedolerance. For example, NKG2Binds the nostlassical MHCclass 1
molecule HLAE. As HLA-E functions by stabiising MHC class 1, its expression is
indicative of MHGclass 1 expression (Borregd al 2005, Chapmanet al 1999) However,

not all inhibitory receptors bind MHC associated molecules. For example,-ddtithining
inhibitory receptors dett loss of Ecadherin, allowing NK cell detection of tumor celko(

et al2006, Byrcesoret al2006)
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Whie inhibitory receptors tend to be variable in expression between different NK cels,
activating receptor expression is relatively consistent. Theseating receptors contribute to

NK cel specificty towards the target, and the signaling mechanism they induce is much
more complex than the common inhibitory receptor mecharigrcgsonet al 2006) One

group of activating receptors are associateth winmunoreceptor tyrosinbased activation
(ITAM) -containing adapter pteins, for example KIRG25, NKG2@nd the NCRs. The
activating signals induced via ITAM associated receptors are induced through the
recrutement of tyrosine kinases and certain pretganier 2005, Bottincet al 2005) There

is a second group of activating receptors which do not contain ITAMs, for example, NKG2D,
2B4. Ligands for NKG2D include MHElass 1 chaimelated genes A and B which are
induced by staled DNA replication andergpmic stress, which are indicators of tumor,
infected, or stressed ce§ivier et al 2011, Byrcesort al 2006, Gasselet al 2005, Cerwnka

and Lanier 20083

The main group of activating receptors with the abilty to induce-d¢K mediated death are
the natural cytotoxicity receptors (NCRs), which include NKp30, NKp44, NKp46, and
NKG2D (Vivier et al 2011, Biassoni 2008, Changt al 1999) NKp46 is expressed on the
surface of etther resting or activated NK cells and is a major receptor for activatiok of N
mediated target cell kiingWeisset al 2004 Costelloet al 2002, Morettaet al 2001). This
receptor is associated with binding of HPIV3 HN as wel as influenza hemagluttinins.
However, no functional output is associated with this bindibgtside ofits role in NK viral
responses, research is underway with regards to NKp46 ligands or targets in Gaztet (

al 2006, Arnonet al 2004, Mandelboimet al 200J). Unlike most activating receptors, NKp44

is not expressed on resting NK Igelbut is upredated byIL-2 (von Liienfeld-Toal et al
2006) NKp44 has also been shown to bind human parainfuenza and influenza
hemagglutinins. Notably, there is no NKp44 homologue in moB&esgoni 2009Ho et al
2008, Arnon et al 2001,) Finally, NKp30 is expresseon both resting and activated NK cells
(Biassoni 2009) This receptors binds poxvirus hemagluttinins (Jahasdn al 2011).
Additionally, it is involved in both the control of tumor cell transformatin and the modulation
of adaptive immune responskldretta et al 2005) For example, NKp30 has been shown to
participate in NKDC crosstak at inflammatory sites, and can induce death of innate DCs
(Ferlazzo 2005, Ferlazzet al2001, 2002)
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1.2.2 The adaptive immune system

The adaptive immune system is the rencspecific arm of immunilyand comes into place

upon activation of the innate immune system. The innate immune syseognises
conserved pattns or strucutres on pathogens that have remained unchanged over time.
Adaptive immunity however, has evolved and continues to evolefo recognise and
remember specific pathogens, and can mount strong responses each waedipathogen

is reencountered. The adaptive immune system can be further divided into humoral
(mediated by B lymphocytes) and cel mediatel lymphocytes). Both of these cell types
express receptors with the specificty to recognise a wide range of pathogens. The large and
diverse repertoire of receptors expressed by these cel types are attributed to the
reconiination of gene segments eddw them. To avoid responses towards host cells,
lymphocytes whose receptors bind to self antigens are deleted. This is known as negative

selection and is important in ensuring that only lymphocytes tolerant of host cells survive.

A low number of B cellsor T cells specific to a particular pathogen are in circulation in a
health host. Once a lymphocyte binds to their specific antigen, they are activated and
proliferate, creating effector lymphocytes with the same specificity.This is given presentation
of antigen in associtation with host MHC. In addition, memory cells to this antigen are also
induced and these reside after infection in a resting state. Upon restimuilttiiothe same
antigen these memory cells become actidatenounting a stronger and neorapid response.

The development of these memory cels is usualy associated with life long immunity to that
particular pathogen (Janeway 2008, Morrettaal 2008) .

1.2.2.1B Lymphocytes

B cels originate from hematopoietic stem cells in the bone warktere they mature and
enter the circulatory networkB cells are of particular importance in the humoral arm of
adaptive immunity, functioning by the release of antibodies, which bind specificaly to a
particular antigen, preventing the spread of idectio other host cellsAdditionally, B cells

can function as a type of antigen presenting cell (APC) (Janeway 2008).

Upon encountering a particular pathogen, membrane bound antibodies (BCRs) binds antigen,

which is internalised, degraded, and presentedthencell suface. Antigen is presented as
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peptides bound to MHC class II molecules. This molecule can be recognised by CD4+ T
helper cells, which secrete-d&ll activating cytokines such as-#. In additon, binding of
co-stimulatory molecules on the fage of both T and B cells, such as T cell CD40 ligand
(CD40L) and B cell CD40, also aid in B cell activaton. When B cells are activated, they
prolferate to form a clone of identical cells. These proliferate into etther antibbody secreting
cells or memorycells Janeway 2008, McHeyz&Williams 2003.

Antibodies are important in adaptive immunity as they eliminate viruses or pathogens by
neutralisation, opsonizaton and complement activation. Neutralization is the process
whereby binding of antbody to pediar antigens can inhibit pathogen entry to the host cell.
Addtionally, harmful toxins can also be neutralzed if bound by antbody. Opsonization is
the process where antibodies bindiagtigens, can mark this pathogen for recognition and
ingestion by pagocytic cells. Finally, antbbody attachingp pathogens camctivate proteins

of the complenent system which leads to the increased opsonization and death of viruses or
pathogens (Janeway 2008). Due to the clear importance of antibodies in the prafention
infection, the main aim of vaccination is to induce these antibody responses. With regards to
respiratory viral infections, IgG and IgA are the most crucial types d@foali@s required for

t he pratestions(Mahonyet al 2011, Colier and Oxford 206, Crowe and Wiliams
2003.

1.2.2.2 T lymphocytes

T cels are a diverse cell type that originate from hematopoietic stem cells in the bone marrow
and mature in the thymus before entering circulation in the bloodstream. Here they recirculate
between blod and peripheral lymphoid tissues untl they encounter a specific antigen.
Initially, there are low numbers T cells spectb a given antigen in a naive (Rerposed)
individual. Thus, it is imperative that they circulate to increase the likelhood cofuetering

the antigen they are specific to (Janeway 2008). These cels are of great importance in
adaptive immunity, with key roles in the specific eliminaton of pathogens, as wel as
immunoregulation. T cel deficient individuals suffer more severessies with respiratory

viruses such as HPIV (Crowe and Wiliams 2003).

T lymphocytes are mobiised when thepcounter APCs such as a B cell or DC which has

digested and is displaying itsognate antigen, and is displaying these antigen peptides bound
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to MHC molecules. If this antigen particle is speciic to the TCR, and the correct co
stimulatory signals are also present, the T cell becomes activated. These activated T cells
produce 1-2, a cytokine that promotes T cell growth and prolferation, sustahirggll
responses. If however, the T cel recognises peptide:MHC complexes in the absence of
costimulation, T cell activaton and prolferaton does not occur. This limits the activation of
autoreactive T cels and autoimmunity. Once activated, T celffe@at® and differentiate

into either effector or memory cel©veral effector cels are generaly ledl Conventional

T cells (Tcons)CD4+ T cells can acquire many different effector functions, such as cytokine
production, immune memory, immunoregalatiand differentiation of other immune subsets.
This differentiation of naive CD4+ T cels is dependent ABC maturation, which dictates

the microenvironment (E.G.cytokine mieau)of the activated T cels(Smith-Garvin et al
2009,Janeway 2008, Applemaand Boussiotis 2003)

After activated T cells have eliminated a pathogen, they need to be switched off. Inhibitory
receptors such as CTEA are upregulated on T cells. This receptor has a higher affinity for
CD80 than the activation molecule CD28, anddibmp with CD80 shuts down T cell

proliferative response, avoiding immunopathology (Janeway 2008).

1.2.23 T cell subsets and effector functions

1.2.2.3.1 CD4+ T cells

Naive CD4+ T cels can be differentiated into various types of effector cells depending
cytokines present. T helper cells function by driving and activating other immune cells.
Activated APCs, such as DCs, secrete various cytokines in response to a particular pathogen,
which can influence the polarizaton and differentiation of naive CBélis into specific

effector T cell types (Figure 1.6).

Pro-inflammatory cytokines, such as-M02 can direct T cel differentiation into Thl cells
(Figure 1.6). These Thl cells are characterized by the secretion of large amountsopfi-N
wel as Ik2  and TN FtJal 2012 0\Watfordet al 2008). This secreted IFN ¢ a n
activate other immune cells, such as NK cel, which in turn kil intracellular pathogens. This
T cell subsets is imperative for viral clearance. Stimulation witd Itan drive differentiation

of naive T cels into Th2 cels (Figure 1.6). This T cell subset secretes various cytokines
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including IL-4, IL-5 and I-:13. These cels play a critical role in humoral immunity as they
are important for B cell activation and setion of antibbodies (Let al 2011, Janeway 2008).

In recent years, Thl7 cels have emerged as another subset of CD4+ helper T cels. It is
thought that the developmental pathway of Thl7 cels is distinct from Thl and Th2 cells, and
involves transforminggrowth factor (TGFb 1 a f6d(FigureL1.6). The cytokine 1R3 also

plays a role in clonal expansion of this T cell subset. Thl7 cells produegs, lwhich is
invoved in mediating inflammation and provides defence against extracelular bacteria
(Maddur et al 2012, Janewagt al2 0 0 8, Dong 2006, Tat oetalnd O6 S
2006). Other T helper sets have been identified recently, including Th9 which are defined by
their production of [E9, association with inflammatory disease and association with
promotion of celular proliferation (Jabeen and Kaplan 2012). Another newly emerged
CDA4+T cell subset is Th22, a producer ofaR, which is important for clearance of bacterial

pathogenesis especially from epithelial cels (Wetlkal2010).

Virus spedic Thl responses play a major role in antviral immunity through the secretion of
cytokines and the activation of essential protective cels including B cels, NK cels,
macrophage and CD8+ T cells (Coller and Oxford 2006). These virus specific T telper
can also enhance antibody titres, strengthening the humoral immune response €Braivn
2008).

These effector CD4+ T cels mount protection from pathogens via the secretion of large
amounts of proinflammatory cytokines, thereby activating otherumemcells, leading to
strengthened immune response. However, this inflammatory response can damage seff
tissues. Therefore, the restraint of immune responses is essential to spare excessive damage to
host tissue (Josefowicet al 2012, Artavanaidsakanaset al 2003). Thus, the immune

system contains subsets of T cells, such as regulatory T cels (Tregs), which can supress or
regulate T cell regmses (Josefowicet al 2012, Janeway 2008, Mils 2004Tregs are

usually derived from naive CD4+ cells stimetwith IL-10 or TGFb ( Fi gure 1. 6) .
regulatory T cels develop in the thymus and may represent a distinct T cel population
(Schwartz 2005). They can suppress the activation ofesaltive T cells, through both eell

cell contact dependent meclsam and the production of cytokines such asl@ and TGFb

(Cozzo et al 2003). Inducible Tregs are generated from naive T cells in the periphery that
have encountered antigen presented to them by peaatidiipated DCs. They can suppress
effector T cellproliferation, via the production of immunosuppressive cytokines, such-as IL

10 and TGFb . I nducible T regulatory <cells includ
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IL-10, and Tr3 cells, which secrete T®GF ( Mi | | s 2004) . Recent st
demonstrated Treg expansion at low dose2,Lwith clinically beneficial effects in graft
versus host disease and H@Muced vasculitis (Koretbt al2011, Saadoust al2011).
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Figure 1.6: Schematic representation of the different developmental pathwa of Th cells.
(Taken from: http//www.csc.filenglish/csc/publications/cscnews/2009/1/allergy researdime
differential generation of CD4+ T cell effector sulssifbm a naive CD4+ progenitor is depicted here.

The cytokines that drive this differentiation, as well as the protective role induced by each subset is

clear

1.2.2.3.2 Cytotoxic T cells

CD8+ T cels contribute to the eradication of intracelular infestiand to the control of
many chronic infections (Masopost al 2007). Activated CD8+ T cell or cytotoxic T
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lymphocyte (CTL) can secrete cytokines, such as-fN and can also direct|

such as viraly infected or tumor celdafeway 2008Colier and Oxford 200§. CTLs can

induce apoptosis of the tmt cel, by releasing effector proteins, like perforin and granzymes
(proteases), into the target cell. Perforin forms holes in the target cel membrane, enabling
granzymes to enter, where they can activate capsases in the cel, leading to nuclease
activetion, DNA degradation and ultmately cell death (Janeway 2008). This subset
represents the principle cels involved in controling and clearing most viral infections (Khan
2011, Colier and Oxford 2006). With regards to respiratory viral infections, @ ff€CTLs

can be detected in the lungs 1 week after infection (Woodland 2003). Deficiency of CD8 T
cels can be associated with delayed viral clearance and exacerbated ilness (Crowe and
Wiliams 2003, Howet al1992).

1.2.2.3.3 Memory T cells

Memory T ceb represent the subset of T cels whose survival surpasses the contraction phase
post infection. This subset circulates even in the absence of infection (Getrlad2011).

These memory T cels have phenotype differences to their naive counterpartsassuch
upregulated expression of adhesion molecules, which induce a more efficient response if the
same antigen is encountered a second time (Masopust and Picker PgEs®). cells remain

after a given infection, and proliferate if this pathogen i&enmeountred. These memory cells
increase the potential level of resting dells to this pathogen strain and are associated with
more efficient adaptive responses.. This leads to steriising immunity and is the basis for
vaccination.CD45RO is expressed acrossmmoey T cell subsets, and serves as a marker for

their identification.
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1.3 Work leading to this study

As previously described, HPIV3 is a major respiratory pathogen responsible for bronchioltis,
pneumonia and croup. Initial infection with this virwccurs during infancy and early
chidhood, but reinfection is a common event and may occur several times even in
adolescentsand adults (Henrickson 2003, &tock et al 2001).This would indicate a failure

of immune memory. Early studies suggested that fdilgre to induce immune memory T

cel responses may be due to limted T cel proliferation following infection with HPIV3
(Plotnick-Gliquin et al2001,Sieget al1994).

Initially the Viral Immunology group(VIG) were part of a successful EU funded sl

aimed at developing a novel vaccine for HPIV3 and RSV. Part of the remit of the VIG was to
establish the underlying cause of poor immunological memoryHRIV3 infections in
humans. One of the main challenges facing the development of a successiuk |mc
humans is that faled immunological memory appears to be species specific as these viruses
often induce robusaéind long lived immunity in micerats and even hamsters. To address this,
group members developed a human model based on co culturealigf indected human
monocytes (APCs) with lageneic human mixed Ilymphocyte reaction (MLRSfor
completeness a comparative studgs performed to investigate iififection of monocytes

was a more natural method of generating APCs than infection epripred DC formed

using I-4 or IFN-U Researchers found that direct infecton of monocytes induced mature
and competent APCs (DCs) which induced distinct differences in T cell polarisation then pre
primed DCs. It was considered that the former was the mdstahaesponse to HPIV3
infection and was chosen as the most appropriate model with which to study human
responses to HPIV3.

The model employed the use allogenic T cells as the precursor frequency of autologous T
cels recognising HPIV3 is likely to be melow. The use of allogenic T cels provides a
suficient signal to mount a response which is qualitatively dictated by how the monocytes
respond to infection.

Using the humarex vivo model of infection, our group showed that HPIV3 infected APCs
faled to induce alogeneic mixed lymphocyte proliferation compared with infuenza- virus
infected APCs. However, purified CD3+ cells proliferated strongly when cultured with
HPIV3 infected APCs. This indicated that a cel type within the mixed lymphocyte
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populationhas a role in T cell inhibition during HPIV3 infection. Decreasee® llevels were

also associated with HPIV3 infection, compared to influenza infection. This cytokine is a
growth factor for T cels (Liacet al 2011). Furthermore, when additional 2 wasadded to
infected cultures, T cell prolferation was restored in mixed lymphocytes. When examining
cell markers during infectionan increased number of cells express®D56, a marker for

NK cells, was demonstrated. Additionally, when CD56+ cells wede@ddo isolated CD3+

cel and HPIV3 infected APC cocultures, T cel proliferaton was again inhibited. Finaly,
Noone et al demonstrated an increased number of T cells arrested in the GO/G1 phase of cell
cycle during infection, but no change in apopto$ikese results indicate that during HPIV3
infection, NK cells induce T cel cycle arrest in anaLdependent manner (Nooret al
2008). This was the first study to demonstrate regulation of T cell responses by NK cels
during viral infection. However, a gelatory role of NK cels in controling autoimmune
disease progressidms been demonstratédurphy 2012, Saadoun 2011, Velil al 2008,

Li et al2008,Sherecket al2007, Zorn et al2006,Soiffer et al1994).

HPva) | wash

—— 7 Mls
/CD 14+‘{/
'-l\H PIV3 )

Coculture

MLs

Figure 1.8: Schematic of coculture asay.From Buffy coats from healthy donors, PBMCs were
isolated. From donor one, CD14+ cells were further isolated, infected with HPIV3, and excess virus
washed. From donor two, CD14+ cells were depleted and these MLs were cocultured (CD14:ML;1.:5)
after 24hours.
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1.4 Aims of this thesis

HPIV3 is a major cause of respiratory ilness in neonates and infants. It accounts for 12% of
all hospitalisations for lower respiratory tract infections and up to 30% of hospitalisations for
acute respiratory ilness in ichen in the USA alone (Schmidit al 2011, Moscona 2005,
Henrickson 2003, Hall 2001). It comes second only to RSV as the most important cause of
lower respiratory tract infections in infants and young children. Reinfection with HPIV3 is
common and poornimunological memory is a feature of this virus (Colins and Melero
2011, Hal 2001). Even in the presence of circulating al@ing antibodies, individuals

have been shown to be susceptible to reinfection (Sclenidd 2011, Chanock 2001). This

feature of HPIV3 has resulted in failure to design an effective vaccine against this virus.

It has been suggested that HPIV3 can reinfect and persist in a human host due to its abilty to
inhibit T cell proliferation (PlotnickyGliquin et al 2001). Our group hapublished evidence

that CD56+ natural kiler cells regulate T cel expansion to HPIV3 infected dendritic cells in
a contact dependent mechanism that is reliant on inhibtion-8f [Chis was the first study to
demonstrate regulation of T cell responsesNly cells during viral infection (Noonet al

2008). We hypothesise that NK cell regulation of T cell prolferation during HPIV3 infection

is the underlying cause of repeated infection and poor vaccine efficacy associated with this
virus. This lead to a suessfulHealth Research Board (HRByant proposal with the overall

aim is to identify the mechanism of HPIV3 infections in humans that leads to arrested T cell

cycle by NK cells.

Our intial aim was to determine which component of HPIV3 is responsibleh® ant
proliferative effect on T cels. Preliminary, unpublished work in our group using virosomes
(empty influenza virus shells with HPIV3 HN and F proteins inserted into the infuenza
envelope), derved from HPIV3 compared with virosomes derivedly sbilem influenza
suggests that the viral surface glycoproteins HN and F are responsiblghefoant
proliferation outcome The involvement of these glycoproteins is also circumstantialy
supported by the successive faiure of vaccines that have incildsd components. As
HPIV3 virosomes production has ceased, and this data could not be reproduced, neutralizing
antibodies to these glycoproteins were used in this study to block the action of NK cell on T

cell prolferation and cell cycle was determined.

Having identified what component of HPIV3 is responsible for the paolierative effect of

NK cels on T cels, we aimed to determine the molecular target on NK cells. Published data
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has shown that NKp44 and NKp46 proteins recognise HA from infuendaHih from
sendai virus and parainfuenza (Biassoni 2009, Mandelbeimal 2001). Afthough no
function has been associated with this interaction, we felt that this circumstantial evidence
pointed to involvement of these receptors in NK cel activation glunifection. To assess

the involvement of NKp44 and NKp46 in the induction of NK cell mediated T cell inhibition
during infection, their expression was assessed during infection. Following this,
commercialy avaiable neutralizing antibodies were used lowkbthese receptors prior to

viral coculture, and NK cel abiity to induce T cel cycle arrest was assessed. Finally,
activating antibodies were used to determine if the HPIV3 mediategralérative effect

could be mimiced in the absence of infeaiio These receptors may have potential as

therapeutic targets in a number of immune settings.

Our group has published evidence that2lLsecretion is severely impaired during HPIV3
infection, and the addition of {2 completely abrogates NK cell mediatedcdl cycle arrest.
Other groups have published reports that2llexpanded NK cells induce T cell apoptosis
(Murphy 2012, Saadoun 2011, Veliist al 2008, Liet al 2008, Sherecket al 2007, Zorn et

al 2006, Soiffer et al 1994). While it is wel acceptedhat NK cells imit T cell proliferation,
studies differ in whether this is achieved by a cell cycle arrest or apoptotic mechaf@sm.
hypothesise that the concentration of2lthat activates NK cell expansion, dictates the mode
of NK cell mediated T celkegulaton. We aim to investigate T cell death and cycling, as well
as NK cell expansion, at various -B concentrations. We also sought to determine if a
speciic NK cell subset is responsible for both modes of regulation,if ahdr influence is

exered equally on all effector, memory or regulatory T cell subsets.

Understanding the nature of poor lfectve responses to HPIV3ifection in humans may
be crucial to the design of an effective vaccine against this important pathogen. Additionaly,
unraveling the regulatory immune arm targeted by the virus may provide insights and

possible therapeutic strategiescontrol diseases with aberammune activation.
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SPECIFIC AIMS:
-To culture HPIV3 for use in the humaex vivomodel of respiratory iefction

-To identify the HPIV3 proteins involved in the induction of NK cell regulation of T
cels

-To determine the receptors involved in the activation of NK cells during infection
-To investigate the role of 2 in dictating the mode of NK cell regtéan of T cells.
-Observe specific T cell subsets under NK regulation during infection

-To determine if isolated HPIV3 glycoproteins could induce NK cel regulation of T

cells
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2. Effect of neutralisation of HPIV3 viral components o,

the activation of NK cell regulation of T cell proliferation

2.1. Introduction

Human Parainfluenza virus type 3 (HPIV3) is a significant respiratory virus that infects
adults, neonates and infants (Moscona 2005). It has the capacity to infect the samalindividu
several times during their lfetime, faiing to induce a state of long lasting immunity
(Henrickson 2003). The faiure of immune memory has been a persistent problem in the
development of vaccines to HPIV3 (Schmidt al 2011). Studies have suggestedtth
lymphocyte proliferation is reduced during HPIV3 infection (Plotni@iguin et al 2001).
However, in mouse models, robust immunity is observed to this virus. To address this, our
group previously developed a humer vivomodel of respiratory virus fiection. They found

that preprimed DCs Kohty et al 2003, Parlatoet al 2001) may not be the most appropriate

cell for used when studying viral infections, as they appear to skew immune responses. As
HPIV3 is a potent inducer of DC generation, directciige of CD14+ cells isolated from
PBMCs of healthy donors represents a more natural immune response to HPIV3 infection
(Nooneet al2007).

This model was used for prolferation studies which demonstrated that HPIV3 infected
monocytes drive NK cel regtian of T cell proliferation in a mixed lymphocyte reaction
(MLR). This offered an explanation for viral persistence and reoccurrence, and the poor
immunological response associated with HPIV3 infection. Noetihal demonstrated that the

NK mediated inlbition of mixed lymphocytes to HPIV3 infected AP@&s IL-2 dependent,

and via a norapoptotic mechanism. It was also demotstrahat this regulation was NK-T

cell contact dependent mechanism (Noehal2008).

Six praeins comprise HPIV3 virus, andHN and F representing the two surface
glycoproteins. During infection, HN functions imitiating binding to sialic acidcontaining
receptor molecules on the cell surface, and then the F protein mediates fusion with the plasma
membrane of the cell (Moscona @&). Unpublished work from our group demonstrated that

empty virosomes expressing HPIV3 HN and F glycoproteins induced the same failure of T
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cel prolferaton as observed with total virus. Notably, many unsuccessful vaccines

developed to date, made ustltdse surface glycoproteins.

This chapter aimed to culture a bank of HPIV3 virus for use in this study. Given successful

isolation of this virus from infected vero cells, we aimed to use this cultured virus i|xthe
vivo model of respiratory virus infaoh which was previously developed in the viral

immunology group (Noonet al 2007) to determine reproducibiity of resufhen, lased on

the important finding that virosomes expressing HPIV3 HN and F induced inhibited mixed

lymphocyte proliferation, weaimed to identify the role played by these surface glycoproteins.

These virosomes were no longer in productiamd therefore experiments could not be

repeated To investigate the role of these surface glycoproteins using a different method,

neutralizing atibodies to HN and F,provided by Prof Claes Orvelwere used The

neutralzing capacity of these antibodies as well as a range of other functional tests have been

previously assessed and publshed by his coleagues (Rydbeck 1986). The effect of these

neuralizing antbodies on the abiity of HPIV3 infected CD14+ cels to inhibit mixed
lymphocyte proliferation, uprefjie CD56 expression and diminigh-2 levels was assessed.

Further investigation into the role of these HPIV3 surface glycoproteins incthatian of

NK cel mediated regulation of T cels might explain the current issues and lack of immune

memory associated with the development of a vaccine against HPIV3.

2.1.AThe specific aims of this chapter were as follows

-To culture a bank of HPIV3

-To confirm infectivity odf/mthis virus and
-To determine reproducibility of Nooret al(2008) data

-To investigate the effect of ahiN or antitF monoclonal antibbodies on the abiity of HPIV3
infected CD14+ cels to:

-inhibit proliferation of alogeneic mixed lymphocytes
-expand CD56+ cell populations

-induce NK mediated inhibition of T cell proliferation
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-reduce I:2 levels during infection

-induce T cell cycle arrest during infection

2.2 Materials and Methods

Table 2.2.1 Lists the reagents used in this study

Product Catalogue # | Company

Vero cels CCL-81 ATCC, Middlesex UK

Adherent Flask T25 83.1811 Sarstedt, Wexford, Ireland

Adherent Flask T75 83.1812 Sarstedt, Wexford, Ireland

Adherent Flask T175 83.1810 Sarstedt, Wegird, Ireland

DMEM 324306100 Life  technologies, Dun Laoghair
Dublin

50ml non skirtedsterile tube 62.547.004 | Sarstedt, Wexford, Ireland

50ml skirtedsterie tube 62.559.001 | Sarstedt, Wexiord, Ireland

Gentamycin G1379 SigmaAldrich, Dublin 24, Ireland

Foetal calf serum (FCS) S18306500 Bio-sera, France

Ethelenediaminetetraacetic a{ AC09656 Scharlau Chemie S.A, Barcelona, Sp

(EDTA)

HPIV3 Vr-93 ATCC, Middlesex, UK

Surcrose (@H22011) 3029977 BDH, Poole, England

Sodium Chloride (NaCl) 1.06400.900 | Merck, Darmstadt, Germany

Sodium Dihydrogen phosphg 102454R BDH, Poole, England

(Na|'|2PO4)

Potassium Chloride (KCI) P00200 Scharlau Chemie S.A. Barcelona, Sp

Potassium dihydrogen phosphi 1.04871.1000 Merck, Damstadt, Germany

(KH2POy)

Sterile 96-well plate (flat bottom) 142475 Nunc, Roskide, Denmark

Crystal violet 1.15940 Merck, Darmstadt, Germany

Hanks balanced salt soluton (HBSS 2402091 GIBCO BRL, Paisley, Scotland

HEPES buffer 15630056 GIBCO BRL, Paisley, Scotland

Lymphoprep 1114547 Nycomed Ltd., Birmingham, England

RPMI 1640 medium 31870025 GIBCO BRL, Paisley, Scotland

Pen/Strep 15070063 GIBCO BRL, Paisley, Scotland

40um cell strainer 352340 BD Biosceiences Europe, Belgium

Acridine orange A6014 SigmaAldrich, Dublin 24, Irelad

Ethidium bromide E8751 SigmaAldrich, Dublin 24, Ireland

Human microbeads, CD3 130-050-101 | Mitenyi biotech, Gladbach, Germany

Human microbeads, CD56 130-:050-401 | Mitenyi biotech, Gladbach, Germany

Human microbeads, CD14 130-050-201 | Mitenyi biotech, Gladbach, Germany

Bovine Serum Albumin (BSA) A4503-50g | SigmaAldrich, Dublin 24, Ireland

MACs separation LS columns 130-042-401 | Mitenyi Biotec, Gladbach, Germany

24-well TC plates (adherent cells ) | 83.18366 Sarstedt, Wexford, Ireland
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24-well TC plates (suspension cells) | 83.1836.500 | Sarstedt, Wexford, Ireland

Anti-Human CD14PE 12-014942 | Bioguote, York, UK

Anti-Human CD3APC 17-003873 | eBioscience, Hatfield, UK

Anti-Human CD56FITC 11-056942 | eBioscience, Hatfield, UK

Ethanol (CHCH,OH) E-7023 SigmaAldrich, Dublin 24, Ireland
500ml

Table 2.2.2 Lists equipment used in this study.

Equipment Model Company

Centriluge Eppendorf 5804 Eppendorf, Hamburg
Germany

Ultracentrifuge L8-70M Beckman UK

Flow Cytometer FACs Calibur Becton Dickinson, Oxford,

Haemocytometer Improved, 2grids Neaubaurer

Irradiator Gammacell 1000 Elite Nordion, Ottowa, Canada

Midi MACs separation unit Mittenyi Biotec, Gladbach
Germany

Fluorescent microscope Eclipse E200 Nikon, USA

Inverted microscope Eclipse TS100 Nikon, USA

Plate reader MCC/340 Titertek Multiscan

Micro centrifuge Heraeus Fresco 17 Thermo scientific

Stericycle CQ incubator Hepa class 100 Bio-sciences, Dun Laoghair
Ireland

Mastercycler gradient 5331 Eppendorf, Hamburd
Germany

Wide mini  subcel GT| 1704468 Biorad, Hercules, USA

electrophoresis system

Cel culture was carried out in accordance with the Safety and Health Policy of Dublin City
University and where appropriate, with the notification of the Health and Safety Authority

and Environmatal Protection Agency.

2.2.1Viral stocks

Viral stock of HPIV3 was provide by ATC@Middlesex, UK)with a stock concentration
tissue citure infectious dose/ml (TCHg/mI),(the TCIDp of a virus is the diution of virus

that can be expected to infect 509 cultured cels and is used to measure virus
concentration), of 7 . Stocks of HPIV3 were also prepared internally as described in this
section. Addtionally, infuenza A virus [Haemagglutinn 1, Neuraminidase 1 (H1N1)] was
used as a reference virus fexperiments described in this chaptéhis was kindly provided

by Robert Newman (NIBSC, Hertfordshire, UK)
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2.2.2.1Infection of Vero cells for HPIV3 propogation

Vero cels (African green monkey kidney cell line) were kindly provided by Marius
Loetshcer (Brna Biotech AG, Switzerland). To propagatero cells from frozen cultures,

cels were thawed quick at 3 and suspended in 10ml of D
Eagle medium (DMEM) with 10% FCXels were peleted at 10,006y 5 minutes at room
temperature, and resuspended i1@Gml DMEM with 10% FCS. Cels were cultured in a

vented adherent T25 flask at °87 with 5% CQ. Cels were split or cultured into a larger

culture flask (T75 or T175) when a >90% confuent monolayer was reached.

For subcultue, the culture medium was removed from the adherent cel layer, and replaced
with 10-15mis of 1% trypsirEthylenediaminetetraacetic acid (EDTA) in phosphate buffered
saline (PBS) and left to incubate at’°@7for 3-5 minutes. Trypsin is a proteolytic enzyrheat
cleaves protein bridges which attach adherent cells to ttfaceuof tissue culture flasks

(http /Mmww. sigmaaldrib. convlife- science/metabolomics/enzyregplorer/analytical

enzymes/trypsin/cetissociation.htjl  Thus, trypsin enables adherent cels to be colected
by dislodging them from the surface of adherent flasks. After incubation with trypsin, the
cels werevisualzed using an inverted microscope to confrm cell detachment from the flask
surface. Once detachment was confrmed;1%6l culure medium was added to flasks to
neutralize the toxic effects ofdhtrypsin. Cells were spun at 1000fdg 7 minutes, amh the
resulting pelet was resuspended and transferred to eitiét5aor T175 (Ammerman et al
2008.

Prior to Vero cel infection with HPIS, cels were left to grow until they were80%
confluent in a T175 flask. A volume @&5mlHPIV3 with a TCIGo/ml of 7, was diuted in
sufficient serum free media. The culture medium was removed from the cels and they were
washed 3 times with PBS. The HPRP8ntaining serum free medium was then added to the
Vero cels (T175) and left to incubate for 4 days &C3With 5% CQ.

2.2.2.2Harvesting and purifying HPIV3

Upon harvest, after 4 days oflPIV3 infection, Vero cells were subjected to 3x freeze thaw
cycles to break up the cels80°C). The resulting cell suspension, containing the virus and
cell debris inculture medium, was transferred to 50ml tubes, and centrifuged®@tfdr 45
minutes at 250Qgto sediment the cell debris. The resulting supernatant was collected and

carefuly overlayed on ~5ml of a 30%ucrose solution made in 1x Phosphate buffer saline
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(PBS, in ultracentrifuge tubes (sucrose made up 1/5 of the total volume added to the
utracentrifuge tubes). This sucrose solution functioned as a density gradient. The tubes were
then ultracentrifuged (using a fixed angle rotor) &€ Jor 15 hours at 50,000 The resulting

delcate ultracentrifuge pellets, in additon &ome of the overlay cushion sucrose solution
were transferred to 50ml tubes using transfer pipettes. Some PBS was added to the tubes to
diute the sucrose and the peleted fragments weran sfmwn at 4C at 1500g The
supernatant was carefully removed and the pelet was washed with PBS and centrifuged at
4°C for 10 minutes at 2500gThe final pellet or purified virus was then resuspended in
~160i PBS (1/1000 of the volume subjected to ulrsidfugation), aliquoted and stored -at

80°C.

2.2 2.3 Calculating the concentrations of HPIV3

To calculate the concentrations ofitured HPIV3, a tiraton assay was carried out to
determine the TCIEYml of the virus. The TCIEYml refers to the amourdf virus that wil
produce a pathological change in 50% of the cell culture it is inoculated in. Vero cells in
culture medium were plated at a concentraton of 4xtéls/wel (100plwel), in a fat
bottomed 96 well plate and left to incubate aP@7or 24 hours. Following this incubatipn

the Vero cels were confuent and ready for infection. For infection with HPIV3, virus was
diuted in serunfree medium, starting with a 1/1000 diution of the cultured virus, and
diluting 1/10 down theplate (100u vius/well of \ero cells). The titraton scheme for the
virus on the 96 well plate is shown table 2.1. Thisplate was left to incubate for-& days

and then thetitre was read. For thiscel culture medium was removedrom wells and
replaced with 50 /wk of 1% crystal violet staining solution. After 1Binutes, the staining
soluton was removed and the cels were-dred. Cels were then examined by light
microscope for the presence of syncytia, which areinocktated cells. \&ls were marked

as potsive or negativefor the presence of syncytia. rigytia form when viral fusion proteins,
which are used by the virus to enter cells, cause cells to fuse together, forming one cell with

many nucleiwhich is visible upon staining
The TCID;o/ml of the viruswas calculated by the folowing equation:

Log TCIDso/ml =(number of postive wels, between 0 and 40) X D.bg(lowest
diution, usually 1¢%) = 0.5
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96 well plate:

No virus 10° 10° 10° 10° 10°
No virus 10 10 10 10° 10
No virus 10° 107 10° 10° 10°
No virus 10° 10° 10° 10° 10°
No virus 107 107 10 10’ 107
No virus 10° 10° 10° 10° 10°
No virus 10° 10° 10° 107 10°
No virus 10 10 10" 10 10

Table 2.2 illustrates the plate plan for titration of the virus

2.2.3Separation of peripheral blood mononuclear cells

Buffy coats fromhealthy donors were obtained rinothe Irish blood transfusion service (St
Jamesods hospital, Dublin). The m)evas miee r a l
with 5ml of a 5%solution of the antcoagulant EDTA and diuted 1:3 with Hank balanced
salt soluton (HBSS) containing 1% foetal calf serum (FCS; endotoxin free, heat inactivated
for 30 minutes at 5&) and 10mM Hepes buffer. This diluted blood was layered onto 14ml
of Lymphoprep™ solution (AxisShiet, Norway) in a 50ml steriin tube and centrifuged at
400g for 25 minutes with the accelerator and break switched off in order to ptheent
mixing of separated layersThe Lymphoprep* solution with a density of 1.077g/mkquides

a gradient that enables the blood components to be separated according to their density. Thus,
during centrifugation, the highedlensity erythrocytes and PMNs granulocytes sediment on

the bottom of he tube, while the lower density mononucleallscform a distinct cloud layer

at the interface of the sample Figure 2This mononuclear interphase layer of cels or buffy
coat layerwas then removed using a pasteur pipette and the cells were washed twice with
10ml of complete Roswel Park Memoriststitute (CRPMB1640 medium (supplemented
with 10% FCS, 1% HEPEs, and 1% Penicilin/streptomycin solution afglutamine). To
remove clumps from these PBMCs, tbels were fitered through 40uriters and washed

through with cRPMI and the cell yield as calculated as describedsiection 2.2.4
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Figure 2.2.1: Separation of PBMCs by density centrifugationPeripheral blood was layered onto
Lymphoprep" in a 50 ml steriletube. Following centrifugation the blood componentsavseparated

into layers according to their density; with the erythrocytes and PMNs sedimenting to the bottom of
the tube and PBMCs gathering at the interface between the HBSS and Lymphépregolation.

Figure taken fromhttp://pluriselect.com/buffgoat. html

2.2.4Determination of cell viability and yield.
2.2.41 Background

Acridine Orange (AO) intercalates and stains double stranded DNA and fluoresces orange
under halogen or ultraviolet (UV)ight. However, it can only stain cels with permeable
membranes, such as those in the final stages of apoptosis, and so, is useful for the detection of
dead cells. Ethidium Bromide (EB) is a cell permeable dye that can bind to double stranded
DNA of live cels, emitng a green fluorescence under halogen or UV light. Thus, live cels
appear green using this. These dyes are useful for the detection of viable cels from a cell
suspension as they wil appear green, whie-vable cels wil appear orange (Get al

1979).
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2.2.42 Method

An EB/AO soluton was made by adding EB stock solution (0.8ml of 4mg/ml solution) to
AO stock solution (2ml of 1mg/ml solution) and then made up to 200ml with 0.85%
weight/volume (w/v) sodium chloride (NaCl). Using this $oly viable cells should appear
green under light microscope, whie dead cells wil appear orange. The improved Neubauer
Haemocytometer slide was used to determine the number of cels in a defined volume. This
microscopic slde contains a grid etched oigosurface and the volume of a solution in an
area of the grid can be calculated from the area of the grid and the height between the grid
and cover slp (0.1mm) (Figure 2.2.2). Cells to be counted were diuted in EB/AO (1/50 for
PBMCs, 1/10 for speciiammune subsets) and pipetted on to the slide beneath the cover slip,
ensuring that the solution covered the entire surface of the counting chamber or grid. The
number of ive (green) and dead (orange) cels was determined by counting the number of

cells n the four corners of the grid and cell yield was calculated as follows:
(Average cell number from grid comers)x(Dilution factor)x10*=cell number/mi

*The number 16 is the volume correction factor for the slide: each square is 1x1mm and the

depth $ 0.1mm.

Figure 2.2.2. Diagram of the grid of the Improved Neubauer Hae mocytometer.

Grid etched onto surface of hemocytometer slide, from the volume of a solution in an area of the grid
can be counted, and cels present determined by staifintage was reproduced from:

http://www.emsdiasum.com/microscopy/products/magnifier/counting.aspx)
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2.2.5 Separation and purification of cell subsets from PBMCs using
microbead separation

2.2.51 Background

Magnetic microbead separation of cels is an eficeiay of separating specific immune
subsets of interest. These magnetic biodegradable microbeads are composed of iron oxide
polysaccharide and are conjugated to antibbodies specific to surface markers on the target cell.
These conjugated antibodies are laed with cells and can bind to particular cell surface
proteins, which is useful for isolation of particular cell subsets. After incubation, this cell
suspension is passed through a column, which is held by a magnet (MidIMAC) and this
enables the cells ithh beads bound to appropriate antibody to be retained in the column as a
result of magnetic forces. Unlabelled cells therefore flow through the column and can be
colected as the depleted or unlabeled fraction. To remove the labeled cels from the
columm, the column is removed from the magnet and the cels are plunged out and collected
as the enriched or labelled fraction (Mitenyi Biotech, Germany).

2.2.52 Method

In this chapter, CD4+ cells, Mixed lymphocytesSCD14 depleted MLs, CD3+ cells, CD56+

cels and CD56+ cell depleted MLs were used. So, CDX2B3+ and CD56+ anthuman
microbeads were requiretbr positive selection. €lls expressing the relevant markers for
isolation attached to the magnetic column, whie other cels flow through, andvelgsiti
selected cels were then eluted. Flow through contains PBMCs depleted of labelled cel type.
Thi s wa s perfor med in accordance t o t he ma
Germany). Briefy, PBMCs were centrifuged at 300g for 10 minutes rasdspended in
degassed MACs buffer (80 of buffer/1X1@ells), consisting of sterie PBS, supplemented
with 0.5% BSA and 2mM EDTA, and incubated witQpl microbeads for 40 minutes atGl
Following incubation, cells were washed with MACs buffer. Thdetpgvas resuspended in
buffer again (approximately 6mi1x40cels). To positvely select cel, LS columns were
used and placed in the magnet. The column was firsty washed with 3ml MACs buffer and
then resuspended cels were added to the column. Thewceolas then rinsed 3 times with

3ml of the MACs buffer. The first fraction and 9ml run through was the selected cell depleted
fraction (CD14 mixed lymphocytes or CD56 mixed lymphocytes) After all the MACs

buffer had run through the columthe column wa removed from magnetic force, atik
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positively labelled cels were flushed out of the column with a plu(G&r14+, CD56+ or

CD3+ cells) NK subset isolation wil be described in chapter 3.
2.2.53 Determining cell purity

To determine the purity of th€D14+ monocytes, the cells were stained with PE conjugated
anttCD14, and analysed by flow cytometry (Described in further detail in 2.2.10). Routinely,
purity was >95% for CD14+ monocytes (Appendix 1.1). Simiarly, APD3 determined a
routne CD3+ T célpurity of >95% (Appendix 1.2) and FIFCD56 determined a routine
CD56+ NK cell purity of >95% (Appendix 1.3).

2.2.6Viral infection of monocytes and mixed lymphocytes

From freshly cultured PBMCs, CD14+ monocytes were purified (as described in section
2.25) and cultured in RPMI at a concentrations of £xt8ls/ml. Cels were infected with
HPIV3 at a TCIRBy/ml of 6 or influenza virus at a TCHgml of 7, for 2 hours at 3T, then
subsequently washed (centrifuged at 2,300g for 5 minutes) following thévatien to
remove excess virus (Plotnickyiquin et al 2001). The cels were then cultured in fresh
cRPMI on a 24 well plate or cocultured for the indicated timepoints. The same protocol
applies for direct ML infections.

2.2.7 Confirmation of HPIV3 infect ion

2.2.7.1 Background

The HPIV3 nucleocapsid protein (NP) is a stably expressed viral protein, which is essential
for replcation of the virus. This protein is expressed intracelularly upon infection, and
makes a good marker for confrmitdPIV3 infectvty (Henrickson 2003Nooneet al 2008.

To confrm HPIV3 infectivity of CD14+ cels, RNA was isolated from viraly infected
CD14+ pelets, reverse transcribed (rt) into DNA and subjected to PCR to detect the
expression of viral NP. The primers used irs thssay, as described below, target a 526bp

region of the NP, which was detectable by gel electrophoresis, after PCR amplification.
2.2.7.2 RNA isolation

Ribonucleic acid (RNA) was isolated from HPIV3 infected CD14+ cel samples using

TRIzo™ (Invitrogen, Ireland) reagent which is a reagent that is comprised of a mixture of

41



guanidine thiocyanate and phenol in a mbase soluton. Cels were either frozen in

™ reagent upon harvest or thawed in TfiYblreagent. Cells were lysed by pipetting

Trizo
and gere vortexing, and then left at room temperature for 15 minutes to allow NP
complexes to dissociate and then vortexed in 100 chloroform, and centrifuged at 12,000g at
4°C for 15 minutes. The resuting mixture separated into 3 phases: 1) an upper afaseus p
containing RNA, 2) an interphase containing RNA, and 3) an organic phase containing
proteins. The upper colourless phase was removed, to which 250 glycogen was added to
visualize the pelet for optimum vield, and cells were incubated overnigt203€. The RNA

was isolated by spinning at 12,000g dC4for 10 minutes. The resulting pellet was washed
with 75% ice cold ethanol. After centrifugation, ethanol was removed from this pellet,
leaving ~104 to air dry for a maximum time of 15 minutes. Thedep was resuspended in

204 of water, and left at room temperature for 5 minutes, before storig&fat.
2.2.7.3 Quantification of RNA

Nucleic acids can absorb UV light at 260nm. The more light absorbed by the sample, the
higher the nucleic acid condeation in the sample. Using the Beer Lambert Law, one can
relate the amount of light absorbed to the absorbing molecule. The nanodrop machine uses
this basis of spectrophotometry to calculate RNA concentration. A volume of 1.2 of RNA

sample was loadedndhe nanodrop for absorbance reading.
2.2.74 DNAsel treatment of RNA

Samples of RNA were treated with DNase 1 (MyBio, Ireland) which degrades any DNA
contamination in a sample of RNA. Bench top, gloves, pipettes and racks to be used were
sprayed with RNseZap (Sigma) to elminate natural RNA degrading enzymes. Al steps for
DNasel treatment, reverse transcripton and PCR were performed on ice to prevent RNA
degradation. Stock RNA was made to 2pg in 84, to which 1 of 10x reaction buffer and 1
DNase lwere added. This reaction was incubated &C3fr 15 minutes. A volume of 1p

stop soluton was added and the reaction was incubated °@t f60@ 10 minutes to heat

inactivate DNase 1 and put on ice in preparation for reverse transcription.

42



2.2.75 Revese transcription of RNA

2.2.75.1 Background

Reverse transcription is a process in which single stranded RNA is converted or reverse
transcribed into complementary DNA (cDNA), using a reverse transcriptase (RT) enzyme.
This cDNA product is relatively stéb and can be used as a template for PCR. Messenger

RNA from samples was reverse transcribed using the protocol described below:
2.2.7.5.2Method

Mastermix was made depending on number of samples:

1) Mastermix 1:

Reagent Single reaction (p)
Oligo dt 0.5
dNTP 1

A volume of 1.5 of Mastermix was added to each 11y RNA mix. The reaction was heated

to 70°C for 5 minutes in the thermocycler and rapidly chiled on ice.

2) Mastermix 2:

Reagent Single reaction (pl)
First strand buffer 4

0.IM DTT 2

RNase Inhibito 0.5

A volume of 6.254 of Mastermix was added to each sample tube. The reaction was heated to
42°C for 2 minutes.
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3) Mastermix3:

Reagent Single reaction (pl)

Superscript 1l 0.25

DNase/RNase free watd 1

A volume of 1.25 of mastermix was addedeach sample tube. The reaction was heated to
42°C for 50 minutes. The reaction was then heated &€ 70r 15 minutes to inactivate the

reaction. The resuliing cDNA was used as a template for amplification by PCR.

2.2.7.6 Polymerase Chain Reaction (PCR)
2.2.7.6.1Background

As previously mentioned, PCR is a method for synthesizing and amplfying speciic DNA
sequences. Firstly, the DNA is denatured by heatingQf5which unfolds or separates the
doublestranded molecule into single strands of DNA. Atdwhi stretch of nucleotides on
each side of the target gene is used to design complementary single stranded oligonucleotides
(~20bp), which serve as primers (forward and reverse) for PCR reaction. These specific
primers hybridize or anneal (temperature pedfic to each primer pair) to opposite strands

of DNA and flank the target DNA sequence to be amplified. Elongation of primers is
catalyzed by a DNA polymerase enzyme such as taq polymerag).(7this enzyme is a
thermostable polymerase and is able withstand the high temperatures needed in PCR.
These three different steps involving denaturation, primer annealng and elongation are
referred to as a cycle and numberous cycles-@@0are required to detect the PCR product
(Reece, 2004)

The HPIV3 NP wa targeted for amplificationacthor re .
housekeeping gene was also targeted. Housekeeping genes are genes which are required for
basic cellular function, expressed relatively consistently in al genes in the organemny ser

as a positive control (Ruan and Lai 2007).
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The primers used in this study to identify particular genes were designed from the complete
coding sequence for each gene, found on the entrez nucleotdes database
(http //mwwwi/ncbi.nim.nih.gov/entrez/query.fcgi?db=Nucledridevith the aid of the primer

design software from cybergenehtt//www.cybergene.se/primertoos/idemiit and were

ordered from MWGBiotech AG (Germany). Primer pairs were as follows:
HPIV3 NP:

5 GTGGAAGTGACCTGGATTAT -3 6 (forward)

56 GGATACAGATAAABRGGAGEGVverse)

Annealing temperature=8@, Product size=548bp

H u ma nactir

5 GACAATGAGCTGCGTGTG -3 6 ward)o r

5 dGTGGCGTACAGGTCTT -36 (reverse)

Annealing temperature=86, Product size=619bp

2.2.7.6.2Method

A 25U volume reaction was set up for each sample using 2ul of cpMf as a template.

PCR was carried out using primers specific to HPIV3 NP, asasethe housekeeping gene
b-actin. Also, to check for genomic contamination, PCR amplficaton was performed on
100ng/ ml of RNA f r o mactihepaincers. Tiseamaptdrraix o gactiog b

solution for PCR was set up as folows, and volume dependednarer of samples:

Reagent Single Reaction (ul)
Sterile water 16.5

Reaction buffer (10x) 2.5

MgChL (50mM) 0.75

dNTP (10mM) 0.5

FP (10pmol) 1.25

RP (10pmol) 1.25

Taq 0.25

Table 2.3: Single reaction PCR mastermix
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The following temperatures were set the thermo cycler for PCR, with changes only to the

annealing temperatures depending on primers being used:

1) 95°C -5 minutes

2) 95°C-45 seconds
Annealing temperaturel minute  a repeat 2) x 35 times
72°C -1 minute

3) 72°C -10 minutes
4°C 1 hold.

2.2.7.7Agarose Gel Electorphoresis

Agarose gels are used to separate DNA fragments according to size,, dinel gesence of
target PCR product can be determined using Gel electrophofediss% agarose gel was
made in 1XTAE buffer (40mM Trisacetate, 2mM N#&DTA), with agarose dissolved by
microwave. For reference, 3l ladder was added to generaly the first lane of thaiga. a
sample of defined proteins at known sizes for reference with PCR produgtdume of 6
of PCR sample was mixed with 154 orangeding dye, with 154 of this sample loaded

into gel. Ths gel was ran in a gel box folkour at 90 volts and read on a gel reader.

2.2.8Coculture assay

2.2.81 Background

Mixed lymphocyte reaction (MLR) is a common assay used to investigate T celhsespo

In this reaction T cels (CD3+) or T cels in mixed lymphocytes from one individual are
cultured with antigen presenting cels (APCs: CD14+) from a second individual. When these
cels are mixed together, or cocultured, T cels wil divide or pratiern response to the
foreign or nomseff MHC molecules. This assay is useful for determining the functional
capacity of an APC through its abiity to stimulate T cels. Studies have revealed that
approximately 110% of all T cells wil respond to stimtilan in this way (Janeway 2005).

2.2.82 Method

After a period of 2624 hours folowing CD14+ cell infection, as described in section 2.2.6,
cels were washed and centriuged at 2,000g for 5 minutes. These cells were resuspended in

cRPMI and seeded in 24el cel culture adherent plates. Cocultures of CD14+ monocytes
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and purified allogeneic CD3+ cels or MLRs, were performed at 1:10 ratios for all
experiments. As a negative control, unstimulated mixed lymphoyctes were also cultured. As a
positive control, CD3+ cels or MLs were stimulated with 50ng/ml of a polyclonal activation
reagent, phorbol IPyristate l1l3acetate (PMA) and fyml antthuman CD3 mAb. This
PMA directly activates protein kinase C, which in turn can actvate various signaling
pathways, lading to T cell activation. ARICD3 mAb, which binds and activates the T cell
CD3 receptor, was bound to the plate, in disodium hydrogen phosphate (0.2HPOia
H,HPO4 was made to 0.1M with sterile distiled water and pH to 9 with 0.1M sodium
dihydrogen posphate) binding buffer for 24 hours at°B7 prior to stimulation. After
incubation, the antbody soluton was removed and wells were washed twice with sterile
PBS, before the addition of cells. Additionally, allogeneic and influenza cocultures were set
up for comparison. Cocultures were incubated for 5 days in total°&t. 3% samples were

performed in tripicate on an adherent 24 well or 96 well cel culiure plate.

2.2.9MTS assay

2.2.9.1Background

The CellTitre 96® Aqueous NeRadioactive cell prdératon assay (Promega) is a
colorimetric method for determining the number of viable cels in prolferation. The assay is
composed of solutions of a novel tetrazolum compound4 & dimethyithiazol2-yl)-5-(3-
carboxymethoxyphenyl-(4-Sulfophenyh 2H-tetrazolium, inner salt; MTS) and an electron
coupling reagent (phazine methosulfate;PMS). Cells bioreduce MTS into a formazan product
that is soluble in tissue culture medium. The absorbance of the formazan at 490nm can be
measured directly from 9%vell assay plates without additional processing. The conversion of
MTS into aqueous, soluble formazan is accomplshed by dehydrogenase enzymes found in
metabolically active cels. The quantity of formazan product as measured by the level of
absorbance at 490nma directly proportional to the number of prolferating cells in culture
(http/Mmwww. promega.com/~/media/fles/resources/protocols/technical%20bulletins/O/celttiter
%2096%20aqueous%20ron

radioactive%20 cell%20proliferation%20systems%20protocol.pdf?)a=en
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2.2.9.2 Method

A volume of 20p of MTS solution was culturedtivilx1® cells in 100p cutture medium on

a 96 well cel culture plate. Company protocol dictated that cells should be incubated with
MTS solution for 14 hours, but as lymphoyctes may produce less formazan than other cell
types, incubation was left for @éhfull 4 hour incubation period. A volume of 100u cell
culture medium was also cultured with MTS solution and absorbance read from this was
substracted from the absorbance of samples, to eliminate the background created by media.

The absorbance was read4@0nm, using and ELISA plate reader (Promega).

2.2.10 Flow cytometry

2.2.10.1 Background

Flow cytometry is a process used to characterise the properties of individual cells as they pass
by laser beams of light. It can provide information about the @&l granularity and the
expression of protein markers. To analyse protein expression, cells are incubated with
particular monoclonal antibbodies which bind to the protein of interest. These antibodies are
conjugated to fluorochromes that emi light at ciasi wavelengths after exctation in the

laser beam, enabling the proteins to be detected.

After cells have been labeled with flurochrome conjugated antibodies, the cell suspension is
forced, along with sheath fiuid through a nozzle, which enables tre toebe individualy
spaced in this stream of liquid. As each cell passedasle® beam, which is usualy angon

light with an excitaton wavelength of 488nm, the cels scatter the laser light and the
fluorochrome conjugated antibodies fluoresce aerefit wavelengths. The scattered light is
detected by photomultiplier tubes, which can measure both the size of a cel, detected as
forward scatter (FSC)and cell granularitywhich is detected as side scatter (SSC). This
enables one to distinguish betwedifferent cell subsets based on their size and granulariy,
such as macrophage, which are large and granular cels compared to lymphocytes, which are

a much smaller and less granular cell population than macrophages.

The fluorescence emited from theoflachrome conjugated antibodies is also detected by
photomultplier tubes. There are four main fluorochromes used in flow cytometmgstein
isothiocyanate (FITGyvhich emits light at 530nm and is detected by the fluorescent detector
FL1, phycoerythrin (PE}which emits light at 578nm and is detected by FL2, and

48



Allophycocyanin (APC)which emits light at 660nm and is detected by FL#ihe information
from the fiow cytometer (FACs [fluorescence activated cell sorter] caliber, Becton

Dickinson) is then fedota computer, where fles can be retrieved for analysis by Cyflogic.

(http//probes.invitrogen.com/resources/education/tutorials/4Intro Flow/player.html
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Figure 2.2.3 Simplified schematic displaying the principles of flow cytometrySample is carried
through flow cytometer through sheath fluid, the fluorescent lense and detectors as well as side and
forward scattered data earcarried to computer system for analysis. (Image was reproduced from:

(http://lwww.laserfocusworld.com/articles/print/volusdé/issue8/features/optoelectronic

applicationsdrug-discovery/se miconductdasersshednew-light-on-flow-cytometry.ht m

2.2.10.2 Method

Cels were centrifuged at 2,000g for 10 minutes and pesded in fow cytometry buffer
(FACs buffer: 1x PBS, containing 1% BSA and 0.02% sodium azide) at a concentration of
50/1x1F of cels. This is an isotonic buffer and the sodium azide helps to prevent the
endocytosis of monoclonal antibodies (mAb) ahd BSA prevents nespecific binding of
antbodies. Cels were washed again in FACs buffer. A volume of 54 of fluorochrome
labelled mAbs that are specific for a particular surface marker, were added to FACs tubes,

along with the resuspended cels and liatad in the dark for 30 minutes atC4 Multiple
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fluorochrome conjugated antibodies can be applied to the same FACs tube reaction; provided
that they contain different fluorochromes and the flow cytometer has the capacity to detect
them. This means thatultiple markers on the same cell or even-ggke can be detected.

After incubation, the cels were washed with FACs buffer and then read on the flow
cytometer FACs calibur (Becton Dickinson, Oxford) and data was analysed using Cellquest
software and Cydigic. Fluorocrhome labelled isotype or control mAbs specificaly matched
to each of the fluorochrome labelled mAbs, were used as controls fspeaeific staining of

cels. As these should be in the negative fluorochrome quadrant upon acquisition,oglates ¢

be made based on isotype controls for each sample. The antibbodiesPERG®I CD3APC

were used in this study as well as their relevant isotype controls (eBioscience).
2.2.11 Cell cycle and Apoptosis assay

Analysis of a p O p utaa tbé @chiéved by @heling ofanudeiowith st at
Propridium lodide (PIl) and analysis of fluorescent proportions. Cells in GO/G1 phase of cell
cycle wil have one copy of DNA, and emit 1x fluorescence, whie cels in G2 phase wil

have 2x. Those cels in S phasell have intermediate fluorescence (Figure 2.2.4)

(http://www. ucl.ac.uk/wibr/services/docs/cellcyc.pdf
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Figure 2.2.4: Determination of cell cycle by PI stainingCell expression of Pk acquired at
different levels on histogram analysis, with the furthest high expression peak representing cells in the
G2 phase, the dipped intermediate peak represent those in the S phase, while low expression of Pl
indicates cells in the GO/Gl1 phase oftel cycle. (Image reproduced from:
http://www.meduniwien.ac.at/user/johannes.schmid/PIstainingB.htm

During apoptosis, the cell membrane phospholipid phospatidyiserine i$P®anslocated
from the inner to the outer leaf of the plasma membrane, thereby exposing PS to the external
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environment. Annexin V is an antibbody to this externalised PS, and so, when conjugated to a
detectable fluorescent agent, can act as a probe eks undergoing apoptosis. As PS
externalisation is an early event, compared to nuclear changes, cels in early apoptosis can be
detected using this assay. AnneXinstaining is usualy used in conjunction with a vital dye

such as PI to differentiate betve cells in early or late apoptosis. Cells that are both PI and
AnnexinV positve are in late apoptosis, and can be quantified ab, Swpper right
guadrant). Cels are stained using Annexin V buffer and staining protocol as previously

described
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Figure 2.2.5 Apoptotic cells as shown by annexi¥ pi staining. Cells positive for both Pl and
Annexin (UR) are those in late necrosis. Those expressing neither (LL) indicate viable cells and those
positive for just annemi (LR) are in early apoptosis. (Image has been reproduced from:

http://www. phnxflow.com/annexin.html)

2.2.12 Blocking of viral proteins using the monoclonal antibodies antiN
and anti-F

Monoclonal antibodies against HPIV3 HN and F protd€estitHN and ah-F), as welas
anticanine distemper virus (viral control), were kindly provided by Claes Orvell (Karolinske
University Hospital, Clinical Microbiology, Stockholm, Sweden). After 24 hour infection
period, CD14+ cels were washed as previously descrigedtion 2.2.6). Their neutralizing
effects have been previously demonstrated (Rydbeck 1986). Cells were incubated for twenty
minutes with antibbodies at a 1:100 or 1:250 volume ratio, and then cocultured with mixed
lymphocytes or purified CD3+ cells (sexcti 2.2.8)
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2.2.13Enzyme linked immunosorbent assay (ELISA)

2.2.13.1Background

ELISAs can be used to quantify the amount of cytokine produced in solution. In a sandwich
ELISA, a fixed quantity of capture antibbody (mAb), specific for the cytokine beitectel,

is bound to a 96 well plate (the capture antibody is diuted in buffer, such as PBS and usually
incubated overnight at°€). The plate is then washed to remove excess or unbound antibbody
and a blocking buffer, usually containing BSA, is added tevgmt norspecific binding of
subsequently added reagents. Samples of unknown antigen concentration and a series of
recombinant cytokine standards of known concentration are added to the plate and incubated
overnight at 4C. The plate is washed again tonmve any unbound antigen or cytokine and a
biotinylated detection antibody for the cytokine is added and incubated (usually for 2 hours at
RT). After incubation, the plate is washed and then streptawideradistperoxidase

(HRP) is added to the plat&treptavidin binds biotin with high affinty and is conjugated to
HRP, which is an enzyme that catalyses the oxidation of its substrate tetramethylbenzidinie
(TMB) by hydrogen peroxide, forming a blue compound. Following streptadigif
incubation the pie is washed again and TMB is added, which forms a blue colour that
increases in intensity in the well, if a lot of cytokine has been bound to the wel. The reaction
is stopped by adding sulphuric acid to the plate, which turns the solution a yellow aadbur

the absorbance of Ight at a wavelength of 450nm is read by a plate reader

(www.abcam.com/technidal Thus, the rate of colour formation is proportional to the amount

of cytokine presdn

3
2
Biotin S!reolaw@- ; 3 (‘ \, ; f:Subslrale
etection nﬁg
- L L
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T R AN (O (> 4

RabMAb coated Microwells

Figure 2.2.6: Schematic illustrating the principles of a sandwich ELISA.The protein to be

detected is captured on the plate by a capture antibody, specific to this protein. If protein to be
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detected is present, the detection antibody, conjugated with Biotin is boithdaddition of
streptavidin. TM substrate cleaves this with a colormetric res(itaken from:
http://www.epitomics.com/products/product_info/1212/RBK121.html)

Once the absorbance at 450nm has been read, the known standard concentrations are plotted
against optical density (OD) or optical absorbance, producing a standard curve (fig 2.2.7).
The unknown samples with absorbance readings at 450nm can then be read from the curve to

gve known sample concentrations

Absorbance (405 nm)
[ o= SRR = SR = o —_
N s O (e4) - N

0 T T T T T 1
0.0001 0.001 0.01 0.1 1 10
Protein concentration (ug/ml)

Figure 2.2.7: Typical standard curve as used in ELISA calculation.Standards of known

concentration are detected and plotted for comparison of unknown sample. The concentration of

unknown sample can then be determined from the equation of the line derived from thdaedsta
(taken fromhttp//www.abcam.com/C tgntibodyab14004.htm)l

2.2.13.2 Method

Supernatant from samples were collected at indicated time points and cytokine production
was measured by EL/S kit s, according t o t he Ukhanuf ac:!
Samples and standards were plated either in duplcate or triplicate wels on the 96 well plate
to ensure accurate quantitatve results were obtained and statistical analyses could be

performedon the samples. 2 was detected during this study.
2.2.14Carboxyfluorescein succinimidyl ester (CFSE) incorporation

2.2.14.1 Background

Cell incorporation with CFSE is used as a method for tracking cell proliferation. The solution
passively diffuses o cells and is colourless and nonflourescent until its acetate groups are

cleaved by intracellular esterases to yield high fluorescence. The succinimidyl ester group
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reacts with intracelular amines, forming fluorescent conjugates that are wel retashecha

be fixed with aldehyde fixatives. Excess unconjugated reagent afmrobycts passively

difuse to the extracelular medium, where they can be washed away. With each successive
generation of cells, the level of fluorescence emitted per cell hades.the lower the
fluorescence, the more proliferaton a cell has undergone (sold grey, Figure 2.2.8). Cels in
this low CFSE range can be gated based on their low CFSE peak and plotted as a percentage
of total CFSE+ cellshftp//probes.invitrogen.convmedia/pis/mp34554)pdf

Number of cells counted

L,

R | R |
10° 10° 107 10° 10

CellTrace CFSE fluorescence

Figure 2.2.8: Determination of proliferated cells by CFSEThe lower the CFSE emission from a

cell, the more it has proliferated. Those celishia grey peak above have proliferated more than the
original cells or white population. The further left on the graph a population appears, the more
proliferation has occurred. Image was reproduced from:

http//probes. invitrogen.com/media/pis/mp34554.pdf

2.2.14.2Method

Cels were spun and resuspended in a solution of 0.1% BSA in PBS at a final concentration
of 1x1& cells/ml. A volume of 5mM stock CFSE solution per 1&t@lls was added toigd

a final workhg concentraton of 10uM. Celsvere incubated at 8 for 10 minutes.
Staining was then quenched by the addition of 5 times the volume -obldteculture media

to the cels. Cels were incubated for 5 minutes on ice and then peletedntriguation.

Cells were washed in fresh culture media three times. Coculture and stimulation was setup as
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required. Upon harvest, cels could be costained for other markers where appropriate. Upon

acquisition, the peak of cels emiting low levels ofSEH-was gated for analysis.
2.2.14 Statistical analysis

Al coculture experiments represemormalized results for three donors in three independent
experiments Cyflogic and Facs Calibur software were used for FACs analysis, and plots
were created using &ohPad Prism 5. Significance was calculated using Newman Keuls One
way Anova:* p<0.05; ** p<0.01; *** p<0.001.

2.2.15Normalization Rationale:

For all experimnts described in this thesis, three individeBIMC donors were used. Rather
than show repres@tive results, we normalzed data to take all donors into account. The

folowing is the rationale for this approach.

Normalization is a mode of analysis which is widely used for the presentaton of data in
clinical and preclinical lterature. This is ¢&uin particular, for the presentation of data for
multiple human donors in the viral immunology feld (McGovetnal 2013, Mwimanziet al

2013, Ballenbergeret al 2012, Kwok et al 2012,Buluaet al2 0 1 1 , Od¢t alaoon e | |
Bocell- Tyndall et al 2007, Lickiter et al 2007 Sindhuet al 2003, ety. Due to our intention

to publsh in this field and the support in relevant literature for this statistical method (too
numerous to reference), it was chosen for presentation of data from multiple donors in this

thesis.

Normalization is described as a statistical tool that enables the assay values from different
laboratories or donors to be transformed in such a way that they are directy comparable
(Karvanen 2003). This is important not only due to ddnedonor variabiity of certain cell

types and marker expression, but also due to the fact that assay signal responses wil vary
between assay runs and so, the cut point needs to be modified to take this into account
(Guichelaar, Tet al 2013, Mire-Sluis et al 2004). Graphpad Prism is not only an important

and widely accepted statistical analysis tool, it is also used for normalization of data @owk

al 2012, MoreriaTabaka 2012, Sinisimeet al 2010, Blanpain, C, 2001). Normalization

using graphpad prism cont&rY values from different data sets or donors to a common

scale. The software guide describes this as useful when one wants to compare the shape or
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position of t wo or more curves ofr donor s,
maximum and mimum values. Investigators who analyse doessponse curves commonly
normalize the data so all curves begin at 0% and plateau at 100%. Alternatively, data can be
normalzed to a specific replicate within the dataset (Graphpad Prism Guidelines), namely,
the negative control of a particular donor replicate. For further information we supply a
supplementary documentation providing a step by step guide to the normalisation process
which accompanies the software guidelines and if the reader has access tcadGrapbm
software the entire dataset maybe accessed by right clicking on each graph in this document

and selecting edi.

The three sets of experimental data usedustify normalization in this sectioare examples

of data presented for individual donotbe average of all donor data, or normalized data for
three donors. These experimental data sets wil laterdéscribed in context, and their
implications discussed in future results and discussion sections. Briefly, figure 2.3.6 shows
changes to CD56+<ell levels in response to allogeneic HPIV3 infected CD14+ cells, and the
effect of antibodies to HN and F surface glycoproteins to this. Figure 3.3.3.12 shows CD3+
cell prolferation in response to various-3, and the effect of antibodies to IL2 recepto
components on this. Finally, figure 4.3.3 shows Treg proliferation in response to varidus IL

concentrations in the presence or absence of NK cells.

For thesefigures, analysis of individual donors demonstrated significance compared to media

samples for each individual donor, similar to normalized results. However, averaging

W

triplicate data from 3 donorsd6 causes |larger

donor variabiity of baselne numbersnvhich is to be expected. (Figure 2.3.6.i, Fagur
3.3.12i, and Figure 4.3.3.i). For two of three figures, these error bars result in the loss of
significance, although the trend stil remains (Figure 2.3.6.i, Figure 3.3.12i). Rather than the
approach of averaging all donor data, which is akin toliqgpdonor samples, we normalize
results to the donor with the lowest baseline media samples, explaining the variance between
the normalzed range and the individual donors that express higher baselne values (Figure
2.3.6ii, Figure 3.3.12ii, and Figurel.3.3ii). This is suitable for experiments presented in
this thesis, as it is the relative increase of expression or prolferaton compared to media
samples that is of importance, rather than specific individual cell numbers/expression
profles. As the ®&nd is maintained for al donors, normalization creates a representative

graph that takes the relative increase/decrease of all donor values into account. This explains
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why the use of this method is found increasingly in the lterature and is the formduicim

the thesis data wil be presented for publication.

Furthermore, as a representative donor dataset is regularly another approach by which data is
represented i n t he pathbal 2089 ¢hel normalizecd vemsionuof tke ( O 6 C
data is gain more representative of each individual donor than the approach of averaging all
donor data. Moreover normalisation should enable direct comparison with the results of

identical experimentation carried out with different donors in different labomtorie

In conclusion, based on the strong support for this statistical approach in the literature and
the close reflection of the individual donor data to the normalised rather than the averaged
data in our hands we suggest that the normalization approgusses the latter as a method
of presentation of this data. Whie the figures shown here are from results sectiorisedescri
later in this thesis, we lfethey should stil be shown with this rationale section. Their

scientific implications wil be descea in later sections.
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Figure 2.3.6i: Individual donor percentage of CD56+CD3cells in the mixed lymphocyte
population in response to antibodies to HPIV3 surface glycopteins during infections.

The percentage of CD56+CB3cels in mixed lymphocytes was determined by fiow
cytometry. Donor 1 (A), Donor 2 (B) and Donor 3 (C) were analysed individualy for
significance compared to media sample by the Newman Keuls One Was.ABoor bars
represent standard error between triplicates. Numbers above bars represent average of each
triplicate ***p00.001 **p0O0.01
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Figure 2.3.6ii Average percentage of CD56+CD3cells in the mixed lymphocyte
population in response to antibodies to HPIV3 surface glycoproteins during infections.

The percentage of CD56+CB3cels in mixed lymphocytes was determined by flow
cytometry. The average of triplicate samples from three individual donors was determined (9
figures aveaged) and is presented above each column. Error bars represent standard error
between 9 individual samples (3 from each of 3 donors). Significance was analysed using the
Newman Keuls One way Anova.
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Figure 2.3.6ii Normalized percentage of CD56+CD3cells in the mixed lymphocyte

population in response to antibodies to HPIV3 surface glycoproteins during infections.

The percentage of CD56+CB3cels in mixed lymphocytes was determined by flow
cytometry. These were normalized the lowest baselne media sample in the data set to
account for donor baseline variabiity. The postmalzaton number represented by
columns is defned above each particular bar. Error bars represent standard error of
normalzed data. Data was analys for significance compared to media sample by the
Newman Keuls One Way Anova. ***p0O0.001 **pOO
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CD3+ cell proliferation
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Figure 3.3.12i: Individual donor percentage of proliferated M3+ cells in response to

various IL-2R antibodies when stimulated with various [l-:2 concentrations. The
percentage of proliferated CD3+ cels were determined by CFSE incorporation and fiow
cytometry. Donor 1 (A), Donor 2 (B) and Donor 3 (C) were analysellidually for
significance compared to media sample by the Newman Keuls One Way Anova. Error bars
represent standard error of triplicate sampl
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Figure 3.3.12ii: Average percentage of proliferated CD8 cells in response to various

IL-2R antibodies when stimulated with various 1l-2 concentrations. The percentage of
prolferated CD3+ cels were determined by CFSE incorporation and flow cytoridiey.
average of triplicate samples from three individuanats was determined (9 figures
averaged). Error bars represent standard error between 9 samples (3 from each of 3
donors).Significance was analysed using the Newman Keuls One way Anova.
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Figure 3.3.12iii Normalized perentage of proliferated CD3+ cells in response to various

IL-2R antibodies when stimulated with various 1l-2 concentrations. The percentage of
prolferated CD3+ cels were determined by CFSE incorporation and flow cytoriiétge

were normalzed to the I8t baseline media sample in the data set to account for donor
baseline variability The postnormalization number represented by columns is defined above
each particular bar for the fAno antibodyo da
error between normalzed data. Data was analysed for significance compared to media
sample by the Newman Keuls One Way Anova. * ok
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Figure 4.3.3i: Individual donor percentage of proliferated Tregs in response to various

IL-2 concentrations. The percentage of prolferated Tregs was determined by CFSE
incorporation and flow cytometry. Donor 1 (A), Donor 2 (B) and Donor 3 (C) were analysed
individually for sgnificance compared to media sample by the Newman Keuls One Way

Anova. Error bars represent standard error f
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Figure 4.3.3ii: Average donor percentage of proliferated Tregs in rg®nse to various

IL-2 concentrations. The percentage of proliferated Tregs was determined by CFSE
incorporation and flow cytometryThe average of triplicate samples from three individual
donors was determined (9 figures averaged). Significance was dnalgsg the Newman
Keuls One way Anova. Error bars represent standard error for 9 samples (3 from each of 3
donors0O ***pO0.001 *0O0.01
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Figure 4.3.3ii: Normalized donor percentage of proliferated Tregs in response to

various IL-2 concentrations. The percentage of proliferated Tregs was determined by CFSE
incorporation and flow cytometryThese were normalized to the lowest baselne media
sample in the data set to account for donor baseline variabiity. Thengroslzation

number represented by columns is defined above each particular bar Error bars represent
standard error from each of three donors. Data was analysed for significanparex to

media sample by the Newman Keuls One Way Ano
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2.3 Results

2.3.1 HPIV3 infected CD14+ cells inhibit the proliferation of allogeneic

mixed lymphocytes, but not isolated CD3+ cells

It has been suggested in lteratut@t mixed lymphocytedail to proliferate during HPIV3

infection, and with this, memory cels may fal to prolferate or clonaly expand during
infection (Plotnicky-Gilquine et al 2001). Our group has demonstrated inhibited T cell
responses during infeoh (Noone et al 2008). Having determined the TGIg#ml of the
newly cultured HPI V3 as 9.7 (Appendix 1. 4)
abilty to infected isolated CD14+ cels (Appendix 1.5) by PCR targeting NP expression, we
examined mixed ymphocyte proliferation during infection, to determine reproducibiity of

previous results with this cultured virus.

From freshly cultured PBMCs, CD14+ cels were isolated and infected with either influenza
or HPIV3. These were washed after a 2 hour intubao remove excess virus. After 24
hours, these were cultured with allogeneic mixed lymphocytes. Mixed lymphocytes were also
cultured alone, with uninfected CD14+ cells, or stimulated witti- D3 and PMA. After 5

days of incubation, the capacity of M3 infected CD14+ monocytes to stimulate allogeneic
mixed lymphocyte prolferation was examined using the MTS assay (Figure 2.3.1.a). Isolated
CD14+ cels infected with HPIV3 failed to induce allogeneic CDidxed lymphocyte cell
proliferaton compared #in uninfected allogeneic CD14+ celgpOO0 . ,0Oiflenza infected
CD14+ cels or PMA and anED3 stimulated mixedymphocytes. This was in agreement
with previous reports that HPIV3 infection fails to induce mixed lymphocyte responses
(Noone et al 2008).

This experiment was repeated, thisetising isolated allogeneic CD3+ cells rather than total
mixed lymphocytes. The inhibited proliferation did not occur when puriied CD3+ cells were
cultured with allogeneic HPIV3 infected CD14+ cels as observed in mixed lymphocyte
experiments (Figure 2Bb). Thus, culturing HPIV3 infected cels with purified CD3+ T
cels restores T cell prddfation. These results suggdisat failed T cell responses associated
with HPIV3 infection (Nooneet al 2008), is due to the presence of a regulatory group eof cell

in the mixed lymphocyte population.
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Figure 2.3.1: Proliferative re sponses of allogeneic mixed lymphocyte s and purified CD3+ cells to
infected CD14+ cells.Freshly isolated CD14+ cells were infecteidh HPIV3 or Influenza and
washed after 2 hours. These were then cocultured with freshly isolated allogeneic mixed lymphocytes
(A) or CD3+ cells (B) after 24 hours. Cells were also cultured with PMA aneGD3 as a postitive
control, and media or as r@egative control. After 5 days cells were harvested and cocultured with
MTS solution for 4 hours. Absorbance was detected at 490nm. Results represelitatbiaata

from 3 donors withtriplicate samples Error bars represent standard deviation between. dat
Significance was determined using Newman Keuls One Way Anova and was compa@iztito
samples of that data setp OQ . 65 * pO0. 001
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2.3.2 CD56+ cells are responsible for the inhibited mixed lymphocyte
proliferation during HPIV3 infection.

Previous results (Figure 2.3.1) suggesting that a regulatory group of cels exist in the mixed
lymphocyte population faich are responsible for inhibted CD3+ cell proliferation during
HPIV3 infection. Nooneet al (2008) showed an upregulaton of CD56 during HPIV3
infection. As CD56 is a marker for NK cells, weanted toinvestigate the role of these cells

in regulating C3+ cell proliferation during HPIV3 infection.

Both total mixed lymphocytes, and CD56+ cell depleted mixed lymphocytes were cultured
with HPIV3 infected allogeneic CD14+ cells, and previously described controldviLs,
HPIV3 infected CD14 cels induced wiiganty (* * * p OO0 . lhibiledl proliferation
compared to uninfected CD14+ cels, in addition to previously described conivbisn
CD56+ cels were depleted from mixed lymphesyt proliferation wasestored in the HPIV3
infected cocultures, to aimiar level to influenza infection (Figure 2.3.2.a). Additionally,
when CD3+ cels were purified and cultured in the presence of CD56+ cels and infected
alogeneic CD14+ cels, prolferaton wasignificanty ¢+ p O0 . hbfed in HPIV3
infected cultures(Figure 2.3.2.b). These results indicated that during HPIV3 infection CD56+
cells inhibit the proliferation of CD3+ cells.

Notably, even in uninfected samples (media sample, figure 2.3.2.a) there was less overall
mixed lymphocyte prolferation in the pesge of autologous CD56+ cells. These results are

againin agreementwith observations reported by Nooseal (2008).
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Figure 2.3.2: Proliferative responses of allogeneic mixed lymphocytasd purified CD3+ cells to

infected CD14+ cells in the presence of autologous CD56+ ceffiseshly isolated CD14+ cells were
infected with HPI1V3 or influenza and washed after 2 hours. These were then cocultured with freshly
isolated allogeneice mixed lymnpcytes, some of which were CD56+ depleted (A) or CD3+ cells in

the presence or absence of CD56+ cells (B) after 24 hours. Cells were also cultured with PMA and
Anti-CD3 as a positive control, and media as a negative control. After 5 days, cells westeltarve

and cocultured with MTS solution for 4 hours. Absorbance was detected at 490nm. Results represent
normalized data from 3 dongraith each experiment carried out in triplicaterror bars represent
standard deviation between samples. Significance detsrmined using Newman Keuls One Way
Anova and was as compared to CD%&mple of that data set * * * p*O0O (0.00L1
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2.3.3 Direct mixed lymphocyte infection with HPIV3 induces mixed
lymphocyte death.

For experiments described thus far, freshly isolated CD14+ monocytes were infected with
virus, washed and incubated for 24 hours prior docutture with allogeneic mixed
lymphocytes or CD3+ cels. To determine if infecton of CD14+ cels are absolutely
necessary in this model, mixed lymphocytes were isolated and infected directly with either
HPIV3 or influenza. It was hoped that this wouletermine whether theinhibited mixed
lymphocyte proliferationobserved during infection required infection 6D14+ cels. The

MTS assay showed a much lower level of proliferation for both influenza and HPIV3
infected mixed lymphocytes (Figure 2.3.3.a).rthermore, when these cels were examined
using AnnexiAV-Pl staining, an increased level of apoptotic mixed lymphocytes were
observed in directly infected mixed lymphocytes (Figure 2.3.3.b). Notably, this prism graph
displays those cells in late apopto$idR) showing a ~4 fold increase in apoptotic directly
infected cells compared to media samples. There is also however, a significant increase in

cels in early apoptosis (LR).

These results indicated that for all subsequent experiments, infection of CEHlg+is
required for viral presentation to allogeneic mixed lymphocytes or CD3+ cells, as direct viral
infection induces target cell death. This highlights the importance of the wash step to remove

EeXCess Virus.
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Figure 2.3.3. Proliferative (A) and Apoptotic (B) responses of directly infected mixed
lymphocytes. Freshly isolated mixed lymphocytes were directly infected with HPIV3 or influenza
and washed after 2 hours. Usual uninfectedative and positive controls were used. After 5 days,
cells were harvested and cocultured with MTS solution for 4 hours (A). Absorbance was detected at
490nm. Annexin VPI staining was also carried out and acquired by flow cytometry. Ankeski+

guadraat was gated as apoptotic and plotteas a percentage of total mixed lymphocytes.
Representative flow cytometry data can be seen in Appendix 1.6. Results represent normalized data
from 3 donorswith each experiment carried aottriplicate. Error bars rpresent standard deviation
between samplesSignificancewas determined using Newman Keuls One way Anova,isiac
compared to media samples. ***p0O0.001
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2.3.4Blocking HPIV3 HN, but not F protein, abrogates inhibition of mixed
lymphocytes during HPIV3 infection.

Previous unpublished data fromour group demonstrated that empty virosomes expressing
HPIV3 surface glycoproteinsiN and F induced the same gmtolferative efect as HPIV3
infected CD14+ cels Claes Orvell (Karlinska institute) kiydl provided antagonistic
monoclonal antbodies to HPIV3 HN and F, with previously demonstrated neutralizing
effects (Rydbeck 1986). Our aim here wasing these antibodie$y further investigate the
role of these viral proteins in the inhibition of mixéanphocyte proliferation during HPIV3
infection.

Mixed lymphocytes were cultured with HPIV3 infected allogeneic CD14+ cels, or HPIV3
infected CD14+ cells which were then blocked with either-lditi or anttF antibodies, as

well as antiDistemper virus asan irrelevant antviral control. Controls described in previous
experiments were also used and proliferation was analysed using the MTS assay. As we had
not previously worked with these antibodies, they were used at a 1:100 and 1:250 volume
ratio to cels. As several antibodies to the same proteins were provided by Prof Claus Orvell,

we tested two candidates for each protein targets.

When HPIV3 HN was blocked prior to coculture with mixed lymphocytes, proliferation of
mixed lymphocytes during HPIV3 infaach was restored to a level signiicancesimiar to

that seen during influenza infectipr* p OO0 .(Rigdre 2.3.6.a). This did not occur when F
protein was blocked prior to cocultur&his response was observed when usingHiMtiat a

ratio of 1:100 (Figure 2..3.4.a). Therefore, this ratio was used rithHIN and Anti-F for all
subsequent expiments. These results suggest a role for HN for inhibited mixed lymphocyte

proliferation during infection.
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Figure 2.3.4: Proliferative responses of mixed lymphocytes or purified CD3+ cells to H?8

infe cted allogeneic CD14+ cells, where viral protein F or HN have been blockeleteshly isolated
CD14+ celis were infected with HPIV3 or influenza and washed after 2 hours. Prior to coculture with
freshly isolated allogeneic mixed lymphocytes after &dré, Ant-HN, Anti-F or Anti-Distemper
antibodies were incubated with cells at 1:100 or 1:250 ratios. Mixed lymphocytes were also cultured
with Anti-CD3 and PMA as a positive control, and media as a negative control (A, B). After 5 days,
cells were harvasd and cocultured with MTS solution for 4 hours. Absorbance was detected at
490nm. Results represent normalzed data from 3 domatls each experiment carried oit
triplicate. Error bars represent standard deviation between samples. Significancesteasingd

using Newman Keuls One way Anova and is as compar&Dtbi+samples of the same data.set
**pO®*OMO0. 001.
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2.3.5 Blocking HPIV3 HN, but not F protein, abrogates CD56+ cell
mediated inhibition of T cells during HPIV3 infection.

We have demonstrated that when HN is blocked on HPIV3 infected CD14+ cells, mixed
lymphocytes proliferate during infection. We examined proliferation of CD3+ cells cultured
with CD56+ cells and infected CD14+ cells.

From freshly cutured PBMCs, CD3+ cels werelased, and cultured with HPIV3 infected
allogeneic CD14+ cells, or HPIV3 infected CD14+ cells which were then blocked with either
anttHN or antiF antbodies, as wel as aflistemper virus as an irrelevant avital
control. Addtionally, CD3+ cells @re cultured with uninfected CD14+ cels, and PMA and
Anti-CD3. Proliferation was analysed using the MTS assay.

Mixed lymphocyte results (Figure 2.3.4) were reproducible with puriied CD3+ cels in the
presence of autologous CD56+ cels (Figure 2.3.5)s@hesults suggest that HPIV3 HN is

involved in stimulating CD56+ NK cells mediated inhibition of T cell proliferation.
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Figure 2.3.5: Proliferative responses of CD3+CD56+ cell cocultures to HPIV3 infected
allogeneic CD14+ ells, where viral protein F or HN have been blockedFreshly isolated CD14+

cells were infected with HPIV3 or influenza and washed after 2 hours. Prior to coculture with freshly
isolated allogeneic CD3+ and CD56+ cells after 24 hours}-HAN, Anti-F or Anti-Distemper
antibodies were incubated with cells at a 1:100 ratio. These cells were also culturectr@D 3

and PMA as a positive control, and media as a negative control). After 5 days, cells were harvested
and cocultured with MTS solution for 4 haurAbsorbance was detected at 490nm. Results represent
normalized data from 3 dongrwith each experiment carried anttriplicate. Error bars represent
standard deviation betwe replicatesSignificancewas determined using Newman Keuls One way
Anova,and is as compared @D14+samples ***p0O0.001.
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2.3.6Blocking HPIV3 HN abrogates NK cell marker upregulationduring

infection.

The up regulation of CD56 during HPIV3 infection had previously been shown in our group
(Nooneet al 2008), and we have demonstrated that CD56+ cellseaponsible for inhibiting
CD3+ cell prolferaton during HPIV3 infection (Figure 2.3.1). Since blocking HPIV3 HN
restored mixed lymphocyte proliferation during infection, the aim of this experiment was to
investigate the levels of CD56+CD3NK) cels dumg infection and the effectf @ntibodies

to HN and F on their expression

Mixed lymphocytes were cultured with HPIV3 infected allogeneic CD14+ cels, as wel as
HPIV3 infected CD14+ cels which were cultured with ArtN, Anti-F or AntiDistemper
virus aspreviously described prior to coculture. Previously described controls were also used.
Upon harvest, cels were stained for CD56 and CD3, so that CD56+M3 cells) cells

could be gated for by flow cytometry and expressed as a percentage of totatiytepho

In keepingwith previous results, mfection with HPIV3 induced an upregulation in levels of
CD56+CD3 cells compared to unstimulated mixed lymphocysesl CD14+ cell cocultures
However, when HN protein, but not F, was blocked, this upregulatid®dD&i6+CD3 cells
was abrogated (Figure 2.3.6). Theggestghat HPIV3 HN protein induces expansion of NK
cels during HPIV3 infection. &ed on previous experiments, it kswown that these
expanded NK cels are responsible for the inhibition of CD3+ pedliferation during

infection.
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Figure 2.3.6:Percentage of CD56+CD3mixed lymphocytesin response to HPIV3 infection,

when surface gylcoproteins were blocke.d-reshly isolated CD14+ cells were infected with HPIV3

or influerea and washed after 2 hours. Prior to coculture with freshly isolated allogeneic mixed
lymphocytes after 24 hours,&-HN, Anti-F or Anti-Distemper antibodies were incubated with cells

at a ratio of 1:100. Mixed lymphocyctes were also cultured with prslyi@escribed controls. After 5
days, cells were harvested, stained for CD56 and CD3 and analysed by flow cytometry. Those cells in
the CD56+CD3 quadrant were expressed as patages of total lymphocyteRepresentative flow
cytometry data can be seenappendix 1.7. Results represent normalized results from 3 gaiitbrs
each experiment carried out in triplicatérror bars represent standard deviation between samples.
Significancewas determined using Newman Keuls One waypvan and is as compared @14+
sampe ***p0O0. 001
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2.3.7Blocking HPIV3 HN restores IL-2 production during infection.

Our group previously demonstrated an inhibition of2lLproduction during HPIV3 infection
(Nooneet al 2008). Furthermore, addition of-2 to infected cocultures restml proliferation
to normal viral response. Since-Ris considered a crucial growth factor for T cells (Boyman
and Sprent, 2012), we -examined the production of this cytokine during infection in relation

to viral surface proteins.

Again, mixed lymphogtes were cultured with HPIV3 infected allogeneic CD14+ cels, as
well as those cultured with AntiN, Anti-F, or AntiDistemper. After 5 days incubation,
supernatants were examined by ELISA for-2Lcancentrations (pg/ml). Consistentith
Noone euding, asigifisanthyf i p OO0 . r&dsced) level of It2 secretion was observed
in HPIV3 infected coculres, when compared taninfected CD14+ cells, and to a greater
extent when compared to infuenza infected CD14+ .célswever, 1-2 production during
infection was restoredb levels of significance simiar to influenza f * p O)Owhé&nOHPIV3
HN, but not F, were blockedvhen compared to uninfected cdlisgure 2.3.7).

These results suggest that during HPIV&atibn, the HN surface glycoproteimnhibits IL-2

produdion and expands NK cells, with overall inhibition of T cell proliferation.
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Figure 2.3.7: IL-2 production in response to HPIV3 viral proteins.Freshly isolated CD14+ cells
were infected with HPIV3 or influeazand washed after 2 hours. Prior to coculture with freshly
isolated allogeneic mixed lymphocytes after 24 hourgj- AN, Anti-F or Anti-Distemper antibodies
were incubated with cells at a ratio of 1:100. Mixed lymphocyctes were also cultured with gyeviou
described controls. After 5 days, cells were harvested. Supernatants used to etemidéntrations
(pg/ml) by ELISA. Results represent normalized results from 3 downdiseach experiment carried
out in tripicate Error bars represent standad®viation between samplesSignificance was
determined using Newman Keuls One waroRa and is as compared to CDBample of the same
data set* p O0*.*0*5p O0. 00 1
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2.3.8Anti- HN and Anti-F abrogateCD3+ cell cycle arrestduring infection.

It has been reported that inhibted T cell numbers during HPIV3 infection is due to T cell
cycle arrestin the GO/G1 phasand not apoptosisOur group peviously demonstrated that

this cell cycle arrest is induced by CD56+ cells (Noone et al 2008). Our results suggest that
HPIV3 HN may induce both CD56+ cell upregulation (Figure 2.3.6) an@ libhibition
(Figure 2.3.7) dung HPIV3 infection, resultingni an overall inhibiton of T cell proliferation
(section 2.3.5). We wanted to investigate if blocking this viral protein respooggessiornof

cells rom GO/G1 phase T celuring infection.

Freshly isolated CD14+ cels were infected with HPIV3 and lwwed wih allogeneic

mixed lymphocytes, as well as viral protein blocking antibbodies and previously described
controls. Upon harvest, cells were stained with CD3, as well as the Abexind Pl
staining assay. Cells expressing CD3 were gated for angetioentage of these in the GO/G1
phase of cell cycle expressed as a percentage of total CD3+ cels (Figure 2.3.8.a). Similarly,
the percentage of Annex¥+PIl+ CD3+ cels were expressed as a percentage of total CD3+
cells (figure 2.3.8.b).

Infection with HPIV3 increasedhe number of CD3+ cells accumulatedthe GO/G1 phase

of cel cycle (figue 2.3.9.a), which agreesith previously published work from the group
(Noone et al, 2008). No increase in CD3+ cell death was observed during infection (figure
2.3.8.b). Blocking HPIV3 HN caused progression of CD3+ cels from the GO/G1 phase of
cel cycle as did blocking F (figure 2.3.8.a). Thus, based on this result, both of these
glycoproteins may play a part in inducing CD3+ cell cycle arreshe GO/G1 phaseuring
infection. This is at odds with results from section 2.3.6 and 2.3.5, as no previous effect has
been observed for F in the induction of T cell inhibition by NK céiflswould appear that

while these results suggest that F protein may induce amalaton of CD3+cels in the
GO/G1 phase of dekycle this does not translate to an inhibition of proliferation of these

cells.

Concerns over proliferative data equation with cell cycle data are further addressed in chapter

3 (proliferation) and sectiob.3.6 (cell cycle arrest).
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Figure 2.3.8: Cell cycle(A) and Apoptotic (B) responses of directly infected mixed lymphocytes.
Freshly isolated CD14+ cells were infected with HPIV3 or influenza andemusatter 2 hours. Prior

to coculture with freshly isolated allogeneic mixed lymphocytes after 24 hootsHN, Anti-F or
Anti-Distemper antibodies were incubated with cells at a ratio of 1:100. Mixed lymphocyctes were
also cultured with previously dedoeid controls. . After 5 days, upon harvest, cells were stained for
CD3, AnnexinV and PIl. Stages of cell cycle were gated in the PI histogram of CD3+ cells, and the
percentage of cells in each stage expressed as a percentage of total CD3+ cells (Apl€B@trec
plotted as AnnexitV vs Pl and those in the Annexin V+PI+ quadrant plotted as a percentage of total
CD3+ cels (B). Representative flow cytometdata can be seen in Appendix 1.8 (Cell cycle:
Appendix 1.8.A, Apoptosis: Appendix 1.8.BResults epresent normalized data from 3 donors with
each experiment carried out in triplicaterror bars represent standard deviation between samples.
Significancewas determined using Newman Keuls One Way Anovaisaad comparetb CD14+
sampless * * pO0. 00 1.
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2.3.9Anti-HN abrogates inhibited CD3+ cell proliferation during infection.

Antibodies to HN and not F has been shown to restore CD3+ cell prolferation by MTS assay
(Figure 2.3.5), and restore -R levels during infection (Figure 2.3.7), antibodiesbtath HN

and F restore CD3+ cell cycle from the GO/G1 phase. Due to this inconsistency, we wanted to
revisii CD3+ cell proliferation using a different assay.

Freshly isolated CD14+ cels were infected with HPIV3 and cocultured with allogeneic
CD3+ cels inb which CFSE had been incorporated, as well as viral protein blocking
antibodies and previously described contrdlpon flow cytometry acquisiton at day 5, the
proporion of CFSE+ cels in théil ow -EFBEO0O peak were gated an

percentageof total CD3+ cells.

Here, blocking HN, but not F, restored CD3+ cel proliferation during HPIV3 infection
(Figure 2.3.9), which is consistent with previous results (Figure -2.3.5). However it does
not explain the abrogation of CD3+ cel cycle arrbgtantibodies to HPIV3 F protein as
demonstrated previously (Figure 2.3.8)hile antibody data suggests that induces Tcell
cycle arrest,it is possible that other viral componentse suficient to overcome this

proliferatively.
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Figure 2.3.9: Proliferative responses of CD3+ cells as determined by CFSE in response to
HPIV3 viral proteins. Freshly isolated CD14+ cells were infected with HPIV3 or influenza and
washed after 2 hours. Prior to coculture with freshly isolategeadeic CD3+ cells, into which CFSE

had been incorporated, after 24 hoursti-AN, Anti-F or Anti-Distemper antibodies were incubated

with cells at a ratio of 1:100. Mixed lymphocyctes were also cultured with previously described
controls. After 5 daysjpon acquisition by flow cytometry, cells in the low CFSE peak were gated for

and expressed as a percentage of total CD3+ cells. ). Representative flow cytometry data can be seen
in Appendix1.9. Results represent normalized data from 3 donors with e@ehirment carried out in
triplicate. Error bars represent standard deviation between san®igsficance is as compared
CDl4+sample ***p O0. 001
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2.4 Discussion

Control of response to self is of importance during infection. There are also regulator
mechanisms in place to Imit colateral damage assdciate t h I nf ec tet aln ( OO0«
2004). Whie this regulatory response is essential in the prevention of immune mediated
damage, it unfortunately comes with the forfeit of appropriate immune actyvathich can

lead to persistent infections (Accapazzatoakt2004). Virugs can exploit these regulatory
strategies to promote their survival within the host. This aspect of immune regulation has
been associated with the persistence and chronicity atsbaiith Hepatitis C virus (HCV)

and HIV (Boetheret al 2005, Weiss et al 2004). Since infection with HPIV3 is associated
with a lack of immune memory (Henrickson 2003) it was suggested that perhaps this virus
makes use of these regulatory mechanismstni€dg-Gilquin et al 2001). Indeed, our group
previously demonstrated a novel mechanism by which NK cels inhibit T cell proliferation
during HPIV3 infection. This regulaton was shown to be via a contact dependent
mechanism, inducing T cell cycle arresipt apoptosis. Additionally, this is mediated by the
inhibited IL-2 production associated with this virus (Noone et al, 2008). cultured a stock

of HPIV3 and this batch was tested by repeating experiments carried out by Btoaihe

These expermeints cwmed the reproducibility with new virus.

Whie Noone et al demonstrated NK cell mediated regulation during HPIV3 infection, the
viral components involved, as wel as the mode of NK cel actvation remained unclear.
Previously unpublished data from ourogp demonstrated that empty virosomes expressing
HPIV3 surface glycoproteins HN and F induced the same inhibited T cel prolferation as
total virus. To explore the role of these proteins, we used neutralizing antibodies to HN and F
(Prof Claes Orvel, Kdinska Institute) to determine their effect on NK cell mediated T cell

inhibition during infection.

Although the inhibiton of T cell proliferation during HPIV3 infection is accepted (Noene

al 2008), the viral components which activate this processimeminown. Blo&ing HPIV3
surface HN, but not Fpresented on CD14+ monocytes, prior to coculture with allogeneic
mixed lymphocytes or CD3+ T cellsrestored mixed lymphocyte proliferation during
infection Expansion of CD56+ cels has been associateld imction. These NK cells have
been attributed with T cell inhibiton (Nooret al 2008). We demonstrate that blocking HN
abrogates this CD56+ cell upregulation. Furthermore, the inhibited production -2f IL
associated with HPIV3 infection is restoredngsantibodies to HN. This inhibited 12 has a
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functional role in the NK cell mediated T cel inhibttion, as additon of2Ilio cultures
restores proliferation. Finally, blocking either HN or F with neutralizing antibbody abrogates
the increase of CD3+ liein GO/G1 phase of cel cycle associated with infection. This comes
as a surprise, as F had no impact overall proliferation. As antibodies to F do not restore
IL-2 production or abrogate CD56+CDg8ell expansion, it can only be presumed that F

activates a different regulatory pathway than the HNidgedl IL-2 inhibition.

The interaction between HN and NK cells, and their subsegaemvation of antiproliferative
immune regulationmay be responsible for the inhibited immune memory associated wth th
virus. This needs further investigatiofhis finding suggests that as long as vacciessploy

unmodified forms of HPIV3 HNimmune memory wil not develop to them.

Although the induction of NK mediated T cel inhibtion may be a negative with regards to
the development of immunity to HPIV3, it may have potential as a targeéhdonduction of
immune regulation. We show NK cell mediated T cell cycle arrest associated with low doses
of IL-2. Other groups have associated NK cell expansion with low dos2 Mvith
subsequentbeneficial effects in autoimmunityMurphy 2012, Saadoun 201Zorn 2006,
Soiffer 1994. The role of 12 in the modulation of NK cell mediated immune regulation
wil be further investigated in chapter 6.

Neutralzing antbody studiesndicate that HN has a role in the inhibition of-2L. the
subsequent expansion of regulatory CD56+ NK cells and their induction of T cel cycle
arrest. Whie we have demonstrated this using antibodies, it is important to revisit this using
purified HN andF. The results of these studies wil be discussed in chapféheSe results
represent the first association between HPIV3 HN protein, and the failure of T cell responses
to this infection. This has important implications for the use of this viral pratia vaccine

candidate, as wil be further discussed in the discussion section.
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3 Role of IL-2 concentrations in dictating the mechanism

by which NK cells regulate T cell proliferation

3.1 Introduction

It is regarded that H2 is imperative for T cklgrowth and prolferaon (Gaffen and Liu
2004). Addtionally,a lack of I.-2 has been associated with T cell suppression in some virus
infections (Andrewset al 2001, Flamancet al 1995). Nooneet al investigated IL2 secretion
from HPIV3 infected coculres. A significant reduction in {2 production was observed in
HPIV3 infected MLR cocultures compared to the other stimulated cocultures. However, T
cell proliferation which is inhibited during HPIV3 infectionwas restored when exogenous
IL-2 was addedto cocultures of infected CD14+ cels and allogeneic mixed lymphocytes
(Noone et al 2008). Paiardinet al demonstrated a similar effect on lymphocytes from HIV
infected individuals, where addition of -2 corrected abnormalites in the cell cycle of HIV
infected lymphocytes (Paiardiet al 2001). Thus, Noonet al concluded that this NK cell
mediated inhibiton of T cell proliferation was-R. dependent (Noonet al 2008). We have

since demonstrated restoration ofdlproduction by using neutralizing téwodies to HN.

Expanding on their traditional role in the innate immune system, where they were considered

Al arge granul ar |l ymphocyteso with amcytung o X i C i
regulatory role for NK cels has emerged (Krzewski andurihger 2008, Maghazachi

2004. Two main subtypes of NK cels have been identified in humans based on their
expression of the surface marker CD56: CP¥88 and CD56™. It has been widely reported

that CD58™ NK cells act cytotoxically on infected ourhor cells, whie CD58'9" NK cells

are considered the more regulatory subset, due to their release of regulatory cytokines
(Caligiuri 2008, Shereck et al 2007) . Howeyv

changing.

During HPIV3 infection, blocking HN with neutralising antibodies restores 2Lproduction.

These antibodies also abrogated NK cel expansionTawell cycle arrest. This is not the

frst IL-2 dependent regulatory report associated with these cells. B¥58NK  cell

mediated Tcel inhibition has been demstrated during Daclzumab therapy. Daclizumab is

an IL2 RU antibody used in the treatetne2010, of mu
Sheridan et al 2011, Bielkova et al 2006). Muliple sclerosis is a -@el mediated
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autoimmune disease, with immuneels attacking the CNS and inducing damage to the
neuronal myelin sheeth (Bielekowet al 2006). As the T cell Il-:2R is mainly composed of
IL-2 R Ublocking this chain results in excess levels of2llfor NK stimulation. Authors
suggest that thignimics hidh level IL-2 stimulation of NK cells causing expansioralithough

a specific -2 concentration is uncleafhese expanded NK cels induce CD4+ or CD8+ T
cell death, with beneficial clinical effects (Martet al 2010, Sheridaret al 2011, Bielkova

et al2006).

As well as inducing T cell cytotoxicity, it has also been reported that NK aaedsinhibit T

cell cycling Trivedi et al reported that NK cells can do this via the upregulation of p21, a cell
cycle inhibitor, which induces T cell cycle arrest.isThegulation was not antigeispecific,

and is a reversible phenomenoBimiarly, in a viral infection scenario, our group has
demonstrated that CDB®"™ NK cel expansion occurs in association with low-2aL
concentrations during HPIV3 infection. Thesgpanded CD589" NK cells were associated
with contact dependent T cell cycle arrest (No@beal 2008). In addition, a recent study
associated low dose 42 therapy with supressed inflammatory reactions in both graft versus
host disease and viral ickd vascultis. Notably, whie authors attributed this to Treg

expansion, NK cell expansion was also observed here (Saatial®011).

As IL-2 expands CD389" NK cells, which in some reports induce T cell death, and others T
cell cycle arrest, we hygthesise that perhaps the concentration ef Iktimulatihg NK cell
expansion, dictates the mode of T cell regulation observed. The aims of this chapter was to
determine whether CD56+ (NK) cells expand at low and high concentrations2oéiid how

this rdates to CD3+ (T) cell expansion and proliferation. The role of specific NK cell subsets
and the mode of NK cel mediated T cel regulaton at variou® Ieoncentrations was
determined. We investigated the contact dependence of this mechanism, andoalke@d t
more about stimulation through the NK-HReceptor, and finally question the role of T cell
derived I-2 in this phenomenon We hypothesise that low dose-ZL wil mimic HPIV3

infection in these experiments.
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3.1.A Chapter 3 aims:
The specificaims of the work described in this chapter were as follows:

-To determine the effect of H2 concentrations on NK populatiodsvels, by investigating

surface marker expression and cel prolferation

-To determine if IL2 concentrations drive NK cell regtibn of T cell populations by

investigating surface marker expression and cell proliferation
-To investigate the specific NK subset involvedthis regulatory mechanism
-To determine if I.-2 concentrations dictates mode of NK regulation of T cells

-To investigate the contact dependency of thigulatory mechanism

89



3.2 Materials and Methods

Table 3.2.1: Additional reagents to table 2.2.1 (Chapter 2) used in this study

Product Catalogue # Company

Recombinant human {2 11340025 Immunotools, @esothe,
Germany

CD56+CD16 NK  cel| 130092661 Mittenyi Biotec, Gladbach

isolation kit Germany

CD56+CD16+ NK  cell 130-:092-660 Mittenyi Biotec, Gladbach

isolation kit Germany

0.2um tissue culture insen 136730 Nunc, Roskide, Denmark

(transwells)

Leaf purified anthuman IL- | 500313 Medical supply company

2 Dublin 15, Ireland

Human -2 receptor alph{ MAB223 R&D systems Europe Ltd

mAb 5009 Oxon, UK

Human IL-2 receptor beti MAB224 R&D systems Europe Ltg

mAb 5009 Oxon, UK

Human Anti Ki67#PE 1® | 12-569942 Bioquote, York, UK

tests

Human Anti CD16PE 12-016742 eBioscience, Hatfield, UK

Human AntiperforinPE 12-999442 eBioscience, Hatfeld, UK

Human IFNO Duo s e |DY285

kit

Human TGFD Du| DY240 R&D systems Europe Ltd

ELISA kit Oxon, UK

Human TNFU Du| DY210 R&D systems Europe Ltd

ELISA kit Oxon, UK

Human I1 b Duo s el DY201 R&D systems Europe Ltd

kit Oxon, UK

Human L-10 Duoset ELISA DY217B R&D systems Europe Ltd

kit Oxon, UK

Human 12 Duoset ELISA DY202 R&D systems Europe Ltd

kit

Oxon, UK

3.2.1IL -2 stimulation

The stock L2 wa s

reconstituted

as per

80°C. For stimulations, doubling dilutions were carried out from®081pg/ml Il-2 using
cell cutture media as diuents. This means that 10 &2 Mould be 0, 0.781, 1.562, 3.125,
6.25, 12.5, 25 or 50ng/ml in the final volume of 1mlwell of cells.
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3.2.2Isolation of CD56°"" and CD56”™ NK cell subsets

The basis of MACs separation has already been described in section 2.2.5. Briefly, as well as
previously described cel subsets, CE®8' and CD568™ NK cells were also purified from
freshly cultured PBMCs Isolation kits (Mitenyi Biotech) made use of the differential
expression of CD16 on these cel subsets. For B86NK cels, CD56+CD16 cels were
isolated, whie for CD58™ NK cel isolaton, CD56+CD16+ cels were isolated. To
determine cell pust of these subsets, cels were stained with FITC conjugated CD56 and PE
conjugated CD16, and subsets were gated for upon acquisition. Purity was routinely >95%
for both NK cell subsets (See appendix 2.1 and 2 2).

3.2.3Cell cocultures

Both autologous and ll@geneic, depending on experiment, CD3+ and CD56+ cels were
isolated from freshly cultured PBMCs and cocultured at a 10:1 ratio respectively. In general,
1x1® CD3+ cels were cultured in every wel, with 1X1ECD56+ cells. For CD56+ cell
absent culturesthe same amount of CD3+ cels were used, and the volume was adjusted
accordingly, giving a total volume of 1mlwel in al experimental setups. Isolated E#H56

or CD56™ NK cels were cocultures with CD3+ cells in the same way. Additionaly, CD3+
cels were also cultured with CDS&"™ NK cels at a 100:1 rato. These ratios are
representative of physiological ratios of these cell subsets. Coculture incubations were

usually 5 days in duration, unless stated otherwise.
3.2.4Transwell cocultures

Transwell inserts function in separating cell types, alowing cytokines to pass between them,
but preventing cetell contact. Beneath the insert in the lower chamber, *1€ID3+ cels
were cultured. CD56+ cels were cultured with-ALin the upper chamberf @ 0.2pM pore
insert in appropriate wells of a 24 well plate. As in the cocultures already described in section
3.3.2, a 110 ratio of CD56+:.CD3+ cells was used to ensure comparable results. Cocultures

were incubated for 5 days and then analysed asedquir
3.2.5IL -2 Neutralization

Leaf™ Purified antilL-2 antbody (Biolegend UK) was used to block intracelular2IL
during unstimulated cocultures. Company lterature indicates that this antbody has been

shown to neutralize H2 as described in lteratur, and itsod bl ocking
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confirmed by 12 ELISA. A concentration of 5pg/ml was used per coculture well fe IL
neutralization. kittp Swww.biolegend.com/leab urified-anti humanil-2%3Cnale-azide free-
nale%3E1350.htm)

3.2.61L -2 Receptor (IL-2R) blocking

Purified polyclonal antibodies to both-e RU a-2B®b 1 KR and D systems)
block these receptor components prior tocuftare. The neutralzing abiity of these
antbodies were measured by their abiity to neutralize? linduced proliferation in the

N1186 human T cell line. A concentration of 1pg was used per 1ml culture well of cells.

(Stark et al 2005, Nokté  H oteah20086, http//Awww.rndsystems.com/pdf/af223na. patid

http//Aww.rndsystems.com/pdf/af224 na.pdf

For receptor blocking, an isotype control antibbody would usualy be used. This would be
considerd important as NK cels express CD16. Whie we acknowledge this limit, we
demonstrate that the CDL6NK cell subset are the regulators in these experiments, and
induce all affects on T cels that we have observed thus far. As we saw different effects at
different IL-2 concentrations for example in the presence of the same antibbody, we felt it was

clear that these cells were not being targeted for apoptosis.

3.2.7Flow cytometry

Flow cytometry was carried out as described in section 2.2.10. The folowmgckn
conjugated antbodies were used in this chapter: GE%€, CD3APC, Ki67-PE and
CD16-PE. Isotype controls to these antibodies were also used. AnneRinstaining was

also used as previously described (section 2.2.11) as was CFSE as desthisechapter.

3.2.8ELISA

Detection of cytokines by ELISA was carried out as described in section 2.2.13. The
following cytokines were detected by ELISA in this chapter:4&N -DGF2ITNFU, - | L
10 and 1:13 (R+D Systems).

3.2.9Statistical analysis
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Al coculture experiments epresentnormalized results for three donors in three independent
experiments Cyflogic and Facs Calibur software were used for FACs analysis, and plots
were created using GraphPad Prism 5.Significance was calculated using Newman Keuls One
way Anova:* p<0.05; ** p<0.01; *** p<0.001.
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3.3 Results

3.3.1 The percentage of MLs expressiomNK cell markers (CD56+CD3))
increases at both low and high IL-2 concentrations, and decreasest
intermediate concentrations, inversely toMLs expressingT cell markers
(CD3+CD56)

We hypothesised that {2 expands NK cels at low and high-8 concentrations. This is
based on our reports of CD56 upregulation at low2 Iconcentrations (Noonet al 2008),
and many studies reporting expanded NK cells at high (Martin et al 2010, Sheridawet al
2011, Bielkova et al2006).

Mixed lymphocytes (ML) were isolated from PBMCs. These were diided into total MLs and
CD56+ cell depleted MLs. Both ML and CD56+ cell depleted ML were stimulated with
varying concentration®f IL-2 (described in section 3.2.1). Upon harvest, cels were stained
for CD56 and CD3, as wel as relevant isotypes, so that both CD56+@D3 cells), and
CD3+CD56 (T cels) cels could be examined by fow cytometry.

The percentage of cels in the abML culture that were CD56+CD3significantly increased

at both low (0.781ng/ml) and high (125®ng/ml) concetnations of I-2 (Figure 3.3.1.p

Levels of these cells increased twofold compared to media samples. Notably, these cells
make up 1% of mixedlymphocytes at media sample, consistent with the reported
physiological level of CD58'9" NK cells in vivo (Poliet al2009, Caligiuri 2008).

In total ML cultures the percentage oCD3+CD56 cels significantly decrease at low
(0.781ng/ml) and high (5@ml) IL-2 concentrations (Figure 3.3.L.aHowever, when
CD56+ cels were depleted from these cultures this decrease in CD3+EBb@umbers
was abroged, indicating thalCD56+ cells cause a decrease in CD3+CDé&éls at low and

high IL-2 concentratios, at which CD56+ cell markers are at their highest

Overal, these results suggesiitat CD56+ cels and CD3+ cels have an inverse relationship,
which is dependent on {2 concentration. At low K2 concentrationsthe percentagdNK

cel maker expressm MLs increasewith MLs expressingT cell markersdecreasing only
when NK cels are presentAt intermediate IE2 levels, Mls expressing NK markers

decease, the percentage of those expressing T cell markers incrEéaesdyg at high -2
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concentrationsthe percentage of NK cell marker expressing MLs increages), with the
percentage of MLs expressing T cell markers decrea¥ifigle this is not conculsivevith
regards to contraction and expansion of populatiasswe would need absolute counts, we
further investigatethis inverse relationship, bynvestigating proliferation of these cell types

and investigating the mode of T cell contraction.
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Figure 3.3.1.Percentage oCD56+CD3- MLs in response to IL-2 stimulation andthe effect of

these cells on the percentage of CD3+CD5L s. Freshly isolated MLs were divided into total ML

and those from which CD56+ cells had been depleted. Both were stimulated with vargng IL
concentrations €80ng/ml). After 5 days, cells were stained for CD56 and CD3 expression. The
percentage of total Mlor CD56+ cell depleted ML that were CD3+CD3L, were detected by

flow cytometry (A). From the same acquisition, the percentage of CD56-+€HI8 could be detected

(B). The percentage of cells in the target quadrant thhasplotted. Representative flow cytometry
graphs can be seen in Appendix 2.3. Results represent normalized data from 3 donors, in three
separate experiments with each experiment in triplicaieror bars represent standard deviation
between samplesignificancewas determined using the Newman Keuls One way Anovaisaas|

compared to media sample of the same data set.
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3.3.2 CD56+ cells proliferate at high and low levels of H2

Having examined th@ercentage of CD56+CD3and CD3+CD56 MLs in response to H2
concentrationswe wanted to imsstigate whether the decreasé CD3+CD56 MLs in the
presence ofCD56+ cells was reflected in cell prolferation profies. Both CD56+ and CD3+
cels were isolated from freshly isolated PBMCs. To track prolferation, CFSE was
incorporated into CD56+ celsripr to CD3+ cel coculture and 4R stimulation. 1x10

CD3+ cels were cultured with CD56+ cells in keepingh the previously described 10

ratio. Upon flow cytometry acquisition at day 5, theoportion of CFSE+ cels n t he Al o
CFSEF I TCo0 p egated andeexpessed as a percentage of total CD56+ cells. This
served to compare proliferating CD56+ cells with the surface marker expression observed in
figure 3.3.1.a to determine if the increase in expression of these surface markers at low and
high IL-2 concentratons was due to cell prolferaton as opposed to surface marker

upregulation.

Similar to the percentage of CD56+CDBILs previously observed profiem Figure 3.3.1,
CD56+ cell proferation significantly increasedh response to both low ([B1-1.562ng/ml)
and high (2850ng/ml) concensitions of Il-2, with proliferation returning to levels simiar to

media samples at intermediate-2Lconcentrations (3.1252.5ng/ml) (Figure 3.3.2.a).

This proliferative data reflectsurface marker resultdigire 3.3.1) CD56+ cells expad both
at low and high IE2 concentrationsThe effect of these expanded CD56+ cels on CD3+ cell

proliferation wil be further investigated in this study.
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3.3.3 CD56+ cellsinhibit CD3+ cell proliferation at low and high IL-2
concentrationsafter 5 days

In cultures with CD56+ cells, staining with the proliferation maker Ki67 was initially used to
determine CD3+ deproliferation (Appendix 2.5). De to discrepancies betwedmns marker

and previously publstd work, in addition toreports that this marker is only semi
guantitative, and reported issues at low levels of proliferation, we decided to use CFSE
incorporation to determine CD3+ cel prolferaton (Shedi@tkal 2010. As only one time

point had been examined thus far (Day 5), we also took this opportunity to examine several

time points, to ensure that Day 5 was optimum for future cocultures of the same type.

Both CD3+ ad CD56+ cels were isolated fro freshly isolatd PBMCs, and CFSE was
incorporated into CD3+ cells. These CD3+ cels were cultures both alone, aedpresience

of CD56+ cels, atvarious I-2 concentrations. Upon harvest and acquisttion, cells in the
Al ow -EFBEO0 peak wer e gddaseagercéntage,of talbRIE+ allspr e s s
(CD3+ cellg. On Day 3, no real change in CD3+ cell proliferation was observed under any
IL-2 concentration, in either the presence or absence of CD56+ cels (Figure 3.3.3.A). From
harvest on Day 4 however, the preserof CD56+ cells causes a decrease in CD3+ cell
prolferaion (Figure 3.3.3.B). In keepingith previous results (Figures 3.3.1 and 3.3.2) this
regulaton occurs to a significantly larger extent at low (0.781ng/ml) and high (50ng/ml)
concentrations of H2 (Figure 3.3.3.C). This evens off by Day 7, afthough the presence of
CD56+ cells stil causes slightly diminished CD3+cell proliferation (Figure 3.3.3.D)

This is consistentvith data published by Noonet d, wherethe H3 thymidine methodvas

used for deection of CD3+ cel proliferation. Furthermore, the clearest regulatory results
were observed at Day 5, the timepoint used for the vast majority of experiments described.
Notably, as CFSE wil be used as a marker for both CD56+ and CD3+ cell proliferation
henceforth, this means that two cocultures wil need to be set up: CD562F&H with

CD3+ cels, and CD3+ celCFSE with CD56+ cels. While this means results for both cell
types would not be from the rsa coculiure wel, it was alwaydone using celdrom the

same donor, under the same experimental conditions, and results were always consistent

between 3 separate donors.
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Figure 3.33: Proliferative responses of CD3+ cells, in the presence and absence of autologous
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CD56+ cells, as detected by CFSE incorporation at various time point8oth CD56+ and CD3+
cels were isolated from freshly isolated PBMCs. CFSE was incorporated into Gilg+wdich

were cultured either alone, or cocultured with CD56+ cells, and stimulated with varying
concentrations of H2. Cells were harvested at Day 3 (A), Day 4 (B), Day 5 (C), and Day 7 (D). Upon

acquisition, cell
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3.3.3.ii Further investigation of T cell proliferation, and apoptosis in

experimental setup

Given that the majority of even unstimulated CD3+ cells appeared to have peolfesaday
5 in our experimental setup, we provide additonal experimental data to add confidence to

these results.

As previously described, CFSE was incorporated into CD3+ cells which were cultured either
alone, or stimulated with 50ng/ml 42 or PMA and A-CD3 as a strong positve. The
percentage of CD3+ <cells in the Alow CFSE
from days15 (i-vi, with 5 days being the incubation period chosen for the vast majority of

experiments described in this project.

Firsty we provide FSESSC plots for each time point (A). For all time points these scatter
plots seem representative of normal lymphocyte profies. There are minimal cels outside the
normal lymphocyte profile, which was gated for prior to fluorescentyasaof samples.
Notably the number of cells skewing from this profle does increase by Day 4 and 5 (Av, vi),
which is to be expected after this time period in incubation, especialy in unstimulated
samples. However this does not seem to be of a levelasuto affect the overall population.
Notably, the lve gating strategy represented in figure 3.3.3.i.A applies to prolferation or
staining data. A larger gating strategy, taking both live and dead cells into account, was used

for apoptosis analysis. #epresentation of apoptosis gating is shown in figure 3.3.3.i..Bvii.

To add further confidence that we are in fact observing live cells in our experimental setup,
the above was repeated, this time staining cels for Annegind Pl so apoptosis in these
cultures could be determined at the same timepoints (B). At all timepoints the percentage of
cels in late apoptosis were minimal. The level of apoptosis did increase with time, and was
slightly higher with time in media samples. However, with the highestegntage of dead

cels stil only accounting for ~15% cells in culture (Bvi), we were confident that we were

seeing the proliferation of live cells in these cultures.

Finaly, actual CD3+ cel prolferaton at these timepoints was analysed by CFSE
incorpa ati on (C) . Upon acquisition, cells i n
expressed as a percentage of total CD3+ cells. At TO (Ci), there were minimal cells in this
peak (22%). The percentage of prolferated T cels increased wih time in media, and

stimulated cells. At later timepoints prolferated T cel levels of ~80% were observed,
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reflective of experiments reported thus far in this project. Whie proliferation of T cels in
unstimulated cultures is an unconventional observation, it is clearlgake here, gve CFSE,
FSGSSC and Apoptotic assay data. Inhibited proliferation observed here when stimulated
with 50ngIL-2 is reflective of cell surface marker data, and MTS assay data, reported in this
project. Additionally, it is the relative change €D3 proliferation caused by NKs activated

by low or high I-:2, or HPIV3 infection, that is important to our findings, and the integrity of

this relative change is apparent across donors and multiple detection methods.

T0 Day1
FSC-55C FSC-S5C
PMA+A-CD3

PMA+A-CD3

Media

L

2

FSC-H : Adi

L

Day2 Day 3
FSC-55C F5C-55C

Media 50ng IL-2 PMA+A-CD3

SOng IL-2 PMA+A-CD3

S5C-H

FSC-H Aiv
Day 4 Day 5
FSC-55C FSC-55C

50ng IL-2 PMA+A-CD3 PMA+A-CD3

L e

Av FSC-H ' Avi

Figure 3.3.3ii.A: FSCSSC of T ells in response to 50ng/ml I[E2 or PMA+A-CD3 over

a 5 day time course.T cels were isolated cultured in media alone, or were simulated with
either 50ng/ml IL2 or PMA+A-CD3, and cels were harvested at TO (Ai), Day 1 (Ai), Day 2
(Aii), Day 3 (Av), Day 4 (Av), Day 5 (Avi. At each time point FSSSC were analysed
upon flow cyometry acquisiion and assessed for normality of lymphocyte profiles. Results

stown represent one triplicate from one donor
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T0 Day1
Cell Apoptosis Cell Apoptosis

SOng IL-2 PMAA-CD3 Media S0ng IL-2 PMA+A-CD3

Annexin-V
Annexin-V

Day2 Day3
Cell Apoptosis Cell Apoptosis

S0ng IL-2

SOng IL-2 PMASA-CD3

P L

Annaexin-V Annexin-V

Day4
Cell Apoptosis Day5
Cell Apoptosis

Media SOng IL-2 PMA+A-CD3

BVI Annexin-V

Polvy-1

Buvii

Figure 3.3.3ii.B: Apoptotic profiles of T cells in response to 50ng/ml [£2 or PMA+A-
CD3 over a 5 day time course.T cels were isolated cultured in media alone, or were
simulated with either 50ng/ml {2 or PMA+A-CD3, and cells were harvested at TO (Bi),Day
1 (Bi), Day 2 (Bii), Day 3 (Bv), Dg 4 (Bv), Day 5 (Bvi). Cells were stained with Annexin
V and Pl as previously described, and the percentage of cels in therighpequadrant
displayed. Results etwn represent one triplicate from one dondhe gating strategy for

apoptotic analysis ialso presented here (Bvi)
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TO Day 1
CD3+ Cell Proliferation CD3+ Cell Proliferation

Me-dia S50ng IL-2 PRA+A-CD3 S0ng IL-2
el ]

Gi Cii

CFSE CFSE

Day2 Day 3
CD3+ Cell Proliferation CD3+ Cell Proliferation

SOng IL-2 i C S0ng IL-2 PMAA-CDE

-

Ciii

CFSE
CFSE

Day 4 Day 5
CD3+ Cell Proliferation CD3+ Cell Proliferation

Media S0ng IL-2 PMAA-CDE PMAA-CD3

Cvii:

Sample: Cell Count/ml

Media TO 10,000/ml (as seeded)
Media Day 1 11,316/ml

Media Day 2 14.575/ml

Media Day 3 25,496/mi

Media Day 4 46,454/ml

Media Day 5 65,865/ml

Figure 3.3.3ii.C: Proliferation of T cells in response to 50ng/ml 12 or PMA+A-CD3

over a 5 day time course.T cels were isolated, into which CFSE was incorporated as
previously describedCels were harvested and analysed by fow cytometry at TO (Ci), Day 1
(Cii), Day 2 (Cii), Day 3 (Ci), Day 4 (@, Day 5 (Cvi). Upon acquisttion cells in the low
CFSE peak (gated by CFSEels) were determined and are displayed on histog@esults
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slown represent one triplicate from one donBepresentative cell counts per ml for each

time point are presentduere (Cvi)), corresponding to media samples of each timepoint

3.3.4 CD56"" not CD56”™ NK marker expression mimics that ofthe
overall CD56+ cell population

Thus far, to investigate {2 mediated NK cell expansion, or regulation of CD3+ cells, CD56
and CD3 markers have been used. The cel population in the CD56+@iadrant upon
acquision have been gated as CD36K cells. CD56"9" NK cels have shown prevalence

in immune regulation in current lterature as previously discussed. It remainede to b
determined whether CDB®" NK cells expand in response to low and high levels e.IL
CD56>9" are the more regulatory NK cell subset, with recent data suggesting a role for
immune regulation of this subset, whie CBBBNK cels are the more triidnal cytotoxic

subset. CD16 expression can be used to diferentiate between both subsets. Literature has
described CD589" NK cels as CD56+CDZD16-, whie CD56™ NK cells are described

as CD56+CD3CD16+ (Poli et al 2009)and as this is widely repted, we based our
experiments on these markeiddionally, traditonally in our group, CD16+CD56+ cells,

tend to be in the lower expression region of CD56+ cells. In later experiments, these subsets

are also isolated based on their CD16 expressiosedoan recommendations by Mitenyi.

Freshly isolated PBMCs were stimulated with various concentrations -8f ds previously
described. At Day 5, cels were stained with fluorescent conjugated antibodies for CD56,
CD3 and CD16. Those cels that were CD568JCD16-, or CD56+CD3CD16+ were
determined by gating for CD56+CD3 cells and observing their CD16 expression. The
percentage of CD56+CDBD16- cels, or CD58™" NK cels increased at both low
(0.781ng/ml) and high (50ng/ml) concentrations of2IL but not intermediate levels (Figure
3.3.4). However, expression of CD56+GO®16+ cells, or CD58™ NK cells did not alter
with IL-2 concentrations (figure 3.3.4)Vhie not al CD56™ NK cells express CD16, we
found this system sufficient for the purposetia$ experiment. By fow cytometry, we have
seen that almost all our CD®B NK cells do. Additionally, in this study we show that the
CD16- NK subset are the regulatory cells at play here.

These results suggeshat the response of CD56+CD@8ells obsered previasly (section
3.3.1) was irthat of CD56"9" and not CD5B™ NK cell populations. It is also notable that in
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media samples, CDS8®" NK cels were detectable as ~1% of the total ML population,
which is the reported physiological frequency ddB™"9" NK cells. Simiarly, CD58™ NK
cels were detectable at-®% of the ML population, similar to their-80% physiological
frequency reported in lterature (Pdadt al 2009, Caligiuri 2008) adding strength to the
suggestion that we are observifgede NK cell subsetsTo further investigate the role of

these two NK subsets here, we go on to isolate these cell types in later experiments.

NK subset surface marker expression
El CD56+CD3-CD16-

CJ CD56+CD3-CD16+
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Figure 3.3.4: CD56+CD3CD16- and CD56+CD3CD16+ cell expression in response to H2
stimulation. Freshly isolated MLs were stimulated with varying2aLconcentrations. After 5 days,

upon harvest, cells were stained for CD56, CD3 and CD16. CD56+C&l8 were gated and of

these, the percentage that were CD16+ or CivE8e determined. Faepresentative flow cytometry

data see appendix 2.7. Resulis represent normalized data from 3 donors, from 3 separate experiments
in triplicate. Error bars represent standard deviation between sangigsficancewas determined

using Newman Keuls One &y Anova ands as compared to media sample of the same data set.
*p0O0. 05 **p00.01
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3.3.5 CD56"" not CD56°™ NK cells are unequivocally responsible for
inhibited CD3+ cell proliferation at high and low IL -2 concentrations.

Having exanined the levels otells expressing markers for CD%E" and CD56™ NK cells
(Figure 3.3.4), it was importarib investigate whether CDB®" expansion at low and high
IL-2 concatratons was reflected in prolferation profles. Addiionalwe wanted to

investigate theeffect of either NK cell subsevbn CD3+ cell proliferation

From freshly isolated PBMCs, CD%8" and CD58™ NK cels were isolated using isolation

kits for these subsets (Mitenyi Biotech UK), which isolate CD56+GDdiil CD56+CD16+

cels respectively. Aaglogous CD3+ cels were also isolated. Into either NK subset, CFSE

was incorporated, before coculture of either subset with CD3+ cels and stimulation with
varying IL-2 concentrations. Additonaly, in a separate experimental setup, CFSE was
incorporated rito CD3+ cells before coculture with either CB%8' or CD56™ NK cels

and I-k2 stimulation. Upon harvest -FanldC 0a cpogeuai ks i W é

gated for, and expressed as a percentage of total cells of that subset.

As with subset epression results observed in section 3.3.4, CHBENK cell proliferation
significantly increased at both low (0.731562ng/ml) and high (250ng/ml) concentrations

of IL-2. In contrast, the percentage of prolferated CH¥$@\K cells did not change der

any IL-2 conditions (Figure 3.3.5.A). Additionally, proliferation of CD3+ cels was inhibited
in the presence of CDB®"™ NK cels at low (0.7843.125ng/ml) and high (50ng/mi)
concentrations of H2, but not in the presence of CD%B NK cells (Figue 3.3.5.B). This
confrms that the NK cell mediated inhibted CD3+ cel proliferation observed previously
(Figure 3.3.3.C)was in fact induced by expanded CH8BNK cels.

Results thus far indicate that at both low and higt2 Iconcentrations, CD5B NK cells,

but not CD58™ NK cels expand, inducing inhibited CD3+ cell pifation. Of interest

both subsets were cultured here at a 1:10 ratio with CD3+ cells. However, the physiological
ratio of CD56"9" NK cels is 1:100. Therefor this expernent was repeated with
CD3+(CFSE) cels cuttured with CDBE™ NK cels at this rato. Overal, CD3+ cel
inhibition by CD56™"9" NK cells was enhanced at this lower ratio of NKs: T cells (1:100)

and again, thignhibition occurred at low and high {2 concentrations (Figure 3.3.5.C). This

allays concerns that CDB#™ saturation was a factor in CD3+ cell inhibitiothie T cells
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appear to be prolferating even in the absence of stimulus, this issue has been previously
addressed anrther investigted (section 3.3.3.i)
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Figure 3.3.5: CD568"" and CD56”™ NK cell proliferative response to IL-2 and their effect on

CD3+ cell proliferation. CD56""™ and CD58™ NK cells were isolated from freshly isolated
PBMCs, as well as CD3+ cells. CFSE was incorporated into each of these lymphocyte subsets and
cocultures set up as follows: CO88'(CFSE)+CD3+ cells, CD58" (CFSE)+CD3+ cels (A),
CD3+(CFSE)+CD58", CD3+(CFSE)+CD58™ (B), or finaly CD3+(CFSE)+CD56°" was
repeated at a 100:1 ratid Tcels:NKs Cells were harvested at day 5 and upon acquisition; cells in
the fAlow CFSE peako were gated a-RITC cels Resets s e d
repesent normalized data from 3 donors from 3 separate experiments in tridicede.bars
represent standard deviation between samgi@s. representative flow cytometry results see
Appendix 2.8. Significancevas determined using the Newman Keuls One \Aagva andis as

compared to media samples of the same data set.
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3.3.6 CD56+ cells increasthe percentageof CD3+ cellsmaintained in the
GO0/G1 phaseof cell cycleat low IL-2 concentrations andincrease the
percentageof CD3+ cellin apoptosis at high IL-2 concentrations.

We have demonstrated that CD56+ celigpand andnhibit CD3+ cel proliferation at low
and high [-2 concentrations. Howevewhether the concentration of-R dictates the mode
of regulation (ie, cel cycle arrest @poptosis) had yet to be investigated. Addttionallz w
have associated low 42 with NK mediated T cell cycle arrest during HPIV3 infection
(Noone et al 2008). It was necessarto determine the level diIK induced cell cycling and

apoptosis in CD3+ celst low or high dose H2.

From freshly isolated PBMCs, MLs and those from which CD56+ cels had been depleted,
were isolated and stimulated with various-2AL concentrations. Upon harvest, cels were
stained for CD3, as wel as AnneXfiPl staining. Fronthe CD3+ PI acquisition histogram,
different stages of cell cycle could be gated and expressed as a percentage of CD3+ cells in
each stage of cell cycle. Simiarly, CD3+ cels were plotted as Arkexm Pl, and those in

the AnnexinV+PIl+ quadrant were ptted as a percentage of total CD3+ cells. At low2IL
concentrations (0.783.125ng/ml), the percentage of CD3+ cells arrested in the GO/G1 phase
of cell cycle significantly increased in the presence of CD56+ cels (Figure 3.3.6.A).
Addtionally, at high IL-2 concentrations (50ng/ml), a significant increase in CD3+ cell
apoptosis occurs in the presence of CD56+ cells (Figure 3.3.6.B). These results are consistent
with proliferative results. Importantly, this regulaton was not observed in CD56+ cell

depleed cultures.

From these resuls, we can conclude that at lov2 leoncentrations, CDS&™ NK cels
expand and induce CD3+ cell cycle arrest. At intermediate concentrations2pfQD56" 9

NK cel populatios contract, and CD3+ cell prolferaton ocs. Finaly, at high L2
concentrations, CD%6%" NK cels expand again, this time inducing CD3+ cel death.
Therefore, this confrms the hypothesis that-2ILconcentration dictates the mode of
regulation exerted on T cells by CO58" NK cels.
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Figure 3.3.6: Cell cycle and apoptosis analysis of CD3+ cells, in the presence or absence of

CD56+ cells, inresponse to I£2. Bothtotal ML andCD56+ cell depleted MLs were isolated. These

MLs were simulated withIL-2 concentrations. After 5 days, upon harvest, cells were stained for

CD3, AnnexinV and PIl. Stages of cell cycle were gated in the PI histogram of CD3+ cells, and the
percentage of cells in each stage expressed as a percentage of 3ataleliA). CD3+ cells were

plotted as AnnexitvV vs Pldot plotsand those in the Annexin V+PI+ quadrant plotted as a percentage

of total CD3+ cells (B). Results represent normalized data from 3. For representative flow cytometry

data, see Appendix 2.€rror bars represent standard deviation between sarugéficancewas

determined using Newman Keuls One way Anova arel compar ed to media sa
***p0O0.001.
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3.3.7 CD56+ cell perforin expressionincreases at high42 concentrations.

Having determined that CD56+ cels induce CD3+ cell death at high toncentrations
(Figure 3.3.6.B), it was also oiterest to investigate if other physiological indicators
correspond to the increased apoptosis observed at highctincentrations. To this end, we
examined perforin expression by NK cels at varying2lLconcentrations. Perforin is a
cytolytic protein poduced by NK cels. It elcits its effect by forming a pore in the target

cell déds plasma membrane, etral@0)i ng cel | death

Freshly isolated PBMCs were stimulated with varying2lLconcentrations. Upon harvest at
day 5, cels were dted with fluorescent conjugated antibbodies to both CD56 and perforin.
Upon acquisition at day 5, the percentage of CD56+perforin+ cels (UR) was determined and
expressed as a percentage of total CD56+ cels (UR+UL). At the upper range2of IL
concentratios (12.550ng/ml) the percentage of CD56+ cells expressing perforin is
significantly increased (Figure 3.3.7). This increase was twofold compared to media samples
at 50ng/ml -2, the concentraton at which CD3+ cel apoptosis was observed (Figure
3.3.6.B)

These results give further support that CD56+ cells induce target or CD3+ cell apoptosis at
high IL-2 concentrations, as we have shown death in the target (CD3+ cels) and increased
expression of cytolytic protein by NK celdNotably, perforin is not e only cytolytic
molecule produced by NK cels. Granzymes should also be taken into account, but as we
observed perforin coincidently as the first cytolytic protein we examined this was a notable
experiment. This also corresponds to increased CD107a, &arab marker for NK
cytotoxicity, which has recently been observed in our gré\gdtionaly, the mode of T cell
death is relatively unimportant to the overall story, the key finding being that at high IL
concentrations NK cels opt for the T cel deatiode of inhibition. Additionally, CD56"™

are usually described as the cytolytic NK cel subset. However, as in introduction, recent
reports have suggested COE®' expansion at high H2, with beneficial effects in
autoimmune conditions, due to T cedlkath. So whie perforin expression is unconventional

to the traditional role for CDFE NK cels, it actually supports more recent clinical reports.
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Figure 3.3.7: Perforin expression by CD56+ cells in response to variolis-2 concentrations.

Freshly isolated MLs were stimulated with various2lconcentrations. Upon harvest at day 5, cells
were stained for CD56 and perforin expression. When acquired, the percentage of CD56+perforin+
cells were expressed as a percentagmtaf CD56+ cellsResults represent normalized data from 3
donors in 3 sepate experiments in triplicatéor representative flow cytometry data see Appendix
2.10. Error bars represent standard deviation between sanfgsficancewas determined using
Newman Keuls One Way Anoveancs as compared to media sampl e.
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3.3.8 CD56+ cell regulation of CD3+ cells is contact dependent.

Our group has previousihdemonstrated that CD56+ cell regulation of CD3+ cell proliferation
during HPIV3 infection was contact depentl (Noone et al 2008. To assesscontact
dependence ofNK mediated T cell regulaton in response tow and high [L-2
concentrations CD3+ cells were separated from CD56+ cells by transwell inserts

From freshly isolated PBMCs, CD3+ and CD56+ cells wenatisd. Using transwell inserts,

IL-2 stimulated CD56+ cels were separated from CD3+ cels using 0.2uM pore inserts for
separation.Cocultures were carried out at the same ratio of cels as previously described.
Cocultures without transwell inserts wersoaused as a comparative control. Upon harvest at
day 5, AnnexifV and Pl staining was carried out as described previously (Section 3.3.6).
When CD56+ cels and CD3+ cels were separated, CD56+ cel regulation of CD3+ cell
proliferation was abrogated. Atw levels of IL-2, CD3+ cell cycle arrest did not occur when
transwel inserts were used (Figure 3.3.8.a). Simiarly, at high doncentrations, CD3+ cell
death did not occur when CD3+ cels and CD56+ cels were separated (Fig@d3)3.3.
Transwell ingrts abrogated CD56+ cell regulation of CDds.

These resultare in alignmentwith HPIV3 data. CD56+ cells regulate CD3+ cell cycle in a
contact dependent mechanism, at low2Ilconcentrions. Additionally, these results indicate

that CD56+ ced medate CD3+ cell deathat high concentrations of {2 in a contact
dependent mechanismOf interest howeverCD56"9" NK cels are reported to induce their
regulatory effect via the release of regulatory cytokines rather than contact dependence
(Caligiuri 2008).
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Figure 3.3.8: Cell cycle and apoptosis analysis of CD3+ cells, in the presence or separation (//) of
CD56+ cells.Both CD56+ and CD3+ cells were isolated from freshly isolated PBMCs. CBI3+

were cultured with CD56+ cells and stimulated with varying2ltoncentrations, or separated from

IL-2 stimulated CD56+ cells by a 0.2um pore insert. After 5 days, cells were stained for Avinexin

and PI. Stages of cell cycle were gated in the Raodriam of CD3+ cells, and the percentage of cells

in each stage expressed as a percentage of total CD3+ cells acquired (A). CD3+ cells were plotted as
AnnexinV vs Pl and those in the Annexin V+PI+ quadrant plotted as a percentage of total CD3+
cells (B).Results represent normalized data from 3 doregsrepresentative flow cytometry data see
Appendix 2.11 Error bars represent standard devation between sarSgesicancewas determined

using Newman Keuls One way Anova as@s compared to media. $*O0 . 00 1 .
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3.3.9 CD56+ cell cytokine productions not altered by IL-2 stimulation.

Results thus far indicate that CD56+ cels regulate CD3+ cels at low and high IL
concentrations via a contact dependent mechanism (Figure3.3.8). The®@'b36K cell

subset are responsible for this CD3+ cel regulation (Figure 3.3.5). As this NK subset are
usually associated with immunoregulation by cytokine release, it was important to determine
whether regulatory cytokines were not involved (Caligiuri 2008k KRy cytokines involved

in CD56™" medi ated immune regulation were examin
important for immune regulaton and antiviral responses. -BGF i s I mportant f
proliferation, can induce apoptosis, and regulates cel cycle via p1l5 and p21 regulafion. |

Is a reported T cell growth factor while TN

IL-10 is an antinflammatory cytokine, while IL13 is involved in allergic reaction.

To investigate this, ELISAs were performed on supernatants & MLs. In addition,

CD56+ cell depleted MLswere also stimulatedo establish whether the cytokines were
actually secreted due to the presence of CD56+ cells. Cytokines known to be produced by
NK cels were examined: IF9 (Figure -®. 3.F9.gA) @NFRIGFRuUre9 . B) ,
3.3.9.C), IL-10 (Figure 3.3.9.D),and IL-13 (Figure 3.3.9.E). For the majority of these

cytokines, no real change in cytokine release occurred under ghgadhditions.

These results confirm that CD56+ cells do not regulate CD3+ cellgtbkire release at low

and high I-2 concentrations, and further support a antdependent mechanisnil-2

stimulation does seem to induce a decreaseddFNpr oduction by CD56+ ¢
intermediate L2 concentrations. Whie at odds withedature, (Fehniger et al 2003,
Krzewstakk et al 2008) this may partly be explained by the fact that we have demonstrated
contracting CD56+ cell populations at intermediate2lLconcentrations. This suggests less
potential for IFN9 p r o dWhietwe @akowledge that it is unclear if cytokines detected

are from T cells or NK cells, as there was no change to cytokine levels this was irrelevant. If

we had observed changes in a particular cytokine in response2totien we would perhaps

have further invegated using intracellular stainingddditionaly, as we have already shown

that NK regulation of T cells is contact dependent, we expected no changes here.
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Figure 3.3.9: NK associated cytokine secretion profile of H2 stimulated MLs. Freshly isolated

MLs were stimulated with various {2 concentrations. At day 5, supernatants were harvested and
used for examinaiin by ELI SA.-b ([ BINBU(®),)IL-10(D)GRAd IL-13 (E) secretion

was determined by ELISA. Results represent normalized data from 3 donors, from 3 separate
experiments in triplicateError bars represent standard deviation between samples
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3.3.10CD3+ cells require the presence of CD56+ cells for {2 production

Tradttionally, IL-2 has been described as a T cell autocrine growth factor (Gaffen and Liu
2004). We report that this cytokine drives NK cell regulation of T cells at low and high doses
Based on the importance of this finding we wanted to further investigate CD3+ deri&d IL
in response to the presence of CD56+ cells.

Both CD3+ and CD56+ cels were isolated from freshly cultured PBMCs. CD3+ cels were
either cultured alone, or coculat with CD56+ cels. At day 5, supernatants were cultured
and used to test for the presence eRILCD56+ IL-2 production was also undetectable when
cultured alone (data not show). In the presence of CD56+ cells, the productiof? abylL
CD3+ cels incrased almost threefold, compared to when CD3+ cels cultured alone (Figure
3.3.10).

From these results it can be suggested that the traditional role-&yrdk a driver of T cell
proliferation is not true under certain conditions. They suggest that CBIB+pcoduce IE2

as a signal for CD56+ cells, to report their current immune condition. As we have shown
previously, this T cell derived 2 dictates NK regulation of
concentrationsHowever, as we use coculture here, we cadeaisively say that T cels are
producing Il-:2 in response to NK cells, as-B.may be produced by either cel type. In future
experiments intracellular staining could be used. However we stil feel these results give an
interesting finding, with potentiafor future investigation.
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Figure 3.3.10: IL-2 production by CD3+ cells in the presence or absence of CD56+ ceBmth

CD56+ and CD3+ cells were isolated from freshly cuitured PBMCs. Gielis-were cultured either

alone, or with CD56+ cells. On day 5, supernatants were harvested and used for examination by
ELISA. Error bars represent standard deviation between samples. Significance was determined using
Newman keuls One Way Anova andisca®e mpar ed to CD3+ cells alone.
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3.3.11Anti-IL -2 abrogates CD56+ cell responses to CD3+ cells

Having identified that IL-2 production is increased cell cultures whereCD56+ cells are

present, compared to when culiured alowe further mvestigated the requirement of CD56+

cels for CD3+ cell IL2 production. Both CD56+ and CD3+ cells were isolated fronmlfres

cuttured PBMCs. In a defned numbef CD3+ cels, CFSE was incorporated. These
CD3+(CFSE) cels were cultured alone, witmtidL-2, with autologous CD56+ cels, and

with both Anti-IL2 and CD56 cells. Similarly, in a defned numbef CD56+ cells, CFSE

was incorporatedand counted for coculturéfhese CD56+(CFSE) cells were cultured alone,

with Anti-IL-2, with autologous CD3+ deland with both Ati-IL-2 and CD3+ cells. Upon

har vest and acquisition af | TOCaoy p5e,a k c eMelrse igna

expressed as a percentage of total CD3+ or CD56+ cells.

Although IL-2 is considered a growth factor for T cells, the presesf Anti-IL-2 had no real
effect on CD3+ cell proliferation when cultured alone. As usual, CD56+ cells inhibited CD3+
cell proliferaton even in this unstimulated environment. However, in the presence of both
Anti-IL-2 and CD56+ cells, CD3+ cel prolfgion was restored (Figure 3.3.11.A). The
proliferation of CD56+ cells was not altered in the presencentfll&-2 alone. As expected
however, the presence of CD3+ cels induces increased CD56+ cell proliferation, which
decreases in the presence aftiAL-2 (Figure 3.3.11.B). These results indicate that CD3+
cel derived 12 induces CD56+ cell prolferation, perhaps as a mechanism of self

regulation.

From these results, where cells were not stimulated with exce®s ilLseems this cytokine
stil plays a role in CD56+ cell regulation of CD3+ cells. Results thus far indicate that in the
presence of CD56+ cells CD3+ cels produce2llcausing expanded CD56+ cell populations

and conversely, inhibited CD3+ cell prolferation.
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Figure 3.3.11: Proliferative responses of CD3+ and CD56+ in response to coculture anakiAlL -

2. Both CD56+ and CD3+ cells were isolated from freshly cultured PBMCs. From both cell types, a
portion was separated, into which CF8E&s incorporated. CD3+(CFSE) cells were cultured alune,

with CD56+ cells (A). Cells were either cultured with rAi-IL-2 or no antibody. Similarly,
CD56+(CFSE) cells were culturegither alone, or with CD3+ cells (B). Cells were either cultured

with Anti-IL-2 or No Antibody Upon acquisition on Day 65, cell
acquired histogram were gated and plotted as a percentage of total CFSE+ cells.. Results represent
normalized data from 3 donors from 3 separate experiments in tepleaor bars represent standard
deviation between samplelSor representative flow oynetry results see appendix 2. 8fnificance

was determined using Newman keuls One way Anovaisaad compared to media samples of the
same data set. *00.05 ***(Q00.001
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3.3.12 Stimulation of CD56+ cell IL-2 RfbytnotIL-2 RU, i s essent
CD56+ cell regulation of CD3+ cell proliferation.

IL-2RU Dblocking antibodies wused in therapy pa
residual -2 for NK cell adivation. This is due to the high expression of2LRU by T <cel
IL-2, whie NK cell IL-2R is mostly composed of {BRD . Thi s hypot hesi s

activaton of CD58"" cells during Ati-IL-2 RU t herapy (Li 2006). As

has been assated with this therapy, we can presume based on our own results (Section
3.3.6) that CD56+ cells are being activated at the upper range-afctincentrations here
(Martin et al2010).

Both CD56+ and CD3+ cels were isolated from freshly cultured PBMCSs. trdok
proliferation, CFSE was incorporated into CD3+ cells. Before coculture, CD56+ cels were
incubated either alone, with nIL-2 R U ,nti-ILA2 Rb or both of t hese
were cocultured and treated with usual concentrations -&. IUpon harvest and acquisttion

at day 5, celdd TCo wplreakilwew eCRHQE ed for and
total CD3+ ce$. When 12 RU was blocked, CD56 + cells
proliferation at low and high H2 concentrations. This was not the case whe Rb was
blocked, as CD3+ cels proliferation was restored at aP Itoncentrations in these cultures,

as wdl as cultures where both antibodies were used (Figure 3.3.12)

These results support those published by Mattiral Activation via I-2 R On CD56+ cels

at low or high IL-2 concentrations indes CD56+ cell regulation of CD3+ cels. As
treatment of I2RU on CD3+ cells all eww CDRb6+ltélgthe avail
cytotoxic mechanism we observe at high-2Lconcentrations ismimiced. Notably, it is
dificut to mimick clinical data ex vivo with regards to determining the exact concentration
of cytokine or antibbody that reacheatient ced. For this reason we used a wide range of IL

2 concentrations upon setting up these experiments, and our {@wdtise seems to reflect
clinical data with regards to immunological outcorotably, we draw th&e conclusions by

our own dilution curve used. Dacimab studies attribute expansion of NK cadsthe high

IL-2 levels available toNK cels during treatment However, they do not quantify this
cytokine concent r2tstudieén . c tonepmd the exdcy concefitiatimiv. | L
this cybkine stimulating NK cels We chose our concentrations independently of these
studies. Coincidently, we saw T cell death and NK expansion at high Hs reported in

these papers. Cell cycle arrest corresporiddow IL-2 as supported by our viral data.
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3.3.13 CD56+ cell regulation of CD3+ cellsalso occurs in allogeneic

cocultures

NK cels differentiate self from neself by gauging the expression of MHC class 1
molecules on potential targekells. NK cells effectively lyse cells lacking expression of some
or al MHC molecules, but this is abrogated if the target shares MHC class 1 molecules
(Benjaminet al 2010). Thus far, CD56+ cell regulation of CD3+ cels has been demonstrated
using autolgous cell types. To investigate the role of MHC in CD56+ cell recognition and
regulaton of CD3+ cells at low and high-B concentrations, this experiment was repeated
with allogeneic cell subsets.

From separate donors, both CD3+ and CD56+ cels weratedolfrom freshly cultured
PBMCs. To track proliferation, CFSE was incorporated into CD3+ cells prior to coculture
with allogeneic CD56+ cells and 42 stimulation. Upon harvest and acquisition, cells in the

Al ow -EFBEO0 peak wer e edaast @pbrcehtage of total B3+ eekspr e s s

Simiar to results observed with autologous cocultures (Figure 3.3.3.C), CD3+ cell
proliferation was inhibited in the presence of CD56+ cels, especialy at low and high
concentrations of H2 (Figure 3.3.10). Theslw dose Il-2 results are representative of a
HPIV3 infection scenario. Furthermore, the difference in proliferation between CD3+ cells
cuttured with CD56+ cels and those cultured alone, was even greater than previously
observed. As regulation occurred both autologous and allogeneic cultures, these results
suggest that CD56+ cell regulaton of CD3+ cels is not dependemtittwar allogeneic or
auologous MHC. However, the involvement of MHC presentatiooulsh be further

investigated in future.
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Figure 3.3.13: Proliferative responses of CD3+ cells, in the presence and absence of allogeneic

CD56+ cells, as detected by CFSE incorporatiooth CD56+ and CD3+ cells were isolated from

freshly isolated PBMCsf two separate donors. CFSE was incorporated into CD3+ cells, which were
cultured either alone, or cocultured with CD56+ cells, and stimulated with varying concentrations of

IL-2 . Upon acquisition on day 5, cell sweregatedhe Al o
and plotted as a percentage of total CFSE+ cells, or CD3+ cells. Results represent normalized data
from 3 donors in 3 separate experiments in triplicate. For representative flow cytometry data, see
appendix 2.14. Error bars represent standaddviation between samplesSignificance was

determined using Newman Keuls One Way Anova iaras compared to media sample of the same

data set. ***P00.001
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3.4 Discussion

The role of NK cels, in particular CDS®" NK cels, as immune regulators is stil poorly
understood and atimes contradictory. @blished data from our group demstrated that
HPIV3 infected DG could drive NK cel regulation of T cel prolferaton in a mixed
lymphocyte reaction. This regulation was associated with lov2 levels, with the addition

of IL-2 restoring the anprolferative regulaton (Nooneet al 2008). Coincidentally, data
emerged from patients who had received low dose Itherapy, demonstrating a simiar
contracton of T cells. This response was consistent with improved outcome in patients with
inlammatory conditons (Saadowt al 2011, Soiér et al 1994, Zornet al 2006, Murphy
2012). This led us to speculate that low dos€ Imay stimulate the same pathway as HPIV3
to induce the contracton of inflammatory cells. During infectiddiK mediated T cell
regulaton was due to cel cycle arregtdditionally, the inhibition of T cel cycle has
previously been atbuted to NK cell mediated wvpgulation of p21 (Trivedet al 2005). As
opposed to this low dose scenario, T cell apoptosis has been reported at high-Bose IL
(Harnacket al 2011, Degrte et al2009,Renet al2007). We hypothesised that NK cells may
regulate T cells differentially at low and high levels ofaL

We reveal an increase in cels expressing Cf#6 markers at low and high 4R
concentrations [(CD56+CD8D16+) figure 3.31]. This phenomenon was reflected in
CD56™" NK cell proliferative responses (figure 3.3.5.a). This corresponds directly to
reduced T cell numbers (figure 3.3.5.b). When CH86 NK cels, but not CD58™ NKs
were absent from culture an immediate @ase in proliferating T cels was observed, even
without the additon of IL2. Here, we demonstmta dual mechanism of CDBE™ NK
regulation of T cellproliferation, whereby NK cells expand and cause T cel cyclesiat
low IL-2 concentrations (figure 3.3.6.a) contract and alow T cell prolferaton at
intermediate IE2 concentrations, and expand agairhigh IL-2 concentrations causing T cell
death (figure 3.3.6.b) This high IL-2 mechanism is important in the prevention of immune
induced tissue amage. These results explddr the first time,the contradicting reports with
regards to NK cel regulation of T cels. We also found that both mechanisms of®tH56
NK cell regulation of T cells require direct contact with the target T cell (figuBeBB This is

of interest as finding T cel ligands for NK cedceptors may provide further therapeutic
targets in autoimmunity and cancekdditionally, these results indicate that low doseZ2IL

can minic NK cell regulation of T cell cycle during HPIVi8fection.
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Although the CD5B'" NK cells are the effector NK subset in this study (Figure 3.3.5), no
real change in their cytokine profles were observed in response-2o(Higure 3.3.9). This
adds further confirmation to the contact dependency isf rtiechanism (Figure 3.3.8). This
also highlights the ever changing role and profie of CI¥%% as this immune subséls
largely been associated with the production of regulatory cytokines (Caligiuri 2008, Shereck
et al2007).

When CD56+ or CD589" NK cels were depleted from culture an increase in prolierating

T cels occurred even in the absence of2ILThis was not enhanced by additionat2L
(figuress 3.3.3 and 3.3.5). It appears that CD3+ T cells do not respond in a proliferative sense
to IL-2 alone, but take direction from the CI388" NK cels. This was further confrmed by
demonstrating a two fold increase in-2Lproduction by T cels in eoulture with NK cells,
compared to T cels cultured alone (section 3.3.10). Additionally NKintédition of T cells

was abrogated when cultured with Alt+2 (section 3.3.11). This gives a new outlook on

the widely accepted view that 2. drives and promotes T cell proliferation (Gaffen and Liu
2004), and suggests T cels produce2ilas a mode otrosstalk for seffegulation via
CD569" NK cels.

IL-2 receptoralpha chain blocking antibodies (Daclzumdigve been associated with -2

dependent CD56+ cell expansion. Expanded NK cels were associated with cytotoxic effects
towards disease cang T-cels. The 12 dependency of this activation is paradoxically due

to the blocking of IL2 RU. Aut hors suggest t h2Rtis maihlyi s i s
composed of IE2 Rb . Ho we v e2R js mdinly aomprided of 2 RU . Therefore,
is a higher availability of the NK IL2R for IL-2 stimulation, mimicing a high dose scenario

of activation (Martinet al 2010). We demonstrated that at low and high levels e2,IL
blocking I-2 Rb abr ogates t he inhibition nungtheT cell
Daclizumab hypothesis, and demonstrating that NK cells are stimulated by T cell derived IL

2 through the-2beceptdrai n of their | L

Finally, and of interest for NK cell activation, the same inhibition of T cel proliferation was
observed withallogeneic or autologous NK celsThese results question theolvement for

MHC presentation in NK activation here. However, this needs further investigation.

Overall these results represent a sophisticated and important control mechanism which
ensuresthat a threshold of activation must be achieved before T cell proliferation is permited

by NK cel regulators. Similarly, cytoxicity by apoptosis represents a more suitable control
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when levels of IE2 have reached the upper limit and elimination ofr aeactive cells is key
to regaining intermediate or low levels of immune activation. This mechanism not only
supports the role of CDS&™ NK cells as immune regulators, but also explains anomalies
observed in current literature regarding the mode @kl regulation carried out by NK cells.
This may also have clinical implications in autoimmunity. To our knowledge, this is the first

evidence for this dual mechanism of NK cell regulation of T cell responses.
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4 NK cells promote theproliferation of Treg populations,

but inhibit conventional T cells.

4.1 Introduction

T cels are a diverse immune subset with high specificity toward a wide array of @antigen
There are several types 0of cells broadly divided into helper, regulatory andcemory T
cels. Memory T cels residein circulation post infection mounting a strongerimmune

response upon encountering the same pathogen again (Janeway 2008).

As previously stated, HPIV3 is an important respiratory pathogen responsible for
bronchiolts, pneumonia and croup. Whie initial infection occurs during infancy and early
chidhood, reinfection is a common event and may occur several times even in adulthood
(Henrickson 2003, Chanoc&t al 2001). Although antibbody responses occur, individuals are
stil susceptible to reinfectionndicating a faiure of immune memorfEchmidtet al 2011).
Indeed, our group has demonstrated NK cell mediated T cell cycle arrest during infaction.
this study, v determined that neutralizing antibbodies to the HP$uBace glycoprotein HN
restores T cell cycle and prolferatonHowever, this phenomenon has only been
demonstrated in the overall CD3+ cell population, but responses of specific T cel subsets
have yet to be characterised. In addiion, it would be efast to determine wheter NK cells

selectively inhibit memory T cell substs during infection.

We have alsaletermined that low dose -I2 mimics the effects of HPIV infection. Therefore,
we are interested in low dose-I responses gwven, itgnportance inunderstanding the

therapeutic mechanisms of low dose2lin the clinic

In the past, regulation of Tcons has been attributed to Tregs (Mils 2004). Tregs are of
importance for neutralization and suppression of the effects of T cell responses pas, infect
minimizing damage to local tissue. These cels are usualy derived from naive CD4+ cells
stimulated with 12 and TGFD . Recent studies demonstrate
doses of IE2. Authors suggestthat thebenefis with low dose -2 treamentin graft versus

host disease and HGMduced vascultiss due to these increased Trég®rrethet al 2011,
Saadounet al 2011). However one study also described increased NK cell populations
during low dose IE2 treatment, but did not associatesh cels with therapeutic effects

(Saadouret al 2011). It was thereforeof interestto determine whether NK cells regulate all T
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cell subsetsduring HPIV3 infection orat low dose IE2, or whether NK cells can distinguish
between Tcons and Tregg/e hypdhesized thafNK cells are selective in the T cell subsets
they inhibit inhibiting preinflammatory subsets at low and high-2,. whie promoting Treg
levels To investigate this hypothesis, we observed levels of various T cell suf$dts
Thl7, Treg, ramory T cells, or CD8+ T cels), during HPIV3 infection or in response 4o IL
2. We felt that in agreement with literature, perhaps whie NKs inhibit Tcons, this is not the

case for Tregs.

4.1.A The specific aims of the work described in this chapter weras follows:

-To determine if HPIV3 infection causes NK cels to selectively inhibit certain T cell
subsets.

- Investigate if this is reflective of H2 stimulation

-To determine if NK cell promotion of cels expressing Treg markers is reflective in

proliferative data
-Investigate the specific NK subset regulating Tregs
-To ensure that NK inhibition of CD3+ cels is not Treg mediated

-Determine if NK regulation of Tregs is contact dependent
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4.2 Materials and methods

Table 4.2.1: Additional reagents ¢ table 2.2.1 and 3.2.1, used in this study

Product Catalogue # Company

Human Treg detection kit | FMC013 R&D systems Europe Ltd
Oxon, UK

Human Thl detection kit FMCO009 R&D systems Europe Ltd
Oxon, UK

Human Thl7 detection kit | FMCO007 R&D systems Europeltd.,
Oxon, UK

Anti-human CD8PE 25-0087041 eBioscience, Hatfield, UK

Anti-human CDA45RCEPE 25045741 eBioscience, Hatfield, UK

Human Treg isolation kit 130-:091-301 Mitenyi  Biotec, Gladbach
Germany

Human [-27 Duoset ELISA DY2526 R&D systems HEwpe Ltd.,

kit

Oxon, UK

Human ILELISA kit

35 88735788

eBioscience, Hatfield, UK

4.2.1 Subset isolation

CD4+CD25+ cels were isolated (or depleted), using the Treg isolation kit (Mittenyi Biotec).

Additionally, CD56+CD3+, CD5®'9" and CD58™cels were isolated as previously

described.

4.2.2 Cocultures and stimulation

In this chapter, CD14+ cels were isolated, infected and cocultured with allogeneic CD3+
cels or MLs as previously described. Addiionally, MLs, CD56+ cell depleted MLs were

cutured ad stimulated with 1L2. Similarly, CD3+ cels, CD3+Tregcels and Tregs were

cocultured with NK cells at previously described ratios, and stimulated with [Cranswell

separations between CD56+ cells and Tregse carried out in the same wag previousi
described for CD56+ cels and CD3+ cells.
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4.2.3 Flow cytometry

Flow cytometry was carried out as described in section 2.2.10. For detection of specific T cell
subsets, multiuorescein detection kits were used (R and D systems). For Treg detection,
antibodies to CD4, Foxp3 and CD25 were usedFor Thl detection antibbodies to Tbet, IFN

and Ik1 2 Rb2 were wused. I ntracellular staining w
carried out as per manufactur er sfaL-1gdi2zd el i nes
and IL-22 was determined. Additionaly, nk CD8-PE and Ati-CD45ROPE were used to

detect cytotoxic and memory T celsntACD56-FITC, Ant-rCD3-APC, Ant-CD16-PE were

used as was CFSE incorporation as previously described.

4.2.4 Neutralizaion

IL-2R CD25, and intercellular {2 were blocked as previously described.
4.2.5 Statistical analysis

Al coculture experiments represemormalized results for three donors in three independent
experiments Cyflogic and Facs Calibur software were usiked FACs analysis, and plots

were created using GraphPad Prism 5.Significance was calculated using Newman Keuls One
way Anova:* p<0.05; ** p<0.01; *** p<0.001.
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4.3 Results

4.3.1 HPIV3 infected CD14+ cellsincrease the percentage of MLs
expressirg Treg markers and decrease the percelage of MLs expressing

markers for various Tcon subsets

We have demonstrated that during HPIV3 infection, antibbodies to the surface glycoprotein
HN abrogates NK cell mediated inhibition of CD3+ T cells. Reports haggested that the
failure of T cel responses during infection codig attributed to faled immune memoty

the virus (PlotnickyGilquin 2001). However, memory responses to infection have yet to be
determined. Therefore, it was of interest to investigatether NK cells target specific T cell
subsets during HPIV3 infection, or if they inhibit the overall CD3+ cell population

From freshly isolated PBMCs, mixed lymphocytes were isolated and cultured with HPIV3
infected dbgeneic CD14+ cells, in addiioro tHPIV3 infected CD14+ cels which were
cultured with AntiHN, Anti-F, Anti-Distemper virus or suitable controls as previously
described Upon Day 5 acquisition, cells were stained depending on tmlTpopulation to

be detected. Cels werstained for ©4, CD25 andintracelularly for Foxp3, and the
percentage of cels posiive for expression of all three markers were deemed Tregs, and
expressed as a percentage of total MLs (Figure 4.3.1.A). Cells that weree posite D3,

IFN-o0, -1R2IRb2 and intracellular TBet were consi
percentage of total MLs (Figure 4.3.1.B). Cells that were positive for CDBAHLIL-23+IL-

22+ were indicative of TtV expression, and were plotted as ac@etage of total MLs
(Figure 4.3.1.C). The percentage of CD8+ T cells was determined and plotted as a percentage
of total MLs (Figure 4.3.1.D). Cells that were CD3+CD45R0O+ represented memory T cells,
as CD45R0O is a memory marker. These were plotted asreemage of total CD3+ cells
(Figure 4.3.1.E). Any intracellular staining was carried out following company guidelines

(R+D systems), as detection was done using muticolour subset Kits.

Interestingly, HPIV3 infected CD}4 cells induced increased percesta®f cells expressing
Treg markers,compared touninfected, orinfluenza samples. This was abrogated when viral
HN was liocked (Figure 4.3.1.A Consistent with the overall downregulation of CD3+ cell
proliferation, all Tcon subsetswvere inhibited in thepresence of HPIV3 infected monocytes
compared to influenzaln particular, Thl CD8+ and Memory T cells were significantly
restored when HPIV3 HN was blockééigure 4.3.1 BE).
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These results demonstrated that whie HPIV3 infection induces expanded opreftigns, it
inhibits the overallTcon cell population. These results are all abrogated by blocking HN. The
only T cell subset supported during infection is -gfiitmmatory, highlighting the intricate
mechanism of immune regulaton demonstrated by BPIM relation to the failed immune
memory associated with this virus, it is unsurprising that HPIV3 induces inhibition of
memory cells. However, this is the first time it has been specifically confrmed. Additionally,
and perhaps of greater interest, he fact that this is abrogated upon neutralization of HPIV3
HN. This is an important finding for the development of vaccines to this virus, as these
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CD45R0 expression,
HPIV3 infection

1
*

%CD45R0O+
CD3+ cells in MLs

Figure 4.3.1: Surface marker expression of T cell subsets in response to HPIV3 infe ctineshly
isolated CD14+ cells were infected WwiHPIV3 or influenza and washed after 2 hours. Prior to
coculture with freshly isolated allogeneic mixed lymphocytes after 24 houmtsHA, Anti-F or
Anti-Distemper antibodies were incubated with cells at a ratio of 1:100. Mixed lymphocyctes were
also ctltured with previously described controfter 5 days, cells were stained for T cell subset
markers as follows: CD4+CD25+FOxp3+ cells represent Tregs (A), CD3+TBetIFN112 Rb 2 +
represent Thl cels (B), CD2+L7+IL-23+IL-22+ represent Thl7 cels (C), CD3+CD8+ cells
represent CD8+ T cels (DJand CD3+CD45RO+ cells represent memory T cells (E). Upon
acquisition and gating, each subset was egpas a percentage of total Mor representative flow
cytometry data see Appendix 3.1. Results represent normalized data from 3 donors for 3 separate
exerpiments in triplicateError bars represent standard deviation between samples. Significance was
determined using the Newman Keuls One Wapvanand is as compared to CDldamples
*p0O0. .05 **pO0.01 ***p0O0.001.
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4.3.2CD56+ cellsincrease the percentage of MLs expressing Treg markers
and contract MLs expressingmarkers for Tcon subsets

We have demonstrated increased numbers of cels expressing markemsedsy and
inhibited Tcon cell subsets during HPIV3 infection, during which low-2L concentrations
have been demonstrated. Additionaliycreased Tregs and remhd Tcons have been
reported following low dose H2 therapy (Korethet al 2011, Saadouet al 2011). As low
dose L-2 mimices HPIV3 infection, wenvestigated the H2 driven effects of CD56+ cells

on the response of key splopulations of Tcells.

From freshly isolated PBMCs, IM were isolated. From a defined numloérthese, CD56+

cels were depleted. Both total ML and CD56+ cell depleted MLs were stimulated with
varying concentrations of 2. For Day 5 acquisition, cells were stained depending on-the T

cel populaton to be detected. Cels were stained for CD4, CD25 and Foxp3, and the
percentage of cels poseévfor expression of al three markers were deemed Tregs, and
expressed as a percentage of total MLs (Figure 4.3.2.A). Cells that were positive for-CD3, T
Bet, FN0 and2RHBH2 were considered Thl <cell s, whi
total MLs (Figure4.3.2.B). Cells which stained positive for CD3+1IZ/+ IL-23+IL-22+ were
indicative of TH17 expression, and were plotted as a percentage of total MLs (Figure
4.3.2.C). The percentage of CD8+ T cells was determined and plotted as a percentage of total
MLs (Figure 4.3.2.D). Cells that were CD3+CD45RO+ represented memory T cels, as
CD45R0 is a memory marker. These were plotted as a percentage of total CD3+ cells (Figure
4.3.2.E).

Conversely to the overall Tcon populaton (Figure 4.3R)B CD56+ cels enhaed Treg
marker expression in the mixed lymphocyte population at low dos2 (Eigure 4.3.2.A).

This response did not occur in the absence of CD56+ cells. In keeping with what seems to be
beneficial effects of low dose {2 treatment in humans, it seentkat key cells expressing
pro-inflammatory markers are reduced in the presence of CD56+ cells, but again, we see an
increase in these cell subsets when CD56+ cells were absent. The proportion of both Thl and
Th1l7 marker expression was significantly reducedhe presence of CD56+ cells at low2L
concentrations. Similarly, significant reduction in Thl17 marker expression, and approaching
significant reduction of Thl expression was observed at hig2 kkoncentrations in the
presence of CD56+ cells (Figure342.B+C). The percentage of CD8 expressing CD3+ cells

is markedly reduced in the presence of CD56+ cels (figure 4.3.2.C), and conforms to the
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profle of overal CD3+ cel regulaton at low and high-2L concentration observed
previously (Chapter 3). Fial memory responses are restored upon depletion dB6€D

cels (Figure 4.3.2.E), supportinghe HPIV3 induction of inhibited memory responses

(Figure 4.3.1).
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Figure 4.3.2: Surface marker expression of T cell subsets in response to-2L.in the presence

and absence of CD56+ cellskrom freshly cultured PBMCs, total MLs, and CD56+ cell depleted
MLs were isolatedBoth were stimulated with varying concentrations of21l(0-50ng/ml). After 5

days, cells were stained for T cell subset markers as follows: CD4+CD25+FOxp3+ cells represent
Tregs (A), CD3+TBet+IFNo + 1112 Rb 2 + represent T-h72IL-23+kk-P2H s (B),
represent Thl7 cells (C), CD3+CD8+ cells represent CD8+ T cells (D), and CD3+CD45R0O+ cells
represent memory T cells. Upon acquisition and gating, each subset was expressed as a percentage of
total MLs. For representative flow cytometry data see Appeddix Results represent normalized

data from 3 donorswith experiments carried oit triplicate. Error bars represent standard deviation
between samplesSignificancewas determined using Newman Keuls One Way Anovaiscs

compared to media samplestohe same data set. *p0O0.05 **p0O0. 01
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4.3.3 Treg proliferation is enhanced by CD56+ cells

We have demonstrated an increased percentage of cels expressing Treg markers during
HPIV3 infection, and with low dose R in MLs. This low dose 2 mediated upregulation

did not occur when NK cels were depleted from ML cultures. It was now necessary to
establish if this NK cell promatin of Treg marker expressiomas refiected in the actual

proliferative responses of Tregs.

Both Tregs and CD56+ ets were isolated (Mitenyi Biotech UK) from freshly cultured
PBMCs. Treg purities can be seen in Appendix 3.3. To track Treg proliferation, CFSE was
incorporated into Tregs prior to coculture. Tregs were cultured with CD56+ cells, or alone,
and stimulatd with varying concentratons of 1. Upon flow cytometry acquisition, the
percentage of c&llITsCoi np etatke offfl otwh eCFHSIESt ogr am
as a percentage of total Tregs. This served to compare prolferating Tregs with the surfac
marker expression observed previously (Figure 4.3.2) to confrm that the increase in
expression of these surface markers was due to cel proliferation as in addition to surface

marker upregulation.

Tregs proliferate poorly in the absence of CD56+ calig] demonstrate a significant increase

in proliferation in the presence of CD56+ cells. Tregs cultured with CD56+ cells prolferated
10 fold compared to those cultured alone (Figure 4.3.3). We have demonstrated low-dose IL
2 dependent NK cell mediated Inkion of the overall CD3+ cel population (Figure 3.3.3).
Whie low doses of k2 induced upregulated Treg markers (Figure 4.3.2), increased
proliferation of Tregs does not sedo be Il-2 dose dependenthis isat odds with studies

that associate low de IL-2 directly to increased Treg levgKoreth 2011, Saadoun 2011).
Addttionally, authors observedncreased NK cell populationat these levels buhese cells

were not attributed to the beneficial effects of this therapy (Saadoun. 20l pata suggts

that Treg levels are maintained by NK cels, and conventional T cels are regulated by NK

cells, in response to H2 levels.

It i 'S notable that while gating for the 7l c
fluorescence would fall at this low RC level. This would affect the absolute percentage we

report. However, of note, NK cells were cocultured with Tregs at a 1:10 ratio, and so cannot

be held accountable for 70% of celieing in this gate. Therefor, whie we acknowledge

percentages may bdgktly scewed upwards, there is stil a ~10fold increase in proliferation
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of Tregs when NK cels were present. Treg enhancement of NK cels was also reflected in
cell surface marker staining experiments. Additionally, upon looking at unstained NK cels in
isolation by fow cytometry, we confrmed a smal peak contributing to background but not

sufficient to be held totaly accountable. This rationale applies for all proliferative coculture

assays.

Treg proliferation
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Figure 4.3.3: Treg poliferative responses to CD56+ cells and H2 stimulation. Both Tregs and

CD56+ cells were isolated from freshly cultured PBMCs. CFSE was incorporated into Tregs, which
were either cultured alone, or with CD56+ cells, with both cultures stimulated wgingdt -2
concentrations. Upon acquisition after 5 days,
were gated and plotted as a percentage of total Tregs. For representatogtdimetry data, see
Appendix 33. Error bars represent standarl/idtion between sampleResults represent roalized

data from 3 donors, witexperimentscarried outin triplicate. Significancewas determined using

Newman Keuls One way Anovaands as compared to media sampl es.
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4.3.4 Both CD568"9" and CD56”'™ NK cells enhance Treg proliferation.

We have previously demonstrated t@D56™'9" NK cells, not CD58™, inhibit proliferation
of the overal CD3+ cel pofation, particularly at low and high {2 concentrationsHaving
determined that CD56+ cells strongly promote Treg proliferation, we wanted to determine if

a specific NK subset was responsible for this.

From freshly cultured PBMCs, both CO%8™ and CDB°™ NK cells were isolated using

isolation kits for these subsets (Mitenyi Biotech UK), which isolate CD56+€D16
(CD56>9") and CD56+CD16+ GD56°™) NK cells respectively. Autologous Tregs were

also isolated, into which CFSE was incorporated beforeitaoe with either NK cell subset

and varying 1l-2 concentrations. Cells were cocultured at previously described rdjims
harvest and acquisition &1t Tdaypééak cwdils gat
expressed as a percentage of total TregsulR indicated that both CDB8™ and CD56™

NK cels promote Treg proliferation (Figure 4.3.4.A). Similarly, CFSE was incorporated into

either CD58™" or CD56™ NK cels before culture with unlabeled Tregs and-2IL
stimulation. These NK cell ssbet s wer e analyzed as described

CFSEF 1 TC0O peak being expressed as a percentag:

Both NK cell subsets induce a high level of Treg proliferation, compared to Tregs cultured
alone. A slightly hiher level of Treg proliferation was induced by CBS6NK cels.
However it is notable that CDBB' NK cels were cultured with Tregs at a ratio of 10:1 while
CD56>9" NK cells were at a 100:1 ratio to mimic their physiological ratio to T cells, which

may be a factor in this difference

CD56" NK cells proliferate at low and high 42 concentrations, whie CDSB'
proliferation levels remain constant (Figure 4.3.3.B). Therefore, both NK cel subset
proliferation in response to 1R is as previously lmserved, and is unaffected by the T cell
type they are cultured with (Figure 3.3.5).
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Figure 4.3.4: Treg proliferative response to CD58"™ and CD56”™ NK cells , stimulated with

IL -2. Tregs andCD56"" and CD58™ NK cells were isolated from freshly cultured PBMCs. CFSE
was incorporated into Tregs which were cultured alone, with &8%6r with CD56"™ NK cells (A).
Similarly, CFSE was incorporated into these NK cell subsets which wergeclwith unlabelled

Tregs (B). Cultures were stimulated with various concentrations-2f Upon acquisition, cells in the

Al ow CFSE peako of

t he

acquired

histogram wer e

representative flow cyometijata see Appendix 3.&rror bars represent standard deviation between

samples.Results represent normalized data from 3 donors in 3 separate experiments in triplicate.

Significancewas determined using the Newman Keuls One Way anovéds asdcompared tmedia

samplesofthesae dat a set.

**p0O0. 01
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4.3.5 CD56+ cell mediated CD3+ cell inhibition is not Treglependent

We have demonstrated that CD56+ cells are essential for Treg proliferation (Figure 4.3.3),
and that they conversely inhibit the overall CD3+ Tcon pdpuolaFigure 4.3.2 and Figure
3.3.3). Traditonaly, Tregs were the immune cell attributed with regulaton of T cell
homeostasis, preventing autoimmune conditons. We aimed to determine if this inhibition of
CD3+ cels is due to CD56+ cels directly andt meadvertently via their enhancement of
Treg levels The experiment investigating CD3+ cel prolferaton with and without CD56+

cells was repeated in the absence of Tregs.

Both CD3+ and CD56+ cels were isolated form freshly cutured PBMCs. From tlia3¢ C

cels Tregs were depleted. To track prolferation, CFSE was incorporated into this
CD3+Treg population, which were cultured both with CD56+ cels and alone, and
stimulated with varying concentrations of-A. Upon harvest and acquisition at day 5J)scel

in the AF o WCOCFiseEa k wer e gated for, and exp
CD3+Treg cells.

In the Treg depleted CD3+ cell populations, CD56+ cells stil inhibited proliferation (Figure
4.3.5).These results confrm that the inhibted T ceblfpration observed in previous
experiments (Figure 3.3.3, Figure 4.3.2) was induced directly by CD56+ cels, rather than
inadvertently by CD56+ cell promotion of Treg proliferation.
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Figure 4.3.5: CD3+Treg cell proliferative response to CD56+ cells and K2 stimulation. From

freshly cultured PBMCs, CD3+ cells were isolated from which Tregs were depleted (Treg isolation

kit, Mittenyi), as wellas CD56+ cells. CFSE was incorporated into these CD3+delgwhich were

cultured alone, or with CD56+ cells. Cultures were stimulated with various concentrations2of IL

Upon acquisition after 5 days, cells in the #dAlo
plotted as a percentage of total CD3+Freglls. For represenfage flow cytometry data, see

Appendix 3.5 Results represent normalized data from 3 donors for 3 separate experiments in
triplicate. Error bars represent standard deviation between sangigsficancewas determined

using Newman Keuls OneWay Anova aisdas compared to media samples of the same data set

**p0O0. 01.
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4.3.6CD56+ cells do not promote Treg proliferation via CD25.

We have determined Treg surface marker expression by staining for CD4, CD25 and Foxp3,
and observed levels of cells pasiifor all three makers in response te2Lin the presence

and absence of NK cels. However, there are several subsets of Tregs which are not always
positve for all three of these markers. Therefore, we revisiied the previous acquisition

(Figure 4.3.2)analyzing each marker individually.

Whie Foxp3+ cels were upregulated for all NK cel+ cultures (data not shown), CD4
upregulation occurred especialy at low concentrations e® I(Figure 4.3.6.A), and to a
greater extent with CD25+ cells (Figure 4.B)6.However, as this does not take into account

these markers in conjunction, this may be attributed to other cell type expression.

Given the NK cel mediated promotion of Tregs, the possible Idependency of this
mechanism, and the upregulaton of CD@5-2 R{)Fi gure 4. 3.6.B)-2 the |
receptor, we hypothesised that perhaps NK cells promote Tregs via CD25.

Tregs were isolated from freshly cultured PBMCs, into which CFSE was incorporated.
Additionally, CD56"" and CD58™ NK cells wee isolated. Prior to cocutture, Treg CD25

was blocked with AntCD25 (R and D systems). These CE@b6cked Tregs were cultured

alone, or with CD58'9" or CD56"™ NK cells and treated with varying 42 concentrations
for 5 days. Upon acquisition, cels i t he Al ow CFSEO peak (prolif

percentage of total Tregs.

No real change in NK cell mediated promotion of Treg prolferaton was observed when
CD25 was blocked. A significant increase (over 10 fold) in Treg prolferation was stil
observed when cultured with either NK subset, compared to when cultured alone, implying

that CD56+ cell enhancement of Treg proliferation is not mediated via CD25.
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Figure 4.3.6:Expression of individual Treg markers in response to CD56+ cells and H2, in

addition to Treg prolife ative re sponse whe n antibodies to CD25 were present in culturedixed
lymphocytes or CD56+ cell depleted mixdgimphocytes were stimulated with varying -BL
concentrations and cultured for 5 days. Upon harvest, cells were stained for CD4, CD25 and Foxp3.
The percentage of CD25+Foxp3+ cells expressing CD4 was determined (A), as was the percentage of
CD4+FOxp3 celisexpressing CD25 (B). Tregs were isolated from PBMCs, as were ¥%5nd

CD56"™ NK cells. CFSE was incorporated into Tregs which were treated withOR®5, before

culture alone, or with CDS&"™ or CD56"™ NK cells and 11-2 stimulation. Upon acaggition, cells in

the fAlow CFSE peako of the acquired histogram
(C). For representative floaytometry data see Appendix 3Besults represent normaald data from

3 donors, with experiments carried ant triplicate. Significancewas determined using Newman

Keuls One Way Anova and is as compared to media samples of the same.dataset* p O0. 00 1
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4.3.7 IL-2 is not essential for CD56+ cell enhancement of Treg
proliferation.

We have previously demonstrated that low and higk2 linduces CD589" NK cell
inhibition of the CD3+ cell population (Figure 3.3.3). Additionaly, we have shemtanced

Treg proliferation in the presence of CD56+ cels. Treg marker expression was significantly
higher at low 12 concentratons (Figure 4.3.2, Figure 4.3.6.A and 4.3.6.B). Howeuver,
promotion of proliferation did not appear to be-2Ldependent (Figa 4.3.3). This study

aimed to determine the 42 dependency of NK cell enhancement of Treg proliferation.

Tregs were isolated from freshly cultured PBMCs, into which CFSE was incorporated.
Addttionally, autologous CD56+ cels were also isolated. TregsE}R&re either cultured

alone, with CD56+cells, or with both AntiL-2 and CD56+ celsCells were cocultured at
previously described numbers and ratikbp on acqui sition, cells i n
were expressed as a percentage of total Tregs. §inld&¥SE was incorporated into CD56+

cels. These CD56+(CFSE) cells were cultured alone, with Tregs, or with mtith.4 and
Tregs. Upon harvest, cells in the #dAlow CFSE
CD56+ cells.

As previously observed]reg prolferation significantly increased in the presence of CD56+

cells. However, a simiar increase was observed when cufured with buiiLA&2 and

CD56+ cels (Figure 4.3.6.A). In keeping with Treg prolfeaton CD56+ cell proliferation
significantly increased in the presence of Tregs both with and withokIlA2 (Figure

4.3.6.B). These results indicate thatdLis not essential for CD56+ cell enhancement of Treg
populations. This suggests that those results observed previously at OngZmbriLhe
Aimediao sample ar e i ndicative of the compl e
suggested that the increased number of cels expressing Treg markers at-bw IL
concentrations can be attributed to enhanced EWEBBIK cels at these levels. Bhidoes not

however, explain why Treg numbers are maintained at intermediat@d clhncentrations in

previous experiments, as there are lower levels of CD56+ cells observed here.
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Figure 4.3.7: Proliferative re ponses of Tregs and CD56+ cells to coculture withri-IL -2. Tregs

and CD56+ cells were isolated from freshly cuttured PBMCs. Into a proportion of each, CFSE was
incorporated. Tregs(CFSE) were cultured alone, with CD56+ cells, and withLA2 and CD56+

cels (A). CD56+(CFSE) cells were cultured alone, with Tregs, and wititllA-2 and Tregs (B).

Upon acquisition at Day 5, cells in the Alow CI
plotted as a percentage of total cells of that subBor representative flowytometry data see

Appendix 3.7 Results representormalized data from 3 donors, with experiment carried out in

tripicate. Error bars represent standard deviation between sang§itgsficancewas determined

using Newman Keul®ne way Anova anig as compared to rda samplet * * p O0. 00 1.
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4.3.8 CD56""™ cells acquire CD56™ markers at intermediate IL-2

concentrations.

We have demonstrated CD56+ cell promotion of Tregs by both surface marker (Figure 4.3.2)
and proliferative approaches (Figure 4.3.3). This occurreadhificsigty at low [L-2
concentrations, which we hypothesise is due to enhanced CD56+ cel proliferation at these
IL-2 levels, and not due to 42 itself (Figure 4.3.7). However, as we have demonstrated
CD56>9" NK cels expand at low and high 2. concetrations and not intermediate -2
concentrations, it was unclear how Tregs were maintained at intermediaz IL
concentrations. Even if Treg promotion is not-ALdependent, there are less proliferating
CD56™M NK cells at this subset, and CD%8 NK cells appear to beaintained throughout.

Of importance, w have demonstrated that either NK cell subset can promote Treg
proliferation (Figure 4.3.4).

From freshly cultured PBMCs, CDB8™ (CD56+CD16) cells were isolated using specific
isolation kit (Mitenyi Biotech Uksee materials and methgdsThese were stimulated with
various -2 concentrations and lawed in isolation. At day 5, ells were stained for CD56
and CD16. Both CD56+CD16(CD56™9") and CD56+CD16+ (CD38") expression were
examined.At intermediate IE2 concentrations, an increase in CD56+CD16+ expression was
observed, despite the initial cutture being comprised of only EHEENK cels. Whie not

al CD568"™ NK cells express CD16, we found this system sufficient for the purpogigsof
experiment. By fow cytometry, we have seen that almost all our EPB5EK cels do.
Addtionally, in this study we show that the CD1EK subset are the regulatory cells at play

here.

These results suggest that CE%8' can acquire CDS&" featues in an Ik2 dependent
manner. The plasticity of these cell types has been under scrutiny in recent years
(Maghazachi 2004). Additonally, it might explain the maintenance of Tregs at intermediate

IL-2 concentrations, as CD8B NK cells can promote Treproliferation.
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Figure 4.3.8: CD56™"™ and CD56”™ marker expression on isolated CD58""™ NK cells
stimulated with varying IL -2 concentrations.From freshly isolated MLs, CD86"™ NK cells were
isolated and stimulated with varying-B.concentrations. After 5 days, cells were stained for CD56,
CD3 and CD16. CD56+CDXels were gated and of these, the percentage that were CD16+ or
CD16 were determined. For representative floytometry ded see appendix 3.&esults represent
normalized data from 3 donorsjith experiments carried ouh triplicate. Error bars represent
standard deviation between sampl&gnificancewas determined using Newman Keuls One way

Anova ands as comparedtomeda s ampl e of the same data set.
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4.3.9 NK cell mediated Treg proliferation is partially abrogated when
separated by transwell inserts.

Both previously published data from our group (Noateal 2008) and our 12 studies
(Figure 33.8) demonstrated CD56+ cells inhibit CD3+ cell (Tcon) proliferation via acekl
contact dependent mechanism. However, we have not yet determined whether CD56+ cell
promotin of Treg proliferation, is contact dependefs both NK subsets have beenwho
to promote Treg proliferation (Figure 4.3.4), the contact dependence of both subsets were

investigated.

From freshly cultured PBMCs, CDB&&™ and CD58™ NK cells were isolated, as were

Tregs. To track proliferation, CFSE was incorporated into thesgsT Tregs were cultured

alone, with CD58™" NK cells or separated fror@D56™"9" NK cells using 0.2uM pore

inserts before stimulation with varying concentrations of-R. Similarly, Tregs were cultured

alone, with CD58™ NK cells, or separated fro@D56°™ NK cells using 0.2uM pore inserts

before stimulation with varying concentrations of-R_. At day 5, cells i n

peak were expressed as a percentage of total Tregs.

As previously observed (Figure 4.3.4), the presence of EPB6NK cels induced a
significant increase in Tregroliferation, compared to Tregsutured alone. When CDS&M

NK cels were separated from Tregs using a transwell insert however, proliferation was stil
significantly higher than in those Tregs cultured alobef significantly lower than when
CD56™" NK cells were able to come into direct contact with Tregs *® 0 .) (Figute
4.3.9.A). Simiarly, as previously observed, CB86 NK cells enhanced Treg prolferation
compared to Tregs cultured alone (Figure 4.3Abain, when separated by transwell insert,
CD56°™ NK cels stil promoted Treg proliferation to agrificantly higher level than media
samples, but stil is significanty lower than when in direcntact (***p O 0 .)(Bigiré
4.3.9.B). Therefgr both NK subsets can partially promote Treg proliferation, even when not
in contact with them, but this prelfation is further enhanced when NK cells are in direct

contact with Tregs.
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Figure 4.3.9: Proliferative re sponse of Tregs, in th@resence or separation (//) of CD58™ or

CD56”™ NK cells. Tregs and CD58™" and CD56™ NK cells were isolated from freshly cultured
PBMCs. CFSE was incorporated into Tregs priorctzulture. Tregs were cultureaone, with
CD56"" NK cells stimulated with varying H2 concentrations, or separated from2lsimulated
CD56"" NK cells by a 0.2um pore insert (A). Tregs were also cultured alone, with DK

cells stimulated with varying concentrations of2lor separated from 2 stimulated CD58™ NK

cells by a 0.2um pore insert (B). Upon acquisitin aDay 5, cells in the #dlo
acquired histogram were gated and plotted as a percentage of total cels of that subset. For
representative flowcytometry data see Appendix 3.Besults represent normalized data from 3
donors with experimentsarried out in triplicateDue to the conserved significance between all data
sets, this is summarized within the text and not the graph, iséliwas calculated using Newman

Keuls One Way Anova * * * pO0. 00 1.
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4.3.10Neither cytokines promoting Treg devebpment, or those produced
by Tregs arechanged in response to IE2.

We have demonstrated that both CB§& and CD58™ NK cells promote Treg proliferation
(Figure 4.3.3), a phenomenon which is only partially abrogated upon separation of NK cells
from the Treg (Figure 4.3.9). We therefore wanted to determine the role cla3segiated
cytokines in the promotion of Tregs by NK cells. Various Tasgociated cytokines were

examined by ELISAs.

To investigate this, ELISAs were performed on supernatants <f Htimulated Tregs,
cultured alone, or with CD%8% or CD56™™ NK cells. ELISAs were carried out on a variety
of cytokines associated with Tregs; T®F ( Fi gur e -140.(Fyureld03.13p 1L.-351 L
(Figure 4.3.10C) and H6 (Figure 4.3.10.p

TGFb is associated with the induction of Foxp3+ Tregs from CD4+CDO&®cursors. An

over 5 fold increase n TGB was observed i f9tNKeelsghaneTeegsn c e
cutured alone, with CD38" cuttures producing a significantly higher level of TEhH at
high levels of I2 (3.125ng50ng/ml -2, * * * n.O0. 00 1

Tregs produce the immunosuppressive cytokinelO; which is enhanced in the presence of
either NK cell subset. This cytokine is produced by Tregs, and is associated with anti
inflammatory efécts. As both NK cel subsets promote the prolferation of Tregs, it was

expected that H10 production would be enhanced in their presence.

IL-35 is responsible for the expansion of Treg populations, and there was no real change to
this cytokine in the gesence or absence of either NK cell subseju(€i4.3.10.C). H6 is
attributed to shiftingthe Treg/Thl7 balance in favour of Trelgowever, NK cell do not
contribute to the production of this cytokine when cultured with Tregs (Figure 4.3.10.D).
Overal cultures with CD58'9"" NK cells seem to produce increased levels of BGF  whi ¢ h
drives Tregs, and H10, a cytokine produced by Tregslowever, bothNK cell subsets
promote Treg proliferation optimaly when in direct contact with these cells (Fig8r@)4 It

is notablethat it is unclear whethethe cytokine is beng produced by NK or Treg here. We

show only that the presence of NK cells causes higher levels of this cytokine. Due to the
contact dependent element here, we felt no need to invedtigaer, but this could be done

with intracellular staining.
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Figure 4.3.10: Treg associated cytokine secretion profile of H2 stimulated Tregs cultured alone

or with Nk cell subsets.Freshly isolated Tregs, Tregs and CE/88 or CD56"™ NK cells were
stimulated with various K2 concetrations At day 5, supernatants were harvested and used for
examination by ELI&. TGFb (A), IL-10(B), IL-35(C) and IL-6(D) secretion was determined by
ELISA. Results were plotted using Graphpad Prism 5. Results represent normalized data from 3

donors, from 3 separate experiments in triplicate.
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4.4 Discussion

HPIV3 is a major respiratory pathogen affegti infants, with reinfection occurring
throughout life. his is due to failure of memory associated with this virus (Plotrigkquin

et al 2001). Our group has determined that NK cels inhibt T cell cycle during HPIV3
infection (Nooneet al 2008). Howeer, memory T cell responses have yet to be investigated.
We show inhibited levels of cells expressing memory T cell markers during infe€tmn.

was mediated by NK cells and refiected by low dose Itesults.Furthermore, this inhibition

of memory T cdd was abrogated in the presence of neutralizing antibbodies to HPIV3 surface
glycoprotein HN. Faied vaccines to this virus have used this glycoprodeiditionaly,
effector antiviral T cells are inhibited during infection, and this was abrogated tiiyHN.
These results givamportant insights into problems with HPIV3 vaccine development, as this
molecule, in its unmodiied form appears to inhibihemory responses, which is the
reoccurring problem with prevention of infection.

Immune regulation is keyo the control of autoimmunity and excessive immune responses to
foreign pathogens. This sgifotective feature of the host is controled by a complex
regulatory system, consisting of immune cells such as regulatory T cells. These regulatory T
cels havebeen considered as the most pivotal cell type in controling immune responses
(Jian and Chess 2004). #/have demonstrated the exploitation of NK cell immune regulation
during HPIV3 infection for the evasion of immune memory. This mechanism can also be
induced by low dose -. Recent stilies demonstrate enhanced Tregponses at low doses

of IL-2, with beneficial effects in graft versus host disease and -HQ\ted vascultis
(Korrethet al 2011, Saadouet al 2011). However, increased NK cells were abserved in

the vascultis study (Saadowet al 2011). TheseNK cells were not investigatedfor antt
inlammatory functionin this study but based on our data thus far we hypothesized that these
cels have been overlooked immune regulatonWe have deonstated NK cell mediated
inhibition of T cell prolferaton at low IE2 concentrations and in a parainfuenza context.
Thus, our aim was to further investigate the effect oR linduced NK regulation of human
immune responses by examining the expredsiegis of key T cell subsets in response to IL

2 in the presence or absence of NK cels. The low dos2 lkere serveso drive the same
mechanism of NK mediated T cell cycle arresti#dV3 infection.

We found that the presence of NK cells has an impbdfiect on how othecells respond to
IL-2. At all IL-2 concentrations, a notableduction in cels expressing markers for key

proinflammatory cell subsets such as Thl and TH17 was observed when NK cels were
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present There was a significant reductior marker expression for both subsets at low2IL

and again at high H2 (Thl subset approaching significanceddditionally, CD8 and
memory T cell expression followed similar profies. In contrast to these subsets responses, we
see an enhancement of Tregression at low d&slIL-2 in their presence and a decrease in
their numbers when NK celsere removed from the cultur@his data is consistent with the
studies in patients receiving low dose-2L (Korreth et al 2011, Saadouret al 2011).
Addttionally, and conversely to the overall Tcon population, the absence of NK cells induces
poor prolferative responses in the Treg populatioin additon, to show that this Tcon
regulation relates to NK cels and not to enhanced Tregs we provide evidence thaindeplet
of Tregs from CD3+ T cels does not affect the prolferative regulation of CD3 T cels by
CD56+ NK cells.

We have demonstrated the-R dependent CD%8%" regulation of CD3+ cells, and increased
proliferation of Tregs. Here we determine that both 694" and CD56™ NK cel subsets
enhance the prolferaton of Tregs. Having confrmed that Treg promotion is R@t IL
dependent, we suggest that the increased percentage of cels expressing Treg markers at low
IL-2 concentrations is due to increasedifpration of CD56"" NK cells at these low H2

levels. However, this did not explain the maintenance of Treg proliferation at intermediate
IL-2 concentration, when contracted CB%8' populations are observed. We show the
acquisiion of CD5B™ marlers by isolated CD58Y" NK cels at intermediate H2. As

both NK cell subsets promote Treg proliferation, this may explain the maintenance of Treg
prolferation at these levels. Some individuals have suggested that®®B5EK cels are
intermediats in the development of CDB8 NK cels (Caligiuri 2008), while others report
CD56°™M NK cells can develop a CDE#" phenotype under H12 conditions (Maghazachi
2004). Our results further support this plasticty of NK cell subsets. Additjiorwe
demonstrate that Treg promotion of NKs is not contact dependent, althbughat its
strongest when NK subsets are in contact with Tregs.

Overal, NK cels are highly selective in the T cels they regulate in response 2p dhd

they show considerable gaticity in response to varying concentrations of this cytokine.
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5. CD56™™ NKs mediate regulation of CD3+ T cell by a
combination of NKp44 and NKp46 during HPIV3
infection or at low dose IL-2, or by Nkp44 alone at high
dose IL-2

5.1 Introduction

HPIV3 is an important respiratory virus, to which reinfection may occur several times even in
adolescents and adults due to faiure of immune memory to the wvirus (Henrickson 2003,
Chanock et al 2001). It has previously beesuggested that HPIV3 infection migaffect T

cel responses, thus preventing the development of eficient andlaging immune
responses (Plotnickgliquin et al 2001). Our group reported NK cel mediated T cgtle

arrest during HPIV3 infectionThis was associated with inhibited-2 concentrations (Noone

et al 2008). Furtherm@, we have demonstratdtlat neutralizing antbodies to the HPIV3
surface glycoprotein HNestore 1l-:2 levels and CD3+ T cell proliferation (Chapter. ®Yith

this evidence regarding the HPIV3 glycoproteinolmed in NK cell regulation of T cells, we

sought to determine theceptors on the NK caiivolved in this mechanism.

Published datehas demonstrated aimteraction between HPIV3 HN and NKp44 and NKP46
(Biassoni et al 2002, Mandelboimet al 2001) althowgh no functional output for this
interaction has been showrThese receptors, along with NKp30 make up the Natural
cytotoxicty Receptors (NCRs), which as the name suggests, are actvating receptors
associated with NK cell mediated target cell death. Achdily, IL-2 stimulation is required

for the expression of NKp44 (Cantogii al 1999). As we have previously demonstrated that
NK cells regulate T cel proliferation in an -2 dependent mechanism (Chapter 3), and due
to the involvement of these receptars HPIV3 HN binding, these receptor wemitative
candidates for NK activation during infecton. We wanted to determine the role of these
receptors during the immune regulation associat#d HPIV3 infection, in addition to the

low dose Il-2 model of inécton. Having demonstrated the expressiinthese receptors in

our viral and 12 model, wethen used neutralizing antibodies to these NCRs to investigate

their effect on NK cell mediated T cel inhibition. To further demonstrate the involvement of

155



thesereceptors in immune regulation, we also used agonistic NCR antibodies to activate NK

in the absence of viral infectioor IL-2.

5.1.A The specific aims of the work described in this chapter were as

follows:

-Determine if HPIV3 HN or IE2 concentrationsnduce changes to NCR expression

levels

-Investigate whether blocking the known interaction between HPIV3 HN and NKp44
and NKp46 affects NK cell regulation of T cell during infection

-Determine if blockig NCRs affects NKcell regulation of T celin respmse to 11-2

concentrations

-To investigate if direct activation of NCRs can mimick HPIV3 infection or low dose

IL-2 stimulation
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5.2 Materials and methods

Table 5.2.1: Additional reagents to table 2.2.1, 3.2.1, and 4.2.1 used in this study

Product Catalogue # | Company

Human AntiNKp30-PE FAB1849P | R&D systems Europe Ltd., Oxon, UK

Human AntiNKp44-PE FAB22491P | R&D systems Europe Ltd., Oxon, UK

Human AntiNKp46-PE FAB1850P | R&D systems Europe Ltd., Oxon, UK

Leaf human antNKp30 325203 Medical suply company, Dubln 15
Ireland

Leaf human antNKp44 325103 Medical supply company, Dubln 1
Ireland

Leaf human antNK46 331901 Medical supply company, Dublin 1
Ireland

Hum Anti-NKp44 activating MAB22491 | R&D systems Europe Ltd., Oxon, UK

Hum Anti-NKp46 activating MAB1850 R&D systems Europe Ltd., Oxon, UK

5.2.1 Cell isolation and coculture

In this chapter, CD14+ cels were isolated, infected and cocultured with allogeneic CD3+
cels or MLs as previously describeddditonaly, MLs, CD56+ cel dpleted MLs, or
CD56+ cells and CD3+ cels were cultured as previously described and stimulated with

various IL-2 concentrations.
5.2.2 Flow cytometry

Flow cytometry was carried out as described in section 2.2.10. The following fluorescent
conjugated antioies were used in this chapterntANKp-30-PE, Ant-NKp44-PE, Anti
NKp46-PE, At-CD56-FITC, Ant-rCD3-APC. The Treg detection kit (R+D systems) was
again used here. Additionally, CFSE incorporation and Annéxand Pl staining were again

used as previolys described.

5.2.3 NCR neutralization

Leaf™ (Medical supply company) puriied mNKp30, Ant-NKp44, or Anti-NKp46
antibodies were used to block these receptors prior to coculture with virally infected cells, or
IL-2 stimulation. These antibbodies haveeh shown to block these receptors in solution
(Stark et al 2005, Noleo t Heb & 2006). A concentration of 1pg of these antibodies was
cultured per 1x1ONK cells/MLs prior to coculture.

157



5.2.4 NCR activation

Agonistic antibodies were used to actvaKp44 and NKp46 (R and D systems).
Engagement of NKp44 with this agonistic antbody has been shown to induce IFN
production by 12 activated human NK cells. lNKp46 agonistic activaty was measured
by its abiity to induce IFNo s e c r e t -92 mmarb naturaN idler lymphoma cels (R
and D systems). A concentration of 0.2pug/ 1 X Bells was cultured with CD56+ cells or
MLs.

5.2.5 ELISA

Detection of cytokines by ELISA was carried out as described in section 2.2:P3wHs

detected by ELISA in thi chapter (R and D systems).
5.2.6 Statistical analysis

Al coculture experiments represemormalized results for three donors in three independent
experiments Cyflogic and Facs Calibur software were used for FACs analysis, and plots
were created using réphPad Prism 5.Significance was calculated using Newman Keuls One
way Anova:* p<0.05; ** p<0.01; *** p<0.001.
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5.3 Results

5.3.1 HPIV3 causes upregulation of NKp44 and NKp46.

We have identified that during HPBVinfection, neutralising antibbodg to HN abrogates NK

cel mediated regulaton of T cell proliferation and is associated with reduced ldiels.
Published data has shown that HPIV3 HN binds human NKp44 and NKp46, but not human
NKp30. This is also true for influenza HNNo functional outome for this interaction has
been demonstrated. Furthermore, tas additon of 1L2 to our cufures could reverse the
proliferative regulation by NK and {2 stimulation is required for the expression of NKp44,
we hypothesised that the key mechanistigedrof this IL-2 induced dual regulation of CD3+

cel proliferation involved NKp44 and NKp46 (Biassoniet al 2002 Mandelboim and
Porgador 2001 Cantoniet al 1999). Here we examine expression of these NCRs during
HPIV3 infection.

From freshly culturedPBMCs CD14+ cels were isolated and were cultured alone, or
infected with influenza or HPIV3 virus, washed after 2 hours of incubation and cocultured
with allogeneic MLs after 24 hours, as well as relevant controls. Upon harvest, cels were
stained for CD6 and either NKp30, NKp44 or NKP46 experession. The percentage of
CD56+NCR+ cels were expressed as a percentage of total CD56+\kills. previously
described positive controls were used in this experiment, we present media vs infected data
for simplicty. Positve controls are included in all functional experiments which Ithee

more important implications to the stotian this provisional expression data

Firstly, HPIV3 induced no change to the expression of NKp30 by CD56+ cells (Biggid.
Howeer, examining thesereceptors serves as an appropriate control for experiments
invoving NKp44 and NKp46 function. Both NKp44 and NKp46 were significantly
upregulated during HPIV3 infection (Figure 5.3.1). However this upregulaton was
significant for bothreceptors in HPIV3 samples. It has also been reported that it
required for NKp44 expression (Cantagi al 1999) and our results have shown reduced
levels of this cytokine during HPIV3 infection (Nooe¢ al 2008). However, low dose 1P
condttions @pear sufficient for NKp44 expression herss we costained with Chb, we

were confdent that we were observing NCR expression by NK cells and no other cel type
(EG T cells). The level of NKp46 expression by CD56+ cels, even in media samples was

unexpectdly low, as the majority of NK cells should express this receptor. We wil further
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investigate this phenomenon in our experimental setup, at various timepoints in section
5.3.5.B.
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Figure 5.3.1: NCR expression levels on CD56+ lt& in response to HPIV3 infection:Freshly
isolated CD14+ cells were infected with HPIV3 or Influenza and washed after 2 hours. These were
then cocultured with freshly isolated allogeneic MICells were also cultured with PMA anchik

CD3 as a positivecontrol, and media as a negative contkhile previously described positive
controls were used in this experiment, we present media vs infected data for simplicity. Positive
controls are included in all functional experiments which have the more imponfainations to the

story than this provisional expression ddtgon harvest cells were stained for CD56 and NCRs. The
percentage of CD56+ cells that were expressing the NCR in question cells were detected by flow
cytometry. For representative flow cigtetry data see Appendix 4.1. Results represemhalized

data from 3 donors in, with experiments carried out intripic&sor bars represent standard

deviation between sampleSignificancewas determined using Newman Keuls One Way Anova and

isas compredtoCD14s ampl e of the same data set. **pOO0. 01
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5.3.2 Blocking HPIV3 HN reduces upregulation of NKp44 and NKp46
during HPIV 3 infection

We have shown abrogated T cel inhibition during HPIV3 infection, using neutralizing
antbodies to HN. Having demstrated that HPIV3 infection induces upregulated NKp44

and NKp46 (Figure 5.3.1), and given the known interaction between HPIV3 HN and these
NCRs, we aimed to determine if blockihg HN had an effect on NKp44 and NKp46

expression levels.

Mixed lymphocytes were again cultured with HPIV3 infected CD14+ cels, or HPIV3
infected cells which were blocked with either d#id or antiF antbodies, as wel as anti
Distemper virus as a random viral control. Controls described in previous experiments were
also used rad upon harvest on day 5, cells were stained for CD56 and either NKp30, NKp44
or NKp46 expression. The percentage of CD56+NCR+ cells were expressed as a percentage
of total CD56+ cells.

Expression of NKp30 was again unaffected by HPIV3 infection undercangitions (Figure
5.3.2.A) Blocking HPIV3 HN protein, but not Fpartialy abrogated the upregulation of both
NKp44 (Figure 5.3.2.B) and NKP46 (Figure 5.3.2.C) expression on €Dffis during
HPIV3 infection. t remains unclear, f HN induces upregolatiof these receptors directly,

or if this is indirectly due to the low iR levels associated with infectiott also remains to

be determined if this interaction between virus and NK cel activates NK cells to induce T
cell cycle arrest during infectionr if this occurs by a different mechanism. These issues wil

be addressed in this study.
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Figure 5.3.2: NCR expression levelsn CD56+ cellsin response to HPIV3 HN:Freshly isolated

CD14+ celis were infected with HPIV3 or influenza and washed after 2 hours. Prior to coculture with
freshly isolated allogeneic mixed lymphocytes after 24 hourgi-iN, Anti-F or Anti-Distemper
antibodies were incubated with cells at #00ratio. After 5 days cells were harvested and stained for
CD56 and NCRs. The percentage of CD56+ cells that were expressing the NCR in question cells were
detected by flow cytometry. For representative flow cyometry data see Appendix 5.2. Results
repregent normalized data from 3 donors, with experiments carried out in triplidader bars
represent standard deviation between sampfgignificancewas determined using Newman Keuls

One Way Anova anig as compared to media sample * pO0. 05, **pO00. 01
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5.3.3 Blocking NKp44 or NKp46 abrogates NK cell inhibition of mixed
lymphocytesduring HPIV3 infection

Neutralising antbodies to HPIV3 HN abrogated the upregulaton of NK receptors NKp44
and NKp46 during infection (Figure 5.3.2)his interaction suggestsaththese receptors may
be involved in activating NK cel mediated regulation of T cel prolferation during infection
To achieve this ixed lymphocyte proliferation was investigated during HPIV3 infection,
using neutralising antibbodies to NCRs.

Mixed lymphocytes were cultured with HPIV3 infected CD14+ cels, or were cultured with
anttNKp30, antiNKp44, aniNKp46 or both Ati-NKp44 and Ati-NKp46 antibodies prior
to coculture with infected cells, as well as previously described controls. Mixed lymphocyte

proliferation was determined by MTS assay.

As previously demonstrated, HPIV3 infectiosignificantly inhibited mixed lymphocytes
proliferation in a MLR (Figure 5.3.3), a mechanism which we know to be mediated by
CD56+ cells (Figure 2.3.2). Unsurprisingliplocking NKp30 caused the same inhibition of
proliferation as total HPIV3 infection. Blocking either NKp44 or NKp46 prior to coculture
restored mixed lymphocyte prolferaton to HPIV3 infection to a level simiar to influenza
infection (Figure 5.3.3). Blding NKp44 and NKp46 simultaneously prior to coculture
resutted in an even higher level of mixed lymphocyte proliferation, suggesting that these
receptors act in synergy. While the binding of HPIV3 HN to these NCRs is well documented
in lterature, this ighe first report for the functional output of this binding.
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Figure 5.3.3.Proliferative responses of allogeneic mixed lymphocytes to HPIV3 infected
CD14+ cells with or without antibodies to NKp44 and NKp46:Freshly isolated CD4+ cells were

infected with HPIV3 or influenza and washed after 2 hours. These were then cocultured with freshly
allogeneice mixed lymphocytes, cultured alone, or with blocking-IMRip44 or NKp46.Cells were

also cultured with PMA and #i-CD3 as a posite control, and media as a negative control. After 5
days, cells were harvested and cocultured with MTS solution for 4 hours. Absorbance was detected at
490nm. Results represent normalized data from 3 donors for 3 separate experiments in triplicate.
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5.3.4Blocking NKp44 or NKp46 abrogates NK cell inhibition of CD3+ cells

We have demonstrated that the interaction between HPIV3 HN and NCRs NKp44 or NKp46
activates NK cell mediated inhibition of mixed lymphocyte proliferation. To confirm this
with CD3+ cels in isolationwe cultured thesewith infected CD14+ cells, and CD56+ cells,
using a different proliferative detection method.

From freshly cultured®BMCs, CD3+cells were isolated and incorporated with CF$Bese

were cultured with HPIV3 infected CD14+ cels, and CD56+ cells which were cultured with
anttNKp44, antiNKp46 or both antbodies prior to coculture, as wel as previously
described controls. Upon acgui t i o n, cells in the il ow CFSE

percentage of total CD3+ cells

Consistent with previous results, blocking NKp30 had no effect on CD3+ cell proliferation,
with levels of significant downregulatiorsimiar to HPIV3 infection. Blockip either NKp44
or NKp46 prior to coculture restored CD3+ cel proliferation during HPIV3 infection to a
level simiar to influenza infection. Again, blockihg NKp44 and NKp46 simultaneously prior
to coculture resulted in an even higher level of mixed lyropigoproliferation, suggesting

that these receptors actsynergy (Figure 5.3.4).
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Figure 5.3.4.Proliferative responses of CD3+ cells to HPIV3 infected allogeneic CD14+ cells
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with or without antibodies to NKp44 and NKp46: Freshly isolated CD14+ cells were infected with

HPIV3 or influenza and washed after 2 hours. These were thedtured with freshly allogeneic
CD3+ cels into which CFSE had been incorporated, cultured alone, or with blockinly Ky or

NKp46. Cels weae also cultured with PMA and méi-CD3 as a positive control, and media as a

negative

total CD3+ cells For representative flow cytometry data see Appendix 4.3. tRespiesent
normalized data from 3 dorgrwith experiments carried out in triplicatBrror bars represent
standard deviation between sampl8gnificancewas determined using Newman Keuls One Way

Anova ands as compared to media sampie p O0. 01* ** pO0. 001

control. Upon acquisition,
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5.3.5A NKp44 and NKp46 upregulate at low levels of IL-2, while NKp44
alone upregulates at high Il-:2 concentrations

We demonstrate blocking either NKp44 and NKp46 on NK cels, or HPIV3 HN restores
mixed lymphocyte or T cell pradfation during infection NK cell regulaton of T cels
during infection is IL2 dependent, and can be reproduced by low doses-&f iiL the
absence of virus (Chapter 3). Additionally, NKp44 require<? Iktimulation for expression

on NK cells (Cantonet al 1999). Thereforeit was importanto determine whether {2 has a

direct effect in NK cell activation via these receptors.

Mixed lymphocytes were isolated and stimulated with varying concentrations-2xf At day

5, cels were stained with fluoresteconjugatedAnt-CD56 and one of AFNKp30, Anti-
NKp44 or AtrNKp46. The percentage of CD56+ cells expressing the NCR in question was
expressed as a percentage of total CD3+ cells plotted using Graph Pad prism.

In keeping with HPIV3 data (Figure 5.3,1INKp30 expression remained unchanged at any
concentration of k2. Expression of NKp44 was upregulated at both low and high
concentrations of H2. However, expression of NKp46 was upregulated at low levels-2f IL
but was almost absent on CD56+ celshgh concentrations of H2 (Figure 5.3.5). Thus,
dual expression of NKp44 and NKp46 is observed at low doses-2f the phase at which
NK cels induced T cel cycle arrest, whie NKpddnly is upreguleed at high L2
concentrations coincidental with KN induced T cell death This low dose IE2 scenario
mimics the conditons of HPIV3 infectionThis begs the question of theplications of the

upregulation/downregulation of these receptors in response to speciicdhcentrations.
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Figure 5.3.5A: NCR expression levels on CD56+ cells in response to various-2
concentrations. From freshly cultured PBMCs, MLs were isolated and stimulated with various
concentrations of H2. After 5 days cells were harvested and stainedCiob6 and NCRs. The
percentage of CD56+ cells that were expressing the NCR in question cells were detected by flow
cytometry and For representative flow cytometry data see Appendix 4.4. Results represent
normalized da from 3 donors, with experiments dad out in triplicate Error bars represent

standard deviation between sampl8gnificancewas determined using Newman Keuls One Way
Anovaand s as compared to media sample of the same
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5.3.5.B Further investigationof NKp46 expression on CD56+ cells overa 5

day timecourse

When investigating NKp46 expression on CD56+ cells in response-2ocihncentrations (0
50ng/ml) after 5 days culture, we saw approximately 5% expression of this receptor in any
experimental contibns. However, it is widely accepted that the vast majority of NK cells
express this receptor. Therefore we sought to investigate expression of this receptor over a 5
day time course, to determine whether this was an anomaly in our experimental setup, or

expression of this receptor changed over time.

Freshly isolated MLs (from PBMCs), cultured in media alone, or stimulated with 50ng/ml IL
2. Cels were prepped for flow cytometry analysis at Ohours, and daily for 5 days. Cells were
stained for CD56 and\NKp46. Upon acquisttion, CD56+ cels were gated, and NKp46
expression was gated on NKp#&4 histogram.

Upon isolation (TO; Figure 5.3.5.B.i)), NKp46 was expressed on the vast majority of CD56+
cells (~95%). However, NKp46 expression on CD56+ cels decreagedtime (daysb;

Figure 5.3.5.Bivi). At day 5, the timepoint at which cells were analyzed for this project,
NKp46 expression had decreased to approximately 5%, consistent with results observed thus
far. For all timepoints, stimulation with high contetions of I-2 (50ng/ml), was consistent

with lower expression of NKp46 than media sample. This is consistent with our observation
that high 1l-2 downregulates NKp46 expression on CD56+ cels. These results suggest that
with time in ex vivo culture, NK#6 is downregulated on CD56+ cells, and that high levels of
IL-2 downregulate this receptor on NKs. This decrease of NKp46 expression with time has
not been previously described. The remaining experiments in this project investigate
functionalty of this eceptor in response to -B, through use of both agonistic and
antagonistic antibodies, and it seems that even with its low expression after 5 days
incubation, this receptor stil plays an important role in the activation of NK regulaton of T
cels.
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Figure5.3.5.B: NKp46 expression on CD56+ cells, in response to no, or highal at
Day(0-5. MLs were cultured alone, or with 50ng/ml-B. Cells were harvested at TO (i), Day

1 (i), Day 2 (i), Day 3 (v), Day 4 (v), Day v (vi, and stained for CD56 and pM&

CD56+ cels were gated and these were analyzed on histograms for NKp46 expression. The
percentage of CD56+ cells which are NKp46+ are displayed on histograms. Resuiis sh

represent one triplicate fromm one danor

170



5.3.6 Blocking NKp44 or NKp46 abrogates CD%+ cell regulation of CD3+
cell proliferation

Having demonstratedpregulation of NKp44 and NKp46 at low-B and NKp44 at high i

2, we aimed to investigate if this differential expression had a physiological effect on the type
of NK regulaion choice exertedon T cels by NK cels We therefore repeated the
experiments with neutralizing antbodies to NKp44, NKp46 and NKp30, and determined
their effect on T cell cycing and apoptosis.

From freshly isolated PBMCs, MLs were isolated, which wexgtured with blocking
antibodies to NKp30, NKp44 or NKp46, as wel
IL-2 stimulaton Upon harvest, cels were stained for CD3, as well as AnweXinstaining.

From the CD3+ PI acquisition histogram, differestages of cell cycle could be gated and
expressed as a percentage of CD3+ cels in each stage of cel cycle. Similarly, CD3+ cells
were plotted as Annexi vs PI, and those in the AnnexXifitPl+ quadrant were plotted as a

percentage of total CD3+ cells.

NKp30 had noeffect on the capacity of CD3%6NKSs to induce cell cycle arrest or apoptosis
in these culturesBlocking NKp44 resulted in both a loss of cell cycle arrest at lo\2 (Fig.
5.3.6.A) and apoptotic function at high-& (Fig. 5.3.6.B) in these lwres. Blocking NKp46
resulted in a loss of regulation by cell cycle arrest at low2 I{Fig 5.3.6.A) but apoptosis
continued in these cultureat high Il-2 (Fig. 5.3.6.B). Thusjt appears that the NK cell
mediated T cell cycle arrest at low-A concenmations observed previously (Figure 3.3.6) is
induced by the dual activation of NKp44 and NKp46 by this cytokine. Additionally, at high
IL-2, the NK cell mediated T cell death observed previously (Figure 3.3.6) is \@&a IL
activation of NKp44, not NKp46. s is the frst association of these cytotoxic receptors

with target cell cycle arrest rather than apoptosis.

Whie concerns over strong T cell prolferation after 5 days in unstimulated cultures have
been previously addressed (chapter 3), there wascatterns that cell cycle data was at
odds with this proliferation. While most T cells are proliferating after this time, the majority
of these cels seem to be in the GO/G1 phase of cell cycle. This would stil be true for some
replicating cells. Addtioally, as NK cells are present in this culture, they may contribute by
background fluorescence in the low FFRI gate. Therefore, the actual percentage of cells in

GO0/G1 phase may be lower than determined. However, this is not a concern, as the real

171



finding is the relative increase of cels in the GO/G1 phase at low levels-2f dind this is

significant for all donors.
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Figure 5.3.6:Cell cycle and apoptosis analysis of CD3+ cells cultured in MLsy ®1Ls in which

NKp30, NKp44, or NKp46 were blocked.Mis were isolated and cultured alone, withtANKp30,
Anti-NKp44, or Anti-NKp46, before stimulation with various 42 concentrationsAfter 5 days, cells

were stained for CD3, Annexi and PI. Stages afell cycle were gated in the PI histogram of CD3+

cells, and the percentage of cells in each stage expressed as a percentage of total CD3+ cells (A).
CD3+ cells were plotted as Annexiivs Pl and those in the Annexin V+PI+ quadrant plotted as a
percentag of total CD3+ cels (B). Results represent normalized data from 3 donidhs

experiments carried out in triplicat€or representative flow cytometry data, see Appendix Erfor
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bars represent standard deviation between sangigsticancewas de¢rmined by Newman Keuls

One Way Anova arglas compared to media samplep.®0. 05 ** pO0. 01 * ** p Q0.

5.3.7 NCR activation by agonistic antibodies mimics NK cell activation by
low or high dose IL-2

Having attributed functional effects to the upregulatidrNKp44 and NKp46 at low doses of
IL-2, and NKp44 at high doses of-R, we sought to investigate if this immune mechanism
could bemimiced by direct targeting of these receptors. Here vesl @gonistic antibbodies to

NCRsto activate these receptors etabsence of viral infection or low dosedlL

From freshly isolated PBMCs, MLs were isolated, and cultured alone, or with agonstic
antbodies At-NKp44, Ant-NKp46 or both NKp44 and NKp46As described in materials
and methods, these antbodies have beeaviously assessed for NK activation by
determining increased IFN pr oduct i oAt day §, cdisKvere staindddor CD3, as
well as AnnexinV-Pl staining. From the CD3+ Pl acquisition histogram, different stages of
cell cycle could be gated arekpressed as a percentage of CD3+ cells in each stage of cell
cycle. Simiarly, CD3+ cels were plotted as Anne¥invs PIl, and those in the Annexin

V+PI+ quadrant were plotted as a percentage of total CD3+ cells.

In keeping with previous results, the duattivaton of NKp44 and NKp46 induced a
significant increase in cell cycle arrest in T cels by NKsmicing regulation observed at

low levels of Il-2 and HPIV3 infection(Figure 5.3.7.A). Simiarly, increased cytotoxicity

was observed when NKp44 aloneasv activated (Figure 5.3.7.B). Although activation of
NKp46 alone also induced apoptosis, this cytotoxicity was abrogated when both receptors
were activated representing a switch to cell cycle arrest. This suggests a compensatory
mechanism between theseceptors. These results strongly suggest that both NKp44 and
NKp46 function as controllers by cell cycle arrest and in the absence of NKp46, NK cels

become cytotoxic via NKp44 in the presence of high2IL
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Figure 5.3.7: Cell cycle and apoptosis analysis of CD3+ cells cultured in MLs cultured with
agonistic antibodies to NKp44 and NKp46MIls were isolated and cultured alone, or with agonistic
antibodies to NKp44, NKP46 and both NKp44 and NKP46. ih8telays, cells were stained for CD3,
AnnexinV and PI. Stages of cell cycle were gated in the Pl histogram of CD3+ cells, and the
percentage of cells in each stage expressed as a percentage of total CD3+ cells (A). CD3+ cells were
plotted as Annexi#V vs Pl and those in the Annexin V+PI+ quadrant plotted as a percentage of total
CD3+ cels (B). Results represent normalized data from 3 dowifs experiments carried out in
triplicate. For representative flow cytometry data, see Appendix Erér bars rpresent standard
deviation between sampleSignificancewas determined by Newman Keuls One Way Anovaiand

as compared to media samplgg ©0. 05 **pO0. 01 ***p0O0. 001.
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5.3.8 NKp46 is upregulated at high IL-2 concentrations when blocking
antibodies to NKp44 are present

The dual activation of NKp44 and NKp46 at low levels of2lactivate NK cell mediated
inhibition of T cell cycle, wh#¢ activation of NKp44 at high {2 concentrations induces NK

cel mediated T cell apoptosis. However, NKp46 is described as a natural cytotoxicity
receptor, and so, has previously been associated with NK cell induced target cell apoptosis.
We sought to detmine a compensatory relationship between NKp44 and NKp46 to explain

this inconsistency between our data and current literature.

Freshly isolated PBMCs were cultured with blocking antibody to NKp44, as wel as an
unblocked control, prior to H2 stimulatbn. At day 5, cels were stained with fluorescent
conjugated antibodies to CD56 and NKp46. The percentage of CD56+ cells expressing
NKp46 was determined by flow cytometry and plotted using Graph Pad prism.

When NKp44 was blocked, a significant upregulatifnNKp46 was observed at high-R
concentrations (Figure 5.3.8). This suggests that when NKp44 is unavailable or has not been
induced by IL2 stimulation, NKp46 can upregulate in its place. This is further supported by

the increased T cel cytoxicity olxved when NKp46 was activated alone (Figure 5.3.7.B).

This is important as NKp44 is not expressed on all NK cells, a8 ILi s essenti al
expression. Therefore, this compensatory mechanism may occur in vivo in the absence of IL

2. When 11-:2 is unaailable, and therefore NKp44 is not expressed, it is plausible that NKp46
compensates for this. Again, NKp46 is expressed at much lower levels than reported in

iterature and this has been further investigated in this study (5.3.5.B).
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Figure 5.3.8: NKp46 expression on CD56+ cells cultured in MLs in which NKp44 was blocked.
Mis were isolated and cultured alone, omtiNKp46, before stimulation with various {2
concentrations. After 5 days cells were stained for CD56 andiBlKfhe percentage of CD56+ cells
that were expressing the NCR in question cells were detected bgytometry For representative
flow cytometry data see Appendix 4.7. Resulis represennalzed data from 3 donors, with
experiments carried out in tigate. Error bars represent standard deviation between samples.
Significancewas determined using Newman Keuls One Way Anovaism@g compared to media
sample. **p0O0.01 ***pOO0.001
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5.3.9:NK cell enhancement of Treg proliferation is not mediatetdy NCRs

Results thus far indicated that NK activation via either NKp44 or NKP46 induced T cell
cytotoxicity, while dual activation of these receptors activates NK cell mediated T cell cycle
arrest (Figure 5.3.7). Additionaly, we have demonstrated thae WK cels inhibited
proliferation of the overal CD3+ cell population, they actualy promote expression and
proliferation of Tregs (Figures 4.3.2 and 4.3.4). It remained to be confirrtieek# receptors

are involved in NK promotion of Tregs.

From freshly isolated PBMCs, MLs were isolated, and cultured alone, or with agonstic
antbodies At-NKp44, Anti-NKp46 or bothAnti-NKp44 and Anti-NKp46. At day 5, cels
were stained for CD4, CD25 and Foxp3, and the percentage of cells positive for expression of

al three markers were deemed Tregs, and expressed as a percentage of total MLs

Activation of these receptors had no significant effect on the Treg expression in these cultures
(Figure 5.3.9). Previous results also demonstrate that NK cell promotion of i$regd
necessarily dependent on-I (Figure 4.3.7). These results suggest that whie NK cels are
activated via NKp44 and NKp46 to inhibit Tcons, they are activated in a different way to

promote Tregs, either during infection or at low doses €.IL
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Figure 5.3.9: Treg marker expression in MLs, cultured with agonistic antibodies to NKp44 or
NKp46. Mils were isolated and cultured alone, or with agonistic antibodies to NKp44, NKP46 and
both NKp44 and NKP46. At day 5, cells veestained for the presence of CD4, CD25 and Foxp3 and
CD4+CD25+FOxp3+ cells represent Tregs which were expressed as a percentage of total MLs. For
representative flow cytometry data see Appendix 4.8. Results represealized data from 3 donor,

with experiments carried out in triplicat&rror bars represent standard deviation between samples.
Significancewas determined using Newman Keuls One Way Anovaisas compared to edlia

sample
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5.3.10:1L-2 production is not restored during HPIV3 infection when NCRs
are blocked

We have determined that the dual activation of NKp44 and NKp46 induces NK cel mediated
CD3+ cell cycle arrest at low doses of2l. and also when bound to HPIV3 HN. Low doses

of IL-2 have also been associated with HPIV3 dunmgction. However, itis unclear,
whether HN binding to NKp44 and NKp46 induce inhibited2Llduring infection, or if HN
induces this independently.

Mixed lymphocytes were cultured with HPIV3 infected CD14+ cells, or were cultured with
anttNKp30, antiNKp44, aniNKp46 or both Ati-NKp44 and Ati-NKp46 antibodies prior
to coculture with infected cells, as well as previously described controls. Supernatants were

kept for ELISA to examine levels of4R in cultures

The inhibited [-2 production observed dog HPIV3 infection occurred even when NK
NKp44 or NKp46 were blocked (Figure 5.3.10). This suggests that durintonfeElPIV3
HN inhibits IL-2 production in a neMNCR associated mechanism. This is coinciderata
both viral infectionand the lowlevds of IL-2 associated with infection both activate NK

cels in the same way.
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Figure 5.3.10: IL-2 production by MLs in response to HPIV3 infe ction, when NCRs are blocked.
Freshly isolated CD14+ cells were infected with HPIY&uenza and washed after 2 hours. These
were then cocultured with freshly allogeneice mixed lymphocytes, cultured alone, or with blocking
Anti-NKp44 or NKp46.Cells were also cultured with PMA andh#CD3 as a positive control, and
media as a negatieontrol. After 5 days, cells were harvestedand supernatants used to defect IL
concentrations (pg/ml) by ELISA. Results represent normalized results from 3 ,devitirs
experiments carried out in triplicat&rror bars represent standard deviation beivwssamples.

180



5.4 Discussion

We have demonstrated that HPIV3 infection inhidits2 production This reduced W2
induces NK regulation of T cell proliferation. This mechanism is abrogated using neutralizing
antibodies to HPIV3 HN. Coincidéyit publshed data haslemonstrated that HPIV3 HN
binds NKp44 and NKp46, but not NKp30 (Biassenhial 2002, Mandelboim et al 2001).
Furthermore, e addition of IL2 to our cultures could reverse the prolferative regulation by
NK cels and 12 stimulationis required for expression of the NCR NKp44. From this
evidence, we hypothesised that the key mechanistiersirof this 1l-2 inducedregulation of

CD3+ cell prolferation involved NKp44 and NKp46 (Cantati al 1999). We therefore
examined the expressioof NCRs NKp44, NKp46 and NKp30 during HPIV3 infection. We
found no change to NKp30 during HPIV3 infection. However, we observed an upregulation
of both NKp44 and NKp46 during HPIV3 infection (Figure 5.3.1), which was abrogated
when HPIV3 HN but not F wa blocked (Figure 5.3.2)As there is no documented
interaction between NKp30 and HPIV3 HN, and we have found no change in expression of
this receptor during HPIV3 infectipnthis receptor was a goodegative control for these
experiments. When either NKp4or NKp46 were blocked prior to coculture with HPV3
infected CD14s, mixed lymphocyte proliferation was restored to levels simiar to infuenza
responses during infection (Figure 5.3.3). We also detect significant enhancement of CD3+ T
cell prolferation m anti NKp44 or NKp46 treated, HPIV3 infected-coaitures where CD3+

cel proliferaton was measured using CFSE incorporation (Figure 5.3.4). For both ML and
CD3+ cell proliferation, restoration was further enhanced when both receptors were blocked
simulteneously, suggesting that these receptors act synergistically. These results indicate that
HN requires access to NK receptors NKp44 and NKp46 to drive their regulatory response
toward CD3+ cels. This provides a functional rational for previous studiesh whic
demonstrates HPIV3 HN binding to these NK receptors (Biagtoai 2002, Mandelboimet

al 2001). This is a plausible mechanism for failed immunological memory in humans and
may also explain the successive faiures of vaccines that have involved uskis of
component. We suggest that the success of future vaccines against this important pathogen
wil require the generation of modiied HN versions that retain immunogenicity but do not
bind/interact with human NKp44 and NKp46.

Having determined a functioheole for the interaction between HPIV3 HN and NK receptors

NKp44 and NKp46, we sought to determine a role for these receptor2irdédpendent NK
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cell regulaton of T cels. We therefore examined the expression of the NCRs, NKp44,
NKp46 and NKp30 in rggonse to IL2. Interestingly at low 12, both NKp44 and NKp46

are expressed during the cell cycle arrest phase of control. However, at HagiNKp46
expression is almost absent from these cels with remaining high levels of NKp44,
coincidental with T ck cytotoxicity. Furthermore, these receptors are weakly expressed at
intermediate levels of H2. NKp30 expression levels remain unchanged in response-2o IL
(Figure 5.3.5). To investigate if this differential expression had a physiological effect on the
type of NK regulation choice we repeated the experiments with blocking antibodies to
NKp44, NKp46 and NKp30. Blocking NKp46 resulted in a loss of regulation by cell cycle
arrest at low IE2 but apoptosis continued in these cultures at hig. IBlocking NKp44
resulted in both a loss of cell cycle arrest at low2lland apoptotic function at high-& in

these cultures. It is not clear why blocking these receptors appear to induce cell cycle arrest at
high IL-2 except that saturation of the receptors maly have occurred in which case this
effect would mimic low dose H2. Again, NKp30 had no effect on the capacity of CD56+
cels to induce cell cycle arrest or apoptosis in these cultures (Figure 5.3.6). To further
investigate the invovement of these reoep, agonistic NCR antbodies were used to
activate NKs in the absence of-B. In keeping with previous results, activation of NKp44
and NKp46 together induced a significant increase in cell cycle arrest of T cels by NK cells,
mimicing that seen at lowlevels of IL-2. Simiarly, increased cytotoxicity was observed
when NKp44 alone was activated. Although activaton of NKp46 alone also induced
apoptosis, this cytotoxicity was abrogated when both receptors were activated, representing a
switch to cell cyd arrest (Figure 5.3.7). These results strongly suggest that both NKp44 and
NKp46 function as controllers by cell cycle arrest and in the absence of NKp46, NK cels
become cytotoxic via NKp44 in the presence of higi2lLWe also demonstrate that when
NKp44 is unavailable, NKp46 is upregulated, suggesting a possible compensatory role
between these receptors (Figure 5.3.8). Activation of NCRs had no significan effect on Treg

expression (Figure 5.3.8).

This is the first study to link these NCRs with a celtleyarrest mechanism of control, as
these receptors have been associated exclusively with cytotoBstkekova et al 2006,
Moretta et al 200J). It is perhaps not surprising that these receptors are not involved in Treg
enhancement by NKs as we would repect receptors that are involved in reducing cell
numbers to be likely candidates for gomliferatve responses. In additon fving insight

into HPIV3 immune evasion, these results indicate that these receptors may be key targets in
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conditons suchas autoimmunity. They also add significant mechanistic insights into the
beneficial effects of low dose 1R (Saadouret al2011, Korethet al2011).

With these results providing further insight into the dual mechanism of T cel regulation by
NK cels, we hypothesise that targeting the expression or activation of NCRs may provide

another therapeutic opportunity in the control of autoimmunity and transplant rejection.
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6 Role of glycoproteins in immune evasion during HPIV3

infection

6.1 Introduction

We have used neutralzing antibodies to HPIV3 surface glycoproteins and demonstrated that
Ant-HN abrogates NKcell (Figure 2.3.5)and Treg expansiofFigure 4.3.1) reduced IE2
production (Figure 2.3.7) and the soisequent T cell cycle arrestssociated with infection
(Figure 2.3.3 In additon we have shown thdilocking NKp44 and NKp46also inhibits this
regulatory mechanisngFigure 5.3.6)

The suggestion that HN may induce failed T cell oesps is of importance, as HN is a key
antigenic component necessary to the development of vaccives sought to isolate HPIV3
HN, and determine whethdn isolation this protein maintains its abilty to indudeK cell
mediated T cell cycle arrest, or if it needs to be presented to NK cels by CDlstin e
specific orientation. This was also of interest for F proteinAaisF restored cell cycle in T
cels (Figure 2.3.7), butunike Ant-HN, Anti-F did not reinstateproliferation in infected
cultures (Figure 2.3.4).

In additon to our interest iMPIV3 HN from a vaccine perspective, this pathway may be an
appealing target for the control of inflammatory conditions or transplant rejection. The
induction of T cell cycle arrest in the conventional T cell population, as well as promotion of
Tregs, cod be achieved by targeting -R. levels, which is difficult in vivo, or by activating
both NKp44 and NKp46 directly. As antbody data suggests that HPIV3 HN does both of
these during infectionywe wished to also identify if ysified forms of HN could mimicthe
regulatory effects of the wviral infectios HN binds extracellular targets, this proteinaiso

an attractive option for drug delivery.

In this study, we isolateHPIV3 HN and F, and then repedtexperiments previously carried
out with total HPIV3. The abiity of both proteins in isolation to induce expanded NK cells,
and subsequent T cell cycle arrest was studied. Addiiprgdlyir capacity to induce
inhibited IL-2 levels was of importance fdhe consideration of HN as an amiflammatory
molealle. If HN in isolation induced the same overal T cell bitbin, this wil have an

impact for current or future vaccine approactesiPIV3.

184



6.2.AThe specific aims of the work described in this chapter were as follows:
-To purify HPIV3 surface glycapteins HN and F

-To investigate the abiity of isolated HPIV3 HN to induce the same regulatory

mechanism as viral infection:
-inhibition of ML proliferation
-induction of T cell cycle arrest
-expansion of CD56+CD3yopulations
-inhibition of IL-2 prodiction
-enhancement of Treg populations

-upregulation of NCRs NKp44 and NKp46
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6.2 Materials and Methods

Table 6.2.1: Additional reagents to table 2.2.1, 3.2.1, 4.2.1, 5.2.1 used in this study

Product Catalogue # Company

Triton-X 100 X100-100ml SigmaAldrich, Dubln 24,
Ireland

Potassium Chloride (KCI) P9541500G SigmaAldrich, Dublin 24,
Ireland

Dialysis tubing D927 7100ft SigmaAldrich, Dublin 24,
Ireland

Acrlyamide/Bisacrylamide A2792 SigmaAldrich, Dubln 24,

Ireland

Sodium  dodecyl uphate
(SDS)

442442F

SigmaAldrich, Dubln 24,
Ireland

Ammonium persulfate (APS)

A367825G

SigmaAldrich, Dublin 24,
Ireland

Tetramethylethylenediamine
(TEMED)

T9281-25ML

SigmaAldrich, Dubln 24,
Ireland

Glycine (HNCH,COOH)

5.00190.1000

Merck, Darmsadt, Germany

NuPage 4x LDS buffer NP0O007 Invitrogen, Dun Laoghaire
Ireland

Runblue prestained marker | NXA05160 Expedeon,  Cambridgeshir
UK

Coomassie blue stain B8522 SigmaAldrich, Dubln 24,
Ireland

Acetic Acid 320099 SigmaAldrich, Dubln 24,
Irelard

Cyanogen  bromidactvated C9142 SigmaAldrich, Dubln 24,

sepharose 4B Ireland

Hydrochloric acid (HCI) 07115 SigmaAldrich, Dublin 24,
Ireland

Sodium acetate S2889 SigmaAldrich, Dublin 24,
Ireland

Octyl glucoside 2983626-8 SigmaAldrich, Dubln 24,
Ireland

Sodium thiocyanate 251410 SigmaAldrich, Dubln 24,
Ireland

BCA protein assay 23225 Thermo scientific

Nitrocellulose membrane 66485 Pall Lie Sciences, MI, USA

Full range rainbow moleculd
weight marker

RPNS8OOE

GE Helathcare life science
Buckinghamshire, UK

Tween T7949 SigmaAldrich, Dublin 24,
Ireland

Supersignal enhancer 44640 Thermo Scientific

Hyperfilm ECL RPN1674K GE Healthcare UK Ltd
Buckinghamshire, UK

Kodak GBX developer P7024 SigmaAldrich, Dublin 24,

Ireland
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Kodak GBX fixer P7167 SigmaAldrich, Dubln 24,
Ireland

Anti-Mouse IgGHRP Ab HAFO007 R&D systems Europe Ltd
Oxon, UK

Table 6.2.2:Lists of additional equipment to those in table 2.2.2

Equipment Model Company

Gel box (electrophoresis) AE6450 MSC Ltd, Dublin 15, Irelath
Semidry transfer cassette | AE6675L MSC Ltd, Dublin 15, Ireland
Mini Orbital shaker SSM1 MSC Ltd, Dublin 15, Ireland
DNR mintBio Pro Bio | MinBIS pro DNR, Jerusalem, Israel
imaging system

Platform rocker STR6 MSC Ltd, Dublin 15, Ireland

6.2.1 Viral Disruption and HN+F precipitation

HPIV3 infected CD14+ cels in 0.01M phosphate buffer, pH 7.2 (PB) were treated with an
equal volume of disruption buffer (2% [volivol] Triton-X00 [Sigma Aldrich UK] and 2M

KCl in PB) for 30 minutes at 2. The liberatednucleocapsids were removed by
utracentrifugation (190,000xG for 1 hour), resulting in a supernatant containing the HN, F
and M proteins. Dialysis of the supernatant against 0.01M PB decreased the ionic strength,
which caused precipitation of the M proteiThe M protein was subsequently removed by
utracentrifugation (50,000xG for 30 minutes), which resulted in a solution that contained
only the F and HN proteins (Thompsat al1988).

6.2.2 Size based protein detection

6.2.2.1 SDSPAGE Gel precipitation

Before proceding with further isolation of viral proteins, we wanted to confrm the presence

of HPIV3 HN and F at this stage. Sodium Dodecyl sulpRatgacrylamide Gel
electrophoresis was carried out in order to separate the protein within each sayziégcc

to molecular weight (size). A separating gel was composed of 3.5ml 40% Acrylamide (Sigma
Aldrich), 2.5ml TrisHCL (pH 8.8) (Sigma Aldrich), 1004 10% (w/v) SDS (Sigma Aldrich),

100 0Ol 10% (w/ v) fresh ammonium persul fat
tetranethylethylenediaminee (TEMED) (Sigma Aldrich) and the volume was brought up to a

total of 10ml with dHO. TEMED inttiates the polymeristation reaction and therefore is
added just before the gel is poured. Before adding the TEMED, the plates for the egel wer
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prepared by placing the seal onto the plate with the lip facing upwards, and by fastening the
two plates together using bulldog clips. Once the TEMED was added, the gel was mixed and
poured between the two plates using a Pasteur pipette up to ~2/&thHahol (Sigma
Aldrich) was then applied to the top of the separating gel to remove any air bubbles and to
stop atmospheric oxygen from inhibitihng the polymerisation reaction. The gel was left to

polymerase for ~30 minutes.

The stacking gel is cast overettseparating gel and has larger pores. The stacking gel was
made up with 830 40% Acrylamide (Sigma Aldrich), 630 -HEL (pH6.8) (Sigma
Aldrich), 504 SDS (Sigma Aldrich), 50 10% 10% (w/v) fresh APS and 54 TEMED
(Sigma Aldrich) and the volume wasolight up to a total of 5ml with did. Before adding
TEMED, and when the stacking gel was fully polymerised, the ethanol layer was poured off
onto a tissue and the stacking gel was then overlaid on top of the separating gel. A 12 tooth
comb was introducedhto the stacking gel and the gel was allowed to polymerise for ~30
minutes. Once polymerised, the gel was transferred to the electrophoresis tank and fixed,
ensuring the groove side of the gel is placed facing towards the insdie of the chamber. The
centrd chamber was then filed with T¥iSlycine running buffer. The comb was then
removed, and the wells were straightened and blown out. Air bubbles were also removed
from the base of the gels by titing the whole apparatus to one side and refiling tla centr

chamber
6.2.2.2 Sample preparation

A 16 volume of solumble sample was added to 8u of NuPage 4X LDS sample buffer
(Invitrogen) and the mixture was heated for 5 minutes &C9G\ 5u volume of Runblue
Prestained marker (MyBio) was applied to the fr&tl and 20 of each sample was applied

to the wells. The gels were run at 140V untl the dye front had electrophoresed off the gel
(~90minutes). The gel was then removed carefully and placed in Coomassie blue stain (10%
Acetic Acid) overnight at room teperature and was then visualized under white light using a

DNR miniBio Pro Bioimaging system.

6.2.3 HN and F isolation by immobilising AHN and A-F onto 4B-sepharose

matrices

Antbodies to either HN or Rwvere coupled to sepharose 4B matrices for thiatiso of
HPIV3 HN or F from already disrupted and dialysed samples. -GbtiBated sepharose (GE
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Healthcare UK) are pre actvated media used for the coupling of antibbodies or other large
proteins containing NH, groups to the sepharose media, by the cyamdgomide method,
without an intermediate spacer arm. To prepare medium (sepharose), lyophiised powder was
suspended in ImM HCIL The medium sweled immediately and was washed for 15 minutes
with ImM HCI. Antbodies were diuted to a final volume 5ml ioupling buffer (0.1M
NaHCGO; pH 8.3 containing 0.5M NaCl) and this was added to prepared medium. This
solution was rotated erolver end for 1 hour at room temperature or overnighC@t &£xcess
antbody was washed away with at least 5 X volumes of couplifigr. Any remaining

active goups on sepharose were blocked by transferring the medium to 0.1NCTbsiffer,

pH8.0 and allowed to stand for 2 hours. This was folowed by washing 3 times successively
with 0.1M-Tris-HCI, 0.5M-NaCl, pH8.9 and 0.1M sodiuracetate, 0.1M NaCl, pH 4 to
remove uncoupled protein. The sepharose beads were packed in a column and the crude HN
and F containing lysate was passed slowly over the column at a fow rate of 10mlhour and
recycled at least 5 times. The unabsorbed matesds used for purification of the other
glycoprotein through a corresponding antibaiypled sepharose 4B matrix. The column
was washed with 20 vol wash buffer (10rI¥is-HCI pH 8.0, 1mM EDTA, 0.1%
octylglucoside). Finally, HN and F was eluted with -3ddum thiocyanate, and dissolved in
washing buffer. The eluted material was collected and directly concentrated in a collodion
bag against several changes of 10fiNg-HCIl, 150mM NacCl, 0.01% Nail pH7.6 (Ray and
Compans 1987).

6.2.4 Determination of proteinconcentration by BCA assay

The BCA protein assay (Thermo Scientific, Pierce), is a colorimetric and quantitative method
of protein detection. A standard curve of known protein concentration is set up here for
comparison with an unknown. This was done wahtop working standard of 2000pg/ml

BSA, as wel as 1500, 1000, 750, 500, 250, 125 and 25ugy/ml. A BCA wording reagent
aliquot was made by mixing 50 parts of BCA reagent A with 1 part of BCA reagent B (50:1),
(A:B). A volume of 25u of each standard or unkmosample replicate was pipetted into a
microplate wel. To each well, 2004 of the working reagent was added, and the plate was
mixed thoroughly on a shaker for 30 seconds. The plate was covered and incubaféd at 37
for 30 minutes. Absorbance was meadu 562nm using a plate reader and unknown
sample could be determined based on the standard curve. Protein concentrations were

determined for both isolated HN and F.
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6.2.5. Detection of isolated HPIV3 HN and F by Western Blot

6.2.5.1. Background

Western Iotting is a method used to detect specific proteins in a cel lysate. Firstly, protein
concentration is quantified. The proteins are then run on a polyacrylamide gele by
electrophoresis and the proteins are separated according to their molecular weigitis P

are transferred to a stable support such as nitrocelulose membrane and specific proteins are
detected by primary antbodies (mAbs) that bind to their corresponding protein on the
membrane. To detect the primary antibbody, a secondary antibodiedirtewvard the species
specific portion of the primary antbody is incubated with the protein membrane. This
antbody is commonly, a horseradish peroxidimed secondary Ab, which is used in
conjunction with a chemiuminescent agent, which react togefthening a product that
produces Iluminescence in proportion to the amount of protein. A sensive sheet of
photographic fim is placed against the membrane, and exposure to the light from the reaction

creates an image of the antibbodies bound to the ddoe(vayet al2005).
6.2.5.2 Method

A protein gel was performed as previously described. Two sponges, two pieces of fiter paper
and an appropriate sized piece of nitrocelulose paper were soaked in cold transfer buffer
(3.03g Trizma Base, 14.4g GlycineQ@nls methanol), for 2A5 minutes before use. A black

and white transfer cassette was set up as folows: Black; sponge (one or two), fiter paper
(one or two), gel membrane, fiter paper (one or two), White; sponge. Making sure there was
no air bubbles beeen the gel and the membrane, the cassette was closed, ensuring it was
tighty compacted. This was placed into buffer box, which was filed with cold transfer
buffer. This box was placed in a styroform box of ice, and the transfer was run at ~100volts
for 2 hours (or overnight at ~25V in a cold room). A volume of 10mis blocking solution (5%
Marvel mik powder) was prepared. The nitrocellulose was placed in a container on a shaker
at 30rotations per minute for 1 hour at room temperature. The blockirgy budfs then
removed and disposed of, and the membrane was washed-8riis ®f TBSTween for 5
minutes shaking at 30rpm. This wash was repeated 3 times. The primary antinteyyNA

or Anti-F) was diuted 1:1000 in blocking solution. This antibody swlutivas added to the
nitrocelulose membrane, and this was shook at 30rpm for 1 hour at room temperature, or

overnight at 4C. The primary antbody solution was then removed, and the membrane was
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washed with 88ml of TBSTween for 5 minutes shaking at 30rpniThis was repeated 3
times. The secondary antbody was diuted 1:1000 in blocking solution. As these antibodies
were developed in mouse, an anbuse secondary antbody was used. This antibody
soluton was added to the nitrocelulose membrane, which pleced on rotation at 30rpm

for 1 hour at room temperature. Secondary antibody soluton was then removed, and the
membrane was washed with88nl of TBS Tween for 5 minutes shaking at 30rpm. This wash
was repeated 3 times. The rest of this procedure wasdcaut in a dark room, with only red

light. A volume of 1ml of supersignal enhancer and 1ml stable solution were added together
in an epindorf. The TBYween solution was removed from the nitrocelulose. The
enhancer/stable soluton were poured over iiembrane, and left for 1 minute. Using a
tweezers, the nitrocelulose membrane was placed in between the plastic inside of a
hypercassette. The membrane was smoothed out to remove any air bubblesRagmfix
removed from itds madydsatigeiflmgvasalaced oatm they plastioai ¢ hi n
the hypercassette. The lid of the cassette was closed and left for one minute. Again using a
tweezers, the Xay film was placed into the developing solution in a black tray. This was
rocked back and forthof 1030 seconds. Using the tweezers, th&ay film was then placed

into the fixer solution in a white tray and shaken for30 seconds. The -xay fim was then

removed for observation of bands.
6.2.6 Cell cultures and stimulation with isolated viral prdeins

CD14+ cels were idated and infected with HPIV3 df;N; as previously described. These
were washed after two hours and incubated for 24hours. Alogeneic MLs wértedsand
cocultured alone, or with uninfected mfected CD14+ cells. HPIV3 HN dnF were used to
directly stimulated MLs at this stage. A volume of 10 of either protein was used here.
Addtionally, influenza HA was used as a contrbhis serves as a good viral protein control

as it too binds NCRs, but does not appear doe inducems#iated T cel regulationThis
protein is a hemagluttinin to which no failure of memory is associated. Therefore this served

as a good viral protein control for comparison with HPIV3 HN.

6.2.7 Flow cytometry

Flow cytometry was carried out as previousiescribed. For this chapter the following
fluorescent conjugated antibodies were usedti-@D56-FITC, Ant-CD3-APC, Ant-
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NKp30-PE, Ant-NKp44-PE, Ant-NKp46-PE Addtionally, AnnexinV Pl and Treg

detection staining kits were used here

6.2.8 ELISA

ELISA for cytokine detection was carried out as previously described. In this chag?er IL

was detected.
6.2.9 Statistics

Al coculture experiments represemormalized results for three donors in three independent
experiments Cyflogic and Facs Calibur softwareere used for FACs analysis, and plots
were created using GraphPad Prism 5.Significance was calculated using Newman Keuls One
way Anova:* p<0.05; ** p<0.01; *** p<0.001.
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6.3 Results

6.3.1 Viral precipitate from HPIV3 inhibits the proliferation of mixed
lymphocytes

The presence of HN and F following viral disrupti@md preipitation was acertained
(Appendix 5.1). Before proceeding to complete glycoprotein purification, the effects of the

disrupted lysate on mixed lymphocyte prolferation wexamined.

MLs were stimuleed with HPIV3 viral precipitateMLs were also cocultured with HPIV3 or
inluenza infected CD14+ cells, in additon to previously described controls of media, and
uninfected CD14+ cellsAfter 5 days, the proliferative capacityf oultures was detected by
MTS assay.

In agreementwith results for whole viral infection viral precipitate induced inhibited tred
lymphocyte proliferation compared to normal viral response such as infij@ppaoaching
significance) It is important toremember, that these HPIV3 proteins are not completely
isolated here, and there is a possibiity that some intact viral particle may stil be present.

However, this gives an indication that protein functionality has been maintained thus far.
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Figure 6.3.1: Proliferative responses of allogeneic med lymphocytes toHPIV3 viral
precipitate: MLs were s$imulated with viral precipitat and cocultured with allogeneic CD14+ cells.
Additionally, MLs were cocultured with HPIV3 orflnenza infected CD14+ cells, and previously
established control#fter 5 days cells were harvested and cocultured with MTS solution for 4 hours.
Absorbance was detected at 490nm. Results represent normalized data ffonorS, with
experiments carried ub in triplicate. Error bars represent standard deviation between samples.
Significance was determined using Newman Keuls One Way Anova and is as compared to
CDl44s ample. ***pO.0.001
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6.3.2:HPIV3 viral precipitate induces Cell cycle arrest in CD3+kells

Having determined that disrupted HPIV3ithw precipitated HN and Finhibted mixed
lymphocyte proliferationin an MLR it was imporant to confirm that a smilaCD3+ cell
cycle arrestmechanismto HPIV3 virus was in operation before isolating spedf viral
proteins.

MLs were isolated and cultured wittor without allogeneic ®14+ cels and viral
precipitats. Additionaly, HPIV3 a infuenza infected CD14+ controls were included.
Previously described ML controls were also usddon harvest, cells werstained with CD3,

as well as PI staining. Cells expressing CD3 were gated for and the percentage of these in the
GO0/G1 phase of cell cycle as determined by histogram analysis were expressed as a
percentage of total CD3+ cells.

Consistent with HPIV3 infdion, the precipitated viral preperations retair@®3+ cel cycle
arrest inthe GO/G1 phase of cel cyc{igure 6.3.2). As protein gel suggests the presence of
HPIV3 HN and F (Appendix 5.1), and having demonstrated thatptiisipitated disrupted
HPIV3 induces simiar results to whole virus, our next aim wasdompletely purify HPIV3

HN and F.
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Figure 6.3.2:Cell cycle responses to disrupted HPIV3 virusMLs were cocultured with allogeneic

CD14+ cells andstimulated with HPV3 viral precipitate Additionally, MLs were cocultured with

HPIV3 or influenza infected CD14+ cells, and previously established contibé. 5 days, cells

were stained for CD3 and PI. Stages of cell cycle were gated in the PI histogram of CDanatells,

the percentage of cells in each stage expressed as a percentage of total CD3+ cel. Representative flow
cytometry data can be seen in Appendix 5.2. Results represent normalized data from 3 donors with
each experiment carried out in triplicaterror bas represent standard deviation between samples.
Significancewas determined using Newman Keuls One Way Anova isras compared CD14+

sample* pO0. 05 ***pO0. 001
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6.3.3: Confirmation of Isolation of HPIV3 HN and F proteins

Having further puriied HN and F from the disrupted lysate, by coupling antibbodies specific
to these proteins to sepharose matrices, it was necessary to confrnedbacerof these

proteins after this harsh isolation step.

Western blot analysis was carried out on column elutions. The mouse derived antibbodies used
to isolate these proteins wei@so used for their detection. For thenthHN gel (Figure
6.3.3.A), buffer disrupted CD14+ cels, and the eluted F iporiwere used as controls for
nonspecific binding. The HN elution resutan a band between 48 and 71a&kbarkers. The
expected outcome for HN was ~63&DSimiarly, for the Ati-F gel (Figure 6.3.3.B), buiffe
disrupted CD14+ cels, and the eluted HN paortwere used as controls for repecific

binding. The F elution resultech ia band slghtly above the 48&Dband marker. The
expected outcome for F was 49%kINo protein was detected in control lanes suiige$0

nonspecific binding

These results suggest the successful purification of these proteins from the disrupted virus
lysate. The abilty of these proteins to induce the same NK cel mediated T cel inhibition as

viral infection wil be investigated ithis chapter.
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Figure 6.3.3: Detection of purified HPIV3 HN and F by westem blot.Purified proteins

were detected by western blot using mouse derived antibodies supplied by Prof Claus Orvell.
For the Ati-HN gel, controls of buffer, disrupte@D14+ cells, and the F elution were used

as controls. For the m-F gel, controls of buffer, disrupted CD14+ cells, and the F elution
were used as controls. The run blue prestain marker was used for comparison of protein sizes.

The pected size outcomesere ~63k for HN, ad ~49k[a for F.
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6.3.4: Isolated HPIV3 HN, but not F, inhibits the proliferation of mixed
lymphocytes

Having confrmed the isolation of HPIV3 HN and F proteins, we sought to determine
whether HN protein stil had the abiity tohibit mixed lymphocyte proliferation when in
isolation, or if this is just induced by HN in the context of viral infectigiigure 2.3.4).

MLs were stimulated with HPIV3 HN or F, or Infuenza HA. MLs were were also cultured
with HPIV3 or influenza infectedallogeneic CD14+ cels and previously described controls.

Aifter 5 days the proliferative capacity dflL cultures was detected by MTS assay.

Isolated HPIV3 HN, but not F, inhibts ML prolferaton to a level simiar to HPIV3
infection, when compared to filenza infection, or influenza proteiHA (Figure 6.3.4).
These results provide evidence that isolated HN can induce the same inhibitory mechanism as

observed during HPIV3 infection.
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Figure 6.3.4: Proliferative responses ofallogeneic mixed lymphocytes to isolated
HPIV3 HN and F proteins. MLs were stimulated with HPIV3 HN or F, of influenza HA.
Additionally they were cocultured vitHPIV3 or influenza infectedllageneic CD14+ cels,
and previously established controfsfter 5 days cells were harvested and cocultured with
MTS solution for 4 hours. Absorbance was detected at 490nm. Respuissent normalized
data from 3, with experiments carried out in triplicdEeror bars represent standard deviation
between samplesSSignificancewas determined using Newman Keuls One Way Anovasand
as compared t6D14+sample * * p O0. 01
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6.3.5:1solated HPIV3 HN but not Finduces Cell cycle arrestin CD3+ cells

We have previously demonstrated increased T cell cycle arrest duribg3 Hifection,
which was abrogated using neutralising antibodies to HPIV3 HN or F (Figure. 2t3was

of further importance to investigat¢he abilty if these proteins in isolation to induce CD3+
cell cycle arrest.

MLs were stimulegd with HPIV3 HN or F, or infuenza HA. Additionally, HPIV3 or
influenza infected allogeneic CD14+ cels were cocultured with MLs. Previously described
controls were also usedJpon harvest, cels were stained with CD3, as well as Pl staining.
Cels expressing CD3 were gatét and the percentage of these in the GO/G1 phase of cell
cycle as determined by histogram analysis were expressed as a percentage of total CD3+
cels.

Isolated HPIV3 HN, but not F proteimcreased the number of CD3+ cells maintained in the
GO/G1 phaseof cell cycle, to a similar level as HPIV3 infectighigure 6.3.5). Whie this is
reflective of Anti-HN data, it does not correlate tontAF data, which showed abrogated cell
cycle arrest upon neutralisation of thisofein during infection. Althouglwe could detect F
protein by western blptit may have lost its immunologicaffects, or needs to be in the
context of an APC This suggests that HPIV3 HN is atiee candidate as an anti

inflammatory molecule.
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Figure 6.3.5:Cell cycle responses to isolated HPIV3 surface glycoproteinMLs were stimulated

with HPIV3 HN or F, or influenza HA. Additionally, they were cocultured with HPIV3 or influenza
infected allogeneic CD14+ cells, and previously established comitds. 5 days, cells were stained

for CD3 and PI. Stages of cell cycle were gated in the P1 histogram of CD3+ cells, and the percentage
of cells in each stage expressed as a percentage of total CD3+ cell. Representative flow cytometry
data can be seen in Appendix .5RBesults represent normalized data from 3 donwith each
experiment carried out in triplicateError bars represent standard deviation between samples.
Significancewas determined using Newman Keuls One Way AnovasacmmparedCD14+sample
*pO0. 05 ****pp(000.. 0010 1 .
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6.3.6: Isolated HPIV3 HN, but not F, induces expansion of NK
(CD56+CD3) cells

Increased percentagesf CD56+ MLs during HPN3 infection had previously been
demonstratedn by group (Nooneet al 2008). CD56is a markerfor NK cells and we have
attributed these immunecells with mediating T cell cycle arrest during infection (Figure
2.3.1). Furthermore, eutralzing antibodies to HPIV3 HN abrogateitiis CD56+ cell
expansion during infection (Figure 2.3.5). Here meesigate the abilty of isolated HPIV3

HN to induceethis samencrease of CD56+CD3ells

Freshly isolatedMLs were stulated with HPIV3 HN or F, oinfluenza HA. They were also
cocutured with HPIV3 or infueza infected allogeneic CD14, opreviously desribed
controls. Upon harvest, cells were stained for CD56 and CD3, so that CD56HBIB3cells)

cels coud be gated for by flow cytometry and expressed as a percentage of total

lymphocytes.

Isolated HPIV3 HN but not F inducedan increased percentagé @D56+CD3 MLs, to a
level of significancesimilar to HPIV3 infected CD14+ cellsThese results suggetat when
in isolation, HPIV3 HN can stil induceécreased levels of CD56+CPB®ells which we have
shown regulate T cell cycle. This lendsrtlier sgport to data suggesting thtiis molecule
has antinflammatory efécts. This also supportsiechanistic data indicating that unmodified

versions of this antigen are unsuitable for vaccine development.
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Figure 6.3.6: CD564CD3- cell expression levels in response to isolated HPIV3 surface
glycoproteins. MLs were stimulated with HPIV3 HN or F, or influenza HA. Addtionally, they were
cocuftured withHP1V3 or influenza infected allogeneic CD14+ celstter 5 days, cells werstained

for CD56 and CD3 and analysed by flow cytometry. Those cells in the CD56+qLiadrant were
expressed as percentages of total lymphocytes. Representative flow cytometry data can be seen in
appendix 5.4. Results represent normalized results froran8rgl with experiments carried ou in
triplicate. Error bars represent standard deviation between sangigsficancewas determined

using Newman Keuls One Way Anova as@s compared t6D14+sample  * * * pO0. 001
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6.3.7: Isolated HPIV3 HN, but not F, inhibits IL-2 production

Our group previously demonstrated an inhibition of2llproduction during HPIV3 infection.
Furthermore, addiion of H2 to infected cocultures restored proliferation tornmal viral
response (Noonet al 2008). Neutralzing antibodies to HPIV3 HN abrogate the inhibition of
IL-2 production during infecton (Figure 2.3.6). However, we have yet to determine if
isolated HPIV3 HN induces the same inhibited levels e2IL

MLs were stimulated with HPIV3 HN or F, and infuenza HA. Additionally, these cels were
cocutured with HPIV3 or influenza infected allogeneic CD14+ cells, and previously
described controlsAfter 5 days incubation, supernatants were examined by ELISA @ IL

concentrations (pg/mi).

In agreementwith antibody data (Figure 2.3.6), isolated HPI¥N but not F,inhibits IL-2
produciton, compared to uninfected cells *(* * p O0 . Otle1normal wiral response of
inluenza (Figure 6.3.7). This is of importance iatgbited IL-2 has been associated with NK
mediated T cell cycle arrest. This gives further support to evidence that unmodified HPIV3
HNin itsd wild type c¢onf or Hoaedver,ovie lowsdosaH2p oor
therapy has shown promise inut@mmunity, tweaking cytokine levels in vivo can be
dificut. As HN inhibits IL-2 produciton, it may be a more suitable therapeutic approach than

using IL-2 directly.

205



Mixed Lymphocytes
(IL-2 production)

Media

CD14
CD14+influenza
influenza HA
CD14+HPIV3
HPIV3 HN
HPIV3+F
HPIV3+HN+F

® ®
S N

IL-2 Conc (ng/ml)

Figure 6.3.7:1L-2 production in response tasolated HPIV3 surface glycoproteins MLs were
stimulated with HPIV3 HN or F, or influenza HA. Additionally they were cocultured with HPIV3 or
influenza infected allgeneic CD14+ cells, and previously established contfplsn harvest,
supernatants were used to delée® concentrations (pg/ml) by ELISA. Results represent normalized
results from 3 donorswith experiments carried out in triplicat&rror bars represent standard
deviation between sampleSigrificance was determined using Newman Keuls One Way Anova and

is as compared 6D14+sample  * * * pO0. 001
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6.3.8: Purified HPIV3 HN, but not F, enhances Treg expression

We have demonstrated the upregulation of cells expressing Treg markers during HPIV3
infection. This Treg expansion was abrogated usingraisimg antibbodies to HPIV3 HN
(Figure 4.3.1). It was necessary to determine whether isolated HPIV3 HN could also induce
this enhanag Treg expression.

MLs were stimulated with HPIV3 HN or F, and influenza HA. Addionaly they were
cocultured with HPIV3or infuenza infected allogeneic CD14+ cells, or previously described
controls. After 5 days, cels were stained for CD4, CD25 and intracelular Foxp3. The
percentage of cels posiive for expression of all three markers were deemed Tregs, and

expressed as percentage of total MLs.

In keeping with experiments thus fathe immune regulatory mechanisrasults observed
during HPIV3 infection were reproducible with isolated HN. Cels expressing Treg markers
were upregulated in the presence of HN (Figure H.3TBhese results indicate that if
unmodified versions of this protein were used in vaccines, this regulatory subset afilcells
be enhancedHowever, this gives further support to suggestions that this protein would be of
use in the treatment of autoimniy, as Treg enhancement by low doseZzlLhas shown
clinically beneficial outcomes in autoimmune conditons (Korethal 2011, Saadouret al
2011).
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Figure 6.3.8:Treg surface marker expression in response to isolated HPIV3urface
glycoproteins. MLs were stimulated with HPIV3 HN or F, or influenza HA. Additionally they were
cocultured with HPIV3 or influenza infected algeneic CD14+ cells, and previously established
controls. After 5 days, cells were stained for CD4, CD2%] &oxp3+ cells, with cells positive for all

3 markers representing Tregs. These were expressed as a percentage of téiat Mipgesentative

flow cytometry data see Appendix 5.5. Results represent normalized data from 3, eatiors
experiments carré out in triplicate Error bars represent standard deviation between samples.
Sigrficance was determined using Newman Keuls One Way Anovaisaad compared tG@D14+
sample ***pO0. 001.
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6.3.9: Purified HPIV3 HN, but not F, induces upregulated NKp44 and
NKp46, but not NKp30 on CD56+ cells

Given the already established interaction between NKp44 and NKp46 with HPIV3 HN
(Biassoni et al 2002 Mandelboim and Porgador 200we have demonstrated upregulation

of these receptors during HPIV3 infection. This upregulaton was abrogated using
neutralizing antibodies to the viral protein HN (Figure 5.3.2). We have also associated the
dual activation of these receptors with NK ma¢ed T cell cycle arrest during infection
(Figure 5.3.6). Here we aimed to determine whether isolated HN can activated NK cells in

the same way as HPIV3 infections

MLs were stimulated with HPIV3 HN or F, and influenza HA. Addiionaly, these were
cocuttued with HPIV3 or infuenza infected allogeneic CD14+ cels, and previously
described controlsUpon harvest, cells were stained for CD56 and either NKp30, NKp44 or
NKP46 experession. The percentage of CD56+NCR+ cells were expressed as a percentage of
totd CD56+ cells.

No change was observed for NKp30 expression (Figure 6.3.9.A). résoysly observed

with whole virus experiments (Figure 5.3.2), HPIV3 HN induces upregulaton of NKp44
(Figure 6.3.9.B). Additionally, NKp46 was upregulated compared to addgesamples by

HPIV3 HN (Figure 6.3.9.C). The simultaneousactivation of these receptors has been
associated with NK activation to induce T cell cycle arrest (Chapter 4). Firstly, this indicates

that for viral vaccines, HN is not a good candidate uness ® i nteraction wit
NKp46 can be prevented. However, for autoimmunity, HN activation via these receptors and
subsequent T cell cycle arrest, represents an appealing alternative to tbenagriessuch as
Daclizumab, which target T cel apopgsHarnessing T cell cycle rather thdncell death

may have less damaging effects on the overall immune response.
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Figure 6.3.9:NCR expression levels on CD56+ cells response to isolated HPIV3 surface
glycoproteins. MLs were stimulated with HPIV3 HN or F, or influenza HA. Additionally they were
cocuftured with HPIV3 or influenza infected ageneic CD14+ cells, and previously established
controls.Upon harvest cellsvere stained for CD56 and NCRs. The percentage of CD56+ cells that
were expressing the NCR in question cells were detected by flow cytometrpladied! using
GraphPad prism 5. For representative flow cytometry data see Appendix 5.6. Results represent
normalized data from 3 donors in 3 separate experiments in triplicate. Significance is as compared to
CDl4+sample of the same data set. *pO0.05 ***pOO.
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6.4 Discussion

In this study we successiuly isolated HPIV3 surface glycoprotdiisand F (Figure 6.3.3).
We have previously denonstrated thatblocking antbodies to HN restor -2 production
(Figure 23.6), abrogateexpanded NK(Figure 2.3.5) and Tregopuktations (Figure 4.3.2),
and NK mediated T ell cycle arrest (Figure 2.3.7). It was importdat determine if this
regulatory mechanism could be reproduced by isolated protein, or f HN needed to be

presented to NK cells in a particular orientaton by CD14+.

Here we demonstrate that isolated HN is functional with respect to this immune evasion
mechanism. We show that isolated HN induces the same inhibition of mixed lymphocyte
proliferation as HPIV3 igfcted CD14+ cels (Gure 6.3.4), and we demonstratat this is

due to the induction of T cell cycle arrest (Figure 6.3.5). Simiarly, isolated HPIV3 HN, but
not F, induced expansion of CD56+CDgells (Figure 6.3.6), and inhibited production of
IL-2 (Figure 6.3.7), to levels previously demonstrated during HPIV3 infecfineg
expression was also upregulated to levels comparable to HPIV3 infection (Figure 6.3.8).
Finaly, we demonstrate the upregulaton of NKp44 and NKp46 when cultured with isolated
HN, indicating that this isolated protein can still bind these NK receptors, activating NK

mediated T cell inhibition.

We have showrthat during infection, and in isolation, HPIV3 HN induces NK cell mediated
T cell cycle arrest. This indicates that HN is @opvaccine candidate for this virud/hile we
suggest that unmodified HPIV3 HN is a poor molecule for use in HPIV3 vaccinewmy it
have beneficial effects in théreatment of conditons such as autoimmunigfiammation

and transplant rejection. Curretiterapies such as Daclizumab (Maei al 2010) target the

T cel apoptosis mode of NK cell regulation, due to excess availabilty -@f & NK cell
receptors. However, HPIV3 HN inhibits 2. Both HN, and the low H2 concentrations
associated with thi molecule, can activate NKp44 and NKp46 simultaneously. This activates
NK cell mediated T cell cycle arrest. It also induces NK cell promotion of Tregs, which have

been associated with beneficial outcomes in treatment of autoimmune conditions.
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7.1 Corctlusion

The immune system protects the host against foreign pathogens through a complex network
involving both effector and regulatory mechanisms. This system preserves healthy tissue or
Asel f o, whi ch IS essential f mirol exdessiget immener vi v a
responses induced by foreign pathogens, thus Ilimiting immunopathology to seff tissue.
Addtionally, the immune system mounts memory to a pathagson clearance, so that
stronger and mie efficient response is developéadhis pahogen is reencountered (Janeway
2008, @t6al=2004). @ne pathogen that evades immune response is HPIV3, which has
been associated with recurrent and sometimes persistent infe@fimtsick-Gliquin et al

2001) This is & important respiratory vieuwhich is responsible for both upper and lower
respiratory tract infections of adults, neonates and infants. Whie neutralizibgdagi to

this virus are generatedecurrent infection occurs throughout life suggesting failed memory
(Moscona 2005, Heiokson 2003, Chanock 2001), and it hasety proposedhat this $ due

to failed T cel prolferation(Plotnicky-Gliquin et al 2001). The study of immune responses

to this virus is crucial to the development of an efficient vaccine that mounts life long

menory to this important pathogen.

Infection with HPIV3 and prelminary vaccine studies in rodents show robust immune
responsesand memoryto this virus. However, these vaccines have faled at huwhacal

trial. Our group previously sought to develop a &orex vivomodel for the investigation of
respiratory viral infections. They found that the most natural pathway of DC generation was
viral infection of monocytes with no artificial treatment, as artificialy generated DCs
appeared to give skewed resuli§obne et al 2007). This model was used in subsequent
studies evaluating immune responses to HPIV3 infection. In this study HPIV3 was cultured

and stocks harvested for use in this vivohuman model.

Our group identfied that T cell prolferaton duringfeiction can be restored by the
purification of the CD3+ T cels from the mixdgiphocyte population. Additionally, it was
demonstrated that the inabiity of mixed lymphocytes to respond to virally infected DCs was
IL-2 depedentand involved T cell cyclearrest Finally, they showed that the NK cells in the
CD14CD3- component of the mixed lymphocytes were responsible for the inhibition of T
cell prolferation and their influence is exerted in a contact dependent manner (Eioahe
2008). Additionally, emty virosomes expressing the HPIV3 surface glycoproteins HN and F
had the same antrolferative effect on T cells in mixed lymphocyte cocultures. As these
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virosomes were no longer avaiable, and these results could not be reproduced, we used
neutralizing antibodies to these proteins to investigate their role in the induction of NK cell
mediated T cel inhibtion. We demonstrate that the HPIV3 surface glycoproteimthidis

T cel proliferation during infection. Additionally, this protein induces CD56GM expansion

and inhibited I2 production during infection. Finally, we report that both HN and F cause
NK cell mediated T cekycle arrest. However, thisduction of cell cycle arrest by F protein

is overcome in prolferative results, and as no changfK levels was associated with this
protein, we hypothesize that F inhibits T cell cycle via a different mechanism to HN. Overall,
these results indicated that the major envelope proteins of HPIV3, in particular HN, induce
NK cell mediated T cell suppssion during HPIV3 infectionin keeping with these findings,

these surface glycoproteins have been major components of failed vaccines

We demonstrate thatxpansionof human CD5B8'" but not CD56°™, NK cells occurs at

both low and highIL-2 levels ad this correspondsdirectly to contracting T cedl When
CD56™" NK cells were depleted fronculture an increase in prolierating T cells occurred
even in the absence of-B which was not enhanced by additonal2LIt appears that T cells

do not repond in a proliferative sense to-R2 alone but take direction from CO%E™ NK

cels. To investigate the mechanism of control of T cel proliferation we assessed the level of
cel cyclng and apoptosis in T cell cutures in the presence or absence oteliK
Consistent with the proliferative results, at low levels o|Lin the presence of NK cels, T

cels were retained in the GO/G1 phase of cell cycle and underwent apoptosis at-Zigh IL
levels. This cell cycle arrest at low-R concentrations igsonsistent with HPIV3 result8Both

these effects were not observed in the -Nédpleted culturessuggesting that these NKs
excercisetight control over T cell fate choices. We determined that this NK cell control of T
cels is exerted in a contact dependamchanism, and not via the production of regulatory
cytokines. Our results also raise questions abow Hs a T cell growth factor. No change in

T cell prolferation was observed in response to this cytokine when NK cells were absent, and
neutralizing atibbodies to this cytokine did not affect T cell prolferation when NK cels were
not present. We also demonstrate that levels of T cell derive®l ihcrease significantly
when NK cels are present. From this data, we hypothesized that T cells proelicaslia

mode of selffregulation which is drived by NK cels These restd represent glausible

cont o | mechanism wher ebly NK celsatlldwslL-2aprodferatd rate st r a i
intermediate IE2 concentrations, and are elminated at higi® Iby cytotoxic NK cells This

low dose II-:2 is reflective of HPIV3 infection. Our results indicate the overall importance of
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NK cells, not only for evasion of immune memory by HPIV3 infection, but gsr&gulators

of immune response

As increasd Tregs and ragted Tcom have been reported following low doseditherapy
(Korethet al2011, Saadouet al 2011) we investigated the effects BK cells on the

response of key supopulation of T cells télPIV3 infection ad low doselL-2. Of interest

for HPIV3 infedion, inhibited memory responses were observed at low and high 1L
concentrations, or during HPIV3 infection. This was abrogated using neutralising antibodies
to HPIV3 HN.This result supports our previous data on the role of NK cells in reduced
proliferative responses to this virus as it is highly consistent with the poor immunological
memory associated with HPIV3 infection in humaonversely to the overall CD3+ gell

but reflecting the clinical data (Saadoenhal 2011, Koretret al2011), NK cells aialy

boosted Treg populations at low dose2land this response was absent in NK depleted
cultures. In keeping with the beneficial effects of low dos@ liceatment in humans with
inlammatory conditions we find that key cells expressing-ipi@mmabry markers (Thl,

Thl7, CD8+, memory) are reduced at lowdln the presence of NK cells but again we
observe an increase in these cell subsets when CD56+NK cells are removed from the
cultures. Whie NK cels inhibit the overall CD3+ cell population, epart that Tregs

proliferate poorly to IL2 in the absence of NKs and demonstrated a significant increase in
proliferation in the presence of either CB%Bor CD56"9" NKs. As transwell inserts only
partially inhibited this proliferation, it remains b@ determined if particular cytokines are
involved here. We suggest that the increased expression of Treg markers aRlow IL
concentrations is associated with the increased number of®¥36K cells. However,

when cuttured with CDS89" cells in isdation, Treg proliferation was maintained even at
intermediate IE2 concentrations. We demonstrate that at these intermed ie2devels,
CD56M NK cells acquire a CD38" phenotype which maintain Treg prolieration.
Additionally, it was important taonfirm that this Tcon regulation relates to NK cells and not
to enhanced Tregs levels. We provide supplementary evidence illustrating that depletion of
the Treg from CD3+ T cells does not affect the proliferative regulation of CD3 T cells by
CD56+ NK cdk. We suggest in normal immune response, a threshold level 2hieds to

be surpassed before T cells are able to prolferate. Until this occurs, NK cells maintain T cells
in GO/G1 phase of cell cycle. Once this-2lthreshold has been reached, T catlis allowed

to prolferate. Finally, at high H2 concentrations, when a normal immune response to a

pathogen has already occurred, NK cells appear to switch off T cell responses by apoptosis.
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This high IL-2 scenario is also made use of by several automantherapeutics. Additionally
HPIV3 viruses appear to target the low doselpathway which we would also suggest is

the case for patients receiving low dose?lL

Having investigated the viral protein responsifiie NK mediated T cel regulation dugn
HPIV3 infection, it was of interest to determine the mode of NK cel activation during
infection. It is wel accepted that viral hemaglutinins including HN from HPIV3 bind NK
NCRO6 s, NKp44 and NKp46etal2002 MaodeboidshkKapd3P@do( Bi a s s
2001). Addtionally, 1l-2 is required for the expression of NKp44 (Cantnial 1999), and

we have shown that HPIV3 HN drives NK regulation by limiting2Lin the cultures,
attributing this to T cell cycle arrest. We investigated if the balance @R&Nhad a role in
defining the mechanism of regulation during HPIV3 infecton and under differer2 IL
condttions. Interestingly at low 1E2, both NKp44 and NKp46 are expressed during the cell
cycle arrest phase of control. We also demonstrate the dusdsskm of theseeceptors
during HPIV3 infection which mimis low dose IE2. However, at high [£2, NKp46
expression is almost absent from these cels with remaining high levels of NKp44
coincidental with T cell cyotoxicity by NKs. In keeping with CD56&peession, these
receptors are absent at intermediate levels oR.ILTo investigate if this differential
expression had a physiological effect on the type of NK regulation choice we repeated the
experiments with blocking antibbodies to NKp46 and NKp44.e&pected, blocking NKp46
resulted in a loss of regulation by cell cycle arrest at lov2 Ibut apoptosis continued in
these cultures at high 42. Blocking NKp44 resulted in both a loss of cell cycle arrest at low
IL-2 and apoptotic function at high -2 in these cultures. These results strongly suggest that
both NKp44 and NKp46 function as controllers by cell cycle arrest and in the absence of
NKp46, NK cells become cytotoxic via NKp44 in the presence of higB. [Lhis is the first

study to link these NC&Rwith a cell cycle arrest mechanism of control as these receptors had
hitherto been associateexclusively with cytotoxicity (Cantonet al 1999, Biassoniet al
2002). To further investigate the involvement of these receptors, agonistc NCR antibodies
were used to activate NKs in the absence eRIUn keeping with previous results, activation

of NKp44 and NKp46 together induced a significant increase in cell cycle arrest of T cells by
NKs, mimicing that seen at low levels of-2. Simiarly, increased tgtoxicity was observed
when NKp44 alone was activated. Although activation of NKp46 alone also induced

apoptosis, this cytotoxicity was abrogated when both receptors were activated representing a
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switch to cell cycle arrest. It is perhaps not surpridiad these receptors are not involved in
Treg enhancement by NK as we would not expect receptors that are involved in reducing cell
number to be lkely candidates for ppoolferative responsesAdditionally, HPIV3 HN

inhibits IL-2 secretion during infecn. It remained unclear whethétN binding to these
receptors inhibitsIL-2 during infection or fi HN coincidently altersiL-2 independently.
Blocking NCRs during HPIV3 infection did not restore-2L production suggesting that HN
induces -2 production ina NnoANCR associated mechanism. During infection perhaps both
HN binding these receptors and low dose2llinduced by this protein activate NK cells via
these NCRs. The mechanism by which HN inhibits2lLproduction should be further

investigated.

We sugegst that the lack of an NKp44 homologue in mouse can be attributed to the strong
immune responses and memory observed in this species during infection or with unmodified
HN vaccines In humans, or human models, both HPIV3 HN and low dos2 &ctivate NK

cels via NKp44 and NKp46, inducing T cell cycle arreds the mechanism for cel cycle
arrest appears to involve NK cel aation via the simuttaneous actvation of these receptors,
we believe that the development and use of a humanised mouse mdgebktge would not
provide a true in vivo model system for this mechanism. Rather, here we provide highly
consistent primary human data that mimics the immune outcome in patients on low dbse IL
therapy and closely reflects the clinical infecton with I¥® in humans. This is of

importance for development of vaccines to this virus in future

Finaly, we isolated HPIV3 surface glycoproteins HN and F, and demonstrated that even in
isolation, HN inhibitsIL-2 responses, and subsequent NK cell mediated Tcyed arrest in

the Tcon population. Additionally, this molecule promoted Treg expression. These resuls
highlight that HN is a poor molecule for use in the development of a vaccine to this important
virus. However, we suggest that in autoimmune condjtiddN induction of T cell cycle

arrest could serve as a promising therapy, and would be an alternative to current treatments
which target the T cell apoptosis phase of2llstimulation Martin et al 2010, Sheridart al

2011, Bielikova et al2006).

This dual mechanism of T cel regulaton by NK cels supports their emerging role as
important immune regulators. We hypothesize that targeting the expression or activation of
NCRs, which is achievable with isolated HPIV3 HN, may provide another therapeutic

oppatunity in the control of autoimmunity and transplant rejecti@wverall this study
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portrays anelegant mode of regulatioby human NKs which reflects the data supporting the
beneficial outcome for patients on low doseZLtherapy, and gives key insightto failure

of immune memory towards HPIV3 infectioriNeutralising antbodies to HN are important to
succesfull immunity to this virus. Therfore, HN wil have to be used in any vaccine approach
However, we beleve HN in itgurrent conformation wil linti its eficacy and wil in fact
hinder the development of protective immunity to other compan&¥es therefore suggest
that modified versions of HN which do not drive NK mediated T cel regulation, but retain
immunogenicity, should be generatedDuring nfection, or at low dose 2, NK cell
regulaton shifts the Tcon/Treg ratio in favour of Tregs and this regulaton of the Tcon
population is due to the NCR6s NKp44 and NK|
for the expansion o€D56™"Y" NK cels in several therapies involving -2. (Sherecket al

2007, Saadouet al 2011, Soifferet al 1994, Zornet al 2006, Murphy 2012, Velilleet al

2008, Liet al 2008, we would suggest that the€D56>9" NK cells may well prove to be
strong correlates dfeatment efficacy and perhaps primary players in treatment benefis.

Here we highlight the importance of the human model of immunity developed by Nboale
previously (2007), as this keyegulatory mechanism would have been overlooked using
rodent moels. This questions the use of the widely accepted mouse model for the study of
viral immune evasion mechanisms. Overal, oesults highlight the importance of NK cels

in immune regulation, and suggest that these cells have been widely overlooked as an
important antinflammatory immune subset. It would be unsurprising if in future, they are
associated with the beneficial outcome observed in patients receiving low d@séhdtapy.

They represent an imponiaimmune target for the regulatioof T cell poliferation.
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7.1.1Novel findings of this study

1. Identification of HPIV3 HN as the viral pt@n responsible for inhibitindL-2 and
inducing NK cell mediated T cell cycle arrest

2. Providing a functional rationaor the interaction of HN with NKp44nd NKp46

3. Associating the dual activation of NKp44 and NKp46 with T cell cycle arrest, and not
apoptosis

4. Associating NK cells with the promotion of Treg proliferation

5. The acquision of CD58™ markers by CD59" NK cels at intermediate H2
levels

6. The NK cell mediateddual regulationof T cells at low and high doses of
IL-2

7. Chalenging the dgma of IL-2 as adirect growth factor forCD3+ T cells
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7.1.2Future perspectives

We suggest that HPIV3 HN inhibits T cell proliferation in humariss is consistent with the

poor immunological memory associated with HPIVfection and thefailure of vaccins

that have involved the use of thigal component. In contrast to our findings in humans,
many vaccine candidates have demonstrated exceflemunological profles in small
animal models. However, these approaches have faled to result in a licensed human vaccine
for this infection. We suggest that this may be due to the differences in NK biology between
these two species and perhaps moreifigady that there appears to be no rodent equivalent

of human NKp44 (NCBI). Therefore, from this data presented in humans, it is likely that
vaccines that contain unmodiied HPIV3 HN, whist inducing robust immunological
responses in small animals, willtimately fail at inducing lasting immunity in humans. To
address this, we suggest HPIV3 HN mutants that no longer bind or activate human NKp44
and NKP46 would be essential to any vaccine strategy for this virus. We propose the
generation of modiied HNproteins that lack this human NK cell activating capaciy. It is
envisaged that this ucome wil provide avaccine that may be successful at combating
HPIV3 and perhaps related viruses that have remained refractory to conventional approaches.
This would nvolve the generation of recombinant sendai virus with natve HPIV3 HN and
demonstrate NK cell regulation of T cel prolferation respomsethe established human
model Site directed mutagenesis would be used to derive sendai viruses bearing functionaly

mutated HN molecules.

Recombinant sendai virusesxpressing mutated HPIV3 HN woulde examined for the
induction of NK cell regulation of T cell prolferation as described previouSkher studies

in the lab have shown that sendai virus produces stmodferation in this assaynd
therefore this could serve as an appropriate control for these experiRepisrts suggest

that HN contact with NKp44 and NKp4Bvolves sialic acid moieties on the receptor. The
structure of the HPIV3 HN protein has beduacidated and has enabled the identification of
three arginine residues that mediate sialic acid binding through direct interactions with the
sugar (Biassoret al 2002, Mandelboim and Porgador 2001, Aredral 2004, Itoet al 2011,
Noone et al 2007). Sk directed mutagenesis would be used to derive sendai viruses bearing
functionaly mutated HN molecules. We propose to mutagenize the gene encoding the HN
protein to substitute these critical arginine residues with alanine. The goal wil be to remove

apprqriate sialic acid binding actvity without grossly perturbing the protein structure

219



thereby ensuring preservation of the proteins overal antigenic properties. To ensure this we
wil substitute each of the arginines independenty and then in combinatiasrder to
identfy the minimal substitutions required to elminate appropriate sialic acid binding

activty. This mutated HN wil then be tested in our human model as previously describd.

These studies wil have direct health benefts for the design ttérbeaccines to combat
HPIV3 infection in humans. However, HPIVs share the same pathogenic conuwsidpaor
immunological memoryas RSV, and afthough HN is not a component of RSV, the routes of
generation of immunological memory with HPIV3 may also blevast for unraveling the
immunological consequence of RSV infections in humans. Both viruses express F proteins,
and whie we found HN key in overal NK mediated inhibiton of T cel responses during
HPIV3 infection, F stil induced T cel cycle arresthis link cannot be overlooked and
further investigation of the immune regulation during RSV infection could be imperative for
vaccine developmentThis future research wil enhance our knowledge of NK immune
regulaton, a process which has recently bedantfied as key to protection from
autoimmunity, with further implications for transplant rejectionfammatory diseaseand

the development of cancer. Having identified-2Ldependency for this NK cell immune
regulation, the specific mechanisms by whith2 production is inhibited by HN should be
investigated, as these may be of use for the inducton of T cell cycle arrest in vivo.
Additionally,the speciic mechanism by which NK cels induce this T cell cycle arrest should

be further investigated
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Appendix 1-Chapter 2

Appendix 1.1: CD14+ cell purity

PBMCs
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Cells were posttively selected and stained with-launtian CD14PE. Both total PBMCs and
isolated CD14+ cels were stained for comparison. Marker was set based on unstained cells.
The CD14+ ck enriched population had a purity of >95% (95.76%).
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Appendix 1.2: CD3+ cell purity
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Cels were positively selected and stained with-lamtian CD3APC. Both total PBMCs and
isolated CD3+ cels were stained for comparison. Marker was set loaisedstained cells.
The CD3+ cell enriched population had a purity of >95% (95.45%).
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Appendix 1.3: CD56+ cell purity
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Cels were positively selected and stained with-launiian CD56FITC. Both total PBMCs
and isolated CD56+ cells were stained fmmparison. Marker was set based on unstained

cels. The CD56+ cell enriched population had a purity of >95% (95.54%).
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Appendix 1.4:Determination of TCID s¢/ml for cultured HPIV3.

The TCIDso/ml of a virus is described as the median tissue reulnfective dose. This refers

to the amount of the virus that wil produce a pathological change in 50% of the cell culture it
is inoculated in. The TCI&/ml varies with each virus type hifp//medical
dictionary.thefreedictionary.com/TCIDR0 The standa TCIDs¢/ml of HPIV3 is 6.

Vero cells were cultured with a range of viral dilutions (1:10 down a table with 1:100 as the
top working concentrations). These were stained with crystal violet, examined by light
microscope and scored for the presence oerades of syncytia. Syncytia are multi nucleated
cels that appear as a circular cluster. The tire was read at day 5 by removing media and
replacing with crystal violet, before air drying. Wels were scored as either positve or
negative for the presence dafyncytia and the TCI§/ml of the cultured HPIV3 was

determined as 9.7, using the following equation:

LogTCIDso/mi=(number of positve wells, between 0 and 40) x 0lag(lowest
diution, usually 1) +0.5

This meant that for infection of CD14 cels itasvdetermined that a 1/10 dilution of the virus

should be performed and a working volume of 6.2 be used per wel of del)
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Crystal violet assay of HPIV3 infected vero cells Crystal Violet assay was used to score presence
of syncytia (as celed) for the calculation of TCIfg/ml of the virus.

Image was taken on light microscope (A), and a clearer image (B) taken from:
http//www.tau.ac.illifesci/departments/biotech/members/rozenblatt/figure¥.html
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Appendix 1.5 Confirmation of HPIV3 infec tion.

3.+20The nucleocapsid protein (NP) of HPIV3 is a stably expressed viral protein, which is
essential for replication of the virus. This protein is expressed intracellularly after infection of
target cell (Henrickson 2003). In our case the target cels Wd»é4+ monocytes. To
confrm that the cultured HPIV3 could infect CD14+ monocytes, RNA was isolated from
virally infected CD14+ cell pelets. This RNA was then reverse transcribed and HPIV3 NP
expression was determined by PCR. The primers used in thig, assalescribed in section
2.2.7, target a 526 base pair (bp) region of the HPIV3 NP. This was detectable when
amplified by agarose gel electrophoresis (figure 2.3.2). As a positive control, P®Raddin

was also carried out f or t-dcte is a Aousekeepiagrggné.e s .
This means that as t is required for the maintenance of basic celular function, it is expressed
in all cells of an organism and so, is a reliable coftmolPCR (Ruan and Lai 2007). Having
confrmed HPIV3 infectivity, we can be sure that results in the following sections can be

attributed to viral infection.

[~ y
Y 6190p

E

Agarose gel (1.5%) of HPIV3 NP PCR product.A 1.5% agaose gel on which HPIV3 NP PCR
products were ran. Product size was expected to be 526bp which corresponds to the band on the gel
when compared to the standardised DNA ladder.
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Appendix 1.6 Apoptotic results for drect mixed lymphocyte infection with

HPIV3 (Figure 2.3.3)
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>

AnnexinV

Appendix 1.6: Representative flow cytometry data for the direct infection of MLs with
HPIV3 or Influenza (H1IN1). The upper right quadrant (Ann&iin Pl1+) represents cells in

late apoptosis.
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Appendix 1.7 Percentageof CD56+ CD3- mixed lymphocytes during
HPIV3 infection (Figure 2.3.5)
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Appendix 1.7: Representative flow cytometry data for CD56+CDOBower right quadrant)
cels or NK cells. Those in this lower right quadrant were plotted as a percentage of total

mixed lymphocytes.
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Appendix 1.8.A CD3+ cell cycle when cultured with HPIV3 infected

allogeneic CD14+ cells, or those with which HN or F have been blocked
(Figure 2.3.7.A)
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Appendix 1.8.A: Representative flow cytometry data for Pl staining histograms, with the
percetage of CD3+ cells arrested in the GO/G1 phase of cell cycle being represented, during
HPIV3 infection, or infected cultures where HPIV3 HN had been blocked
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Appendix 1.8B CD3+ cell death when cultured with HPIV3 infected
allogeneic CD14+ cells, orlose with which HN or F have been blocked
(Figure 2.3.7.B)

1o

PI
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Annexin-V

Appendix 1.8.B: Representative flow cytometry data for AnneMinand PI staining dot

plots, where those in the upper right quadrant represent cells in late apoptosis. The percentage
of CD3+ cds in this quadrant was determined during HPIV3 infection, or infected culures
where HPIV3 HN had been blocked
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Appendix 1.9 CD3+ cell proliferation, as determined by CFSE
incorporation, when cultured with HPIV3 infected allogeneic CD14+ cells,
or those with which HN or F have been blocked (Figure 2.3.8)
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Appendix 1.9: CFSE was incorporated into CD3+ cells, to determine proliferative responses
to HN mediated HPI V3 infection.
gated and expressexs a percentage of total CD3+ cells.
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Appendix 2

Appendix 2.1: CD56"" cell purity

CD56bright
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CD16
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Appendix 2.1CD56>" NK cells were isolated and stained with 4mtinan CD56FITC,

CD3-APC and CD16PE. Quadrant marker was set based on isotype control. A/ piirit
>95% was observed for isolation of COB#"' NK cells, with 95.38% cels CD56+CD16
(Upper left quadrant A) and 95.6% CD56+GQBower right quadrant B).
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Appendix 2.2: CD56”™ cell purity

CD56"™
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Appendix 2.2: CD56°™ NK cels were isolated and stathevith antihuman CD56FITC,

CD3-APC and CDI16PE. Quadrant marker was set based on isotype control. A purity of
>95% was observed for isolation of CI¥® NK cels, with 95.2% cells CD56+CD16+
(Upper right quadrant A) and 95.18% CD56+GR3ower right quadant B).
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Appendix 2.3:Percentage oCD56+CD3- (LR) and CD3+CD56- (UL) MLs
in response to various Il-:2 concentrationsi Figure 3.3.1.

CD3

A: CD56+ cells preser CD56

-CD56
0.781ng

CD3

B: CD56+ cells deplete

Appendix 2.3: Representative graphs of CD56 and CD3 expression ausatl-2

concentrations. Quadrant gates were set according to isotype controls. When CD56+ cells are
present (A), CD3+CD56cels (upper left) and CD56+CbJlower right) can be detected,
and when CD56+ cels are depleted (B), CD3+CDi#ls (upper left)are again detected.
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Appendix 2.4: CD56t cell proliferation in response to IL-2 concentrations,
determined by CFSE incorporationi Figure 3.3.2.
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Appendix 2.4: CFSE was incorporated into CD56+ cells to determine the proliferative

effects of various [£2 cancentrations in the presence of CD3+ cells. Upon harvest, cells in
the Alow CFSEO peak (Above) were gated and
cels
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Appendix 2.5: CD3+ cell proliferation in response to CD56+ cellsin
reponse toIL-2 conceirations as demonstrated byKi67 expressioni
Section 3.3.3

Proliferated CD3+ cells

50 Bl Mixed Lymphocytes (ML)
[ CD56+ depleted ML
L

&)
+ 5 40
M = I
Q > x
QO © 30 .
+ O
~ ©O
(9520 *kk|
éﬁ ke
o 10
(@)
0 T S
QA o> & M M 9 H O
7 " NV AV T VY 9
TE Y o7 N

IL-2 Conc (ng/ml)

A ML
OnglIL-2

0.781ng IL-2

Ki67, Ki67

22.74% I

=

v

A

Appendix 2.5: Cels were stained for Ki67 and CD3, with Ki67+CD3+ cells (Upper right

quadrant) taken as a percentage of total cells in mixed lymphocytes. Quadesnivgre set
according to isotype controls. This was done for both total MLs (A) and CD56+ cell depleted
MLs.
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Appendix 2.6: CD3+ cell proliferation in the presence and absence of
CD56+ cells, in response tdL -2 concentrations demonstrated by CFSE
incorporation T Figure 3.3.3
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Appendix 2.6CFSE was incorporated into CD3+ cels to determine the prolierative
effects of various [£2 concentrations in the presence (i) and absence (i) of CD56+ cells after
3 (A), 4(B), 5(C) and 7(D) days. Upon harvest
gated and expressed as a percentage of total CD3+ cells

, cells

240



Appendix 2.7: Percentage of MLs expressing markers foilCD56"" vs
CD56”™ NK cells, in response tolL -2 concentrationsi Figure 3.3.4.

CD16

Appendix 2.7: Cells were stained for CDSBITC, CD3APC and CD16PE. CD56+CD3

cels were gated on a dot plot (with quadrant gate set according to isotype controls) and of
these, CD16 expression was examined via histogram. Histogram gatesetvdsased on
unstained cells. Those that were CBIHlisto-2) were considered CDEE™ while those that

were CD16+ (Histe3) were considered CDBE'.

241



Appendix 2.8: Proliferation of CD56°"" and CD56”™ NK cells in response
to IL-2 and their effed on CD3+ cells, as determined by CFSE.
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Appendix 2.8: CFSE was incorporated into CO%8" (A) or CD56™ (Ai) NK cels, so

that their proliferation in response to -B concentrations could be determined. Upon

acqus i t i on, cells in the #Alow CFSEO peak were
of that subset. Similarly, CFSE was used to track CD3+ cel prolferaton when cultured
alone (Bi), with CD58"" NK cels (Bi), or with CD58™ NK cells (Bii). Findy, CD3+

cel prolferation was again determined when cultured alone (Ci) or with EBS6NK cells

at a 1:100 ratio (Ci.
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Appendix 2.9: Cell cycle and Apoptotic responses of CD3+ cells in response
to CD56+ cells and various Il-:2 concentrations i Figure 3.3.6
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Appendix 2.9: Cels were stained with Annexit-FITC, PFPE and CD3APC, to track

cell cycle. CD3+ cels were gated for, and plotted on-#® hi st ogr a m. Cells
peak are those in the GO/G1 phase of cglle, and these were gated and expressed as a
percentage of total CD3+ cels. This was determined for total MLs (Aj) and CD56+ cell
depeleted MLs (Ai). CD3+ cels were also expressed in a AnheXiTC vs PIPE dot

plot, with cells in the upper rightugdrant (late apoptosis) expressed as a percentage of total

CD3+ cels. This was again determined for both total MLs (Bi) and CD56+ cel depleted
MLs.

246



Appendix 2.10: Perforin expression by CD56+ cells in response to varying
IL -2 concentrationsi Figure 3.3.7
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Appendix 2.10: Upon harvest, cells were stained using AD56-FITC and Anti
PerforirPE. Quadrant gates were set according to isotype controls. The percentage of
CD56+perforint cells (UR) was expressed as a percentage of total CD56+ cels (UR+LR)
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Appendix 2.11:Cell cycle and apoptosis results of CD3+ cells in response to
various IL-2 concentrations and CD56+ cells, or those separated from
CD56+ cells by transwell inserts Figure 3.3.8
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Appendix 2.11Cells were stained ith AnnexinV-FITC, PFPE and CD3APC, to track cell

cycle. CD3+ cels were gated for, and plotted on &M hi st ogr am. Cell s
peak are those in the GO/G1 phase of cel cycle, and these were gated and expressed as a
percentage of total CD3<ells. This was carried out for CD3+ cels cultured with CD56+

cels (A, or those which were separated from CD56+ cells by transwell inserts (Ai). CD3+
cells were also expressed in a AnnexiFITC vs PIPE dot plot, with cells in the upper

right quadant (late apoptosis) expressed as a percentage of total CD3+ cells. This was again
determined for + cels cultured with CD56+ cells (Bi), or those which were separated from
CD56+ cells by transwell inserts (Bil)
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Appendix 2.12: Proliferative responses of CB+ and CD56+ cells in
response to coculture with and without Ati-IL -2 as determined by CFSE
incorporation 1 Figure 3.3.11
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Appendix 2.12: CFSE was incorporated into CD3+ cells (A) or CD56+ cells (B). Upon
acquisition, cel |l s i gatedtandkexpfessednas & peRdhiage pfeelsk
of that subset.
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Appendix 2.13: Proliferative responses of CD3+ cells in response to
coculture with Anti-IL-2 RU o flL-2ARfE ii n the presence
as determined by CFSE incorporationi Figure 3.3.12
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Appendix 2.13: CFSE was incorporated into CD3+ cells and upon acquisition, cells in the

Alow CFSEO peak were gated and expressed as
was determined for CD3+ cels cultured with CD56+ cells in thesgnce of AntiL-2 R U
(A) or Anti-IL-2 Rb .
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Appendix 2.13: Proliferation of CD3+ cells cultured with autologous or
allogeneic CD56+ cells and varying concentrations of B2 as determined
by CFSE incorporationi Figure 3.3.13
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Appendix 2.13: CFSEwas incorporated into CD3+ cells and upon acquisition, cels in the
Al ow CFSEO peak were gated and expressed
was determined for CD3+ cels culured with autologous CD56+ cels (A) or allogeneic
CD56+ cells (B).
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Appendix 3

Appendix 3.1: Expression of markers for T cell subsets in response to
HPIV3 infection in the presence or absence of CD56+ celisigure 4.3.1

Influenza
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Appendix 3.1: (A) Expression markers for various T cel subsets were used. Cels were

stained for CD4, CD25 and Foxp3, and the percentage of cells positive for expression of all
three markers were deemed Tregs (A). For the purpose of these representative graphs, cels
that were CD4+CD25+ were gated and of these, Foxp3 expression was examined

histogram. Histogram gate was based on unstained cells.
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Appendix 3.1 (B) Cels wee stained for CD3, TBet, IRN, a1@RbH2, and t

percentage of cells positive for expression of all three markers were deemed Thl cells. For
the purpose of representative graphs-1I2 Rb 2 hi st ogr afons CD3a,r e S hi
TBet +, | F Mistogranc ga Was based on unstained cells.
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Influenza
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Appendix 3.1 (C) Cels were stained for CD3, 417, IL-23, and 122, and the
percentage of cells positve for the expression of all four markers were deemed Thl7 cels.

For the purpose of representative graphsliLhistograms are shown nfor CD3+R3+IL-

22 cels. Histogram gate was based on unstained cels.
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Appendix 3.1: (D) Cels were stained with An€D8-PE and those high in CD8 (Hiso 2)
were gated and expressed as a percentage of total MLs. Histogramgateereaccording to

unstained cell acquisition.
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Appendix 3.1:() Cels were stained for CD3 and CD45RO expression. CD3+ cells were

gated and CD45RO expression was plotted on histograms, with the percentage of CD45RO+

cels expressed as a percentagetotdl CD3+ cells. This was determined for total MLs (Ei)

and ML-CD56+ cells (Ei). Histograms were gated according to unstained sample.
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Appendix 3.2: Expression of markers for T cell subsets in response to

varying IL -2 concentrations in the presencer absence of CD56+ cell$
Figure 4.3.2
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Appendix 3.2:(A) Cels were stained for CD4, CD25 and Foxp3, and the percentage of

cells positive for expression of all three markers were deemed Tregs. For the purpose of these
representative graphscels that were CD4+CD25+ were gated and of these, Foxp3
expression was examined by histogram. Histogram gate was based on unstainddiscells.
was done for total MLs (Aj) and MICD56+ cells (Ai))
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Appendix 3.2 (B) Cels were stained for CD3,BEt, IFNNo, a-A#@ Rb2, and t
percentage of cels positive for expression ofialt markers were deemed Thl cells. For the

purpose of representative graphslll2 Rb 2 hi st ogrfaoms CaDr3et+, s hToBent + ,
cels Histogram gate was based on unsthircels. This was done for total MLs (Bi) and
ML-CD56+ cels (Bii).
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Appendix 3.2: (C) Cels were stained for CD3, 417, IL-23, and 22, and the
percentage of cells positve for the expression of all four markers were deemed Thl7 cels.
For tre purpose of representative graphs;1IL histograms are shown nfor CD3+23+IL-

22 cels. Histogram gate was based on unstained cells. This was determined for total MLs
(Ci) and ML-CD56+ cells (Cii
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Appendix 3.2: (D) Cels were stained with ARCD8-PE and those high in CD8 (Hiso 2)

were gated and expressed as a percentage of total MLs. This was determined for both total
MLs (Di) and ML-CD56 (Di). Histograms were gated according to unstained cell

acquisition.
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Appendix 3.2: (E) Cels were stained for CD3 and CD45R0O expression. CD3+ cels were
gated and CD45RO expression was plotted on histograms, with the percentage of CD45RO+

cels expressed as a percentage of total CD3+ cells. This was determined for total MLs (Ei)

and ML-CD56+ cells(Ei). Histograms were gated according to unstained sample.
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Appendix 3.3: Purity of isolated Tregs as determined by CD4 and CD25
expression

Treg Purity
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Appendix 3.3: Isolated TRegs were stained for the presence of CD25 and CD4, and upon
acquisition, CD4+CD25+ cellwere expressed as a percentage of total cells. Quadrant gates

were set according to isotype controls. Purity of Tregs was determined as >95% (95.78%).
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Appendix 3.4: Treg proliferative responses in the presence or absence of
CD56+ cells, and IL-2 stimulation, as determined by CFSE incorporation
Figure 4.3.3.
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Appendix 3.4: CFSE was incorporated into Tregs to determine the proliferative effects of
various Il-2 concentrations in the presence (A) and absence (B) of CD56+ cels. Upon
harvest, céls i n the @Alow CFSEO peak (Above) were
total Tregs.
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Appendix 3.5 Proliferative responses of Tregs in response to coculture with
either NK cell subset, and the proliferative responses of these subsets, as
determined by CFSE incorporation i Figure 4.3.3
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