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Abstract

It is widely acknowledged that an HIV-1 vaccine uiggs a robust CD8+ T-cell response to effectively
combatHIV-1. However, past vaccine candidates have failedimowate adequate cellulagsponses

in humans highlighting the need texplore alternative ways to induce strong cellitamunity.
Animal studieshave showrthat if exogenous antigen can be targeted to déndells (DCs), strong
CD8+ T-cell responses can be generated via thes-pm@sentation pathway. In this study we evaluated
the ability of four DC surface receptors in twofeient human DGubsets (monocyte-derived DCs
and blood myeloid CDIc+ DCs) to efficiently targabdel antigens to the cross-presentation pathway to
induce enhanced CD8+ T-cell responses. These mseipicluded DEC-205, MMR, DC-SIGN and/or
CD1la. Four receptor-targeting strategies were eggloeach exploiting receptor-specific antibodies i

various ways to direct antigen tawds the respective receptors.

Initially, selectedmodel antigens (CMV pp65, MART-1, and streptaviflision proteins)were
producedin large quantitiesfor in vitro experiments. Two expression systems were evaluiated
produce antigens, namely, the generation of aysttpressing cell line and a recombinant adenovirus
expression system (AES). The AES emerged as a lespeession systenand wasised to produce the
protans of interest These proteins were then purified using a Ni¢k€A/anti-His tag column, and
yield and purity of recombinant proteins were deieed. The immuagenicity of the purifiecntigens
was assessed to confirm the integrity of the bulidpced proteinsAdditionally, TLR agonists were
evaluated for their ability taugment T-cell responses. LPS (TLR4 agonist) vedsrohined to be the

favoured agonist

The strategy utilising chemically-conjugated antigen-antibodigi®lded the most significant
enhancements in CD8+ T-cell proliferative responsgacifically for targeting of DEC-2Q5as well
as MMR Overall, this study details the successful desagl production of various DC receptor
targeting reagents, and goestorassess the efficacy wvelreceptor targetingtrategieto enhance

CD8+ T-cell responses for the eventual purposenpfaving current HIV-1 vaccine strategies.
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Chapter 1

Introduction

1.1 Cellular Immunity

Adaptive immunity involves the induction of speciimmune responses to eliminate an invading
pathogen or malignant transformation. It encommadsenoral and cell-mediated responses,
both of which have particular functions and workconjunction with each other to provide a
powerful defence (Janeway, 2005). In particulaluta immunity is defined as the arm of the
adaptive immune system that is involved in thevactiombat of pathogens and tumours, via the
use of macrophages, natural killer (NK) cells, geni-specific thymus-cells (T-cells), and the
release of specific cytokines in response to aigamt T-cells develop in the thymus and differ
from other lymphocytes by the expression of a T4aaeptor (TCR) (Kindt et al., 2007). These
cells are divided into two main populations basedhe differential expression of CD4 and CD8
receptors. The involvement of T-cells in a multgéudf functions that initiate, regulate and

maintain cellular immune responses highlights thmportance in immunity.

1.2 T-cell activation and differentiation

Three signals are required to initiate and mainthm activation of T-cells, and induce an
adaptive immune response (Diebold, 2008). The difshese signals is the interaction of a TCR
(in association with a CD3 receptor on the T-celh a major histocompatibility complex
(MHC) molecule (on an antigen-presenting cell (ARC)a somatic cell) carrying an antigenic
peptide. A synapse is formed between the TCR an@€MkElptide complex, and is only disrupted
by cellular processes such as cell division, celitd or chemokine interference (Sallusto and
Lanzavecchia, 2002). The duration of the synapsermnes the duration of TCR stimulation,
however the intensity of the signal that the Tsediceive is dependent on the number of MHC-
peptide complexes, the level of co-stimulatory mole expression (CD80, CD86, CD40) on the
APC (designated as signal 2), and the amount danmhatory cytokines (IL-12, IFNy

17



Chapter 1

produced by the stimulated APCs or present in tieea@nvironment (signal 3). All three signals

contribute to T-cell clonal expansion and the défgiation of naive T-cells into effector T-cells.

1.2.1 CD4+ T-cell differentiation

The interaction of MHC class ll-peptide complexesAPCs with naive CD4+ T-cells leads to
CD4+ T-cell activation. Activated CD4+ T-cells déme into helper T-cells (Th cells), which
play an important part in influencing the type aofaptive immune response that is elicited by
providing key signals for B cell and cytolytic TAhphocyte (CTL) activation (Kindt et al., 2007,
Kaiko et al., 2008). There are a growing numbefTbfcell subsets involved in the adaptive
immune system including Thl, Th2, Tth, Th17 anddredfector cells (Diebold, 2008). These
are differentiated from each other based on thekay¢ repertoire each subset produces and their
varied functionsn vivo (Fajardo-Moser et al., 2008). Determination of CEfi- polarisation is
primarily based on the nature of the pathogen stisyuvhich in turn influences DC cytokine
production, co-receptor signalling and strengtlamtigen stimulation (Diebold, 2008). However,
other factors including the local cytokine enviramty presence of hormones, the dose and route
of pathogen entry, and the type of APC presentimggan, have also been shown to skew the

direction of Th polarisation (Spellberg and Edwa2i301).

Th1 cells are largely involved in the combat ofacellular pathogens such as certain bacteria
and viruses (Sallusto and Lanzavecchia, 2009). Theyduce a combination of pro-
inflammatory cytokines including interferon-gamm&N-y), tumour necrosis factor-alpha or
beta (TNFe/B), and interleukin-2 (IL-2), in order to elicit CTépecific responses, neutralising
antibodies (NAb), immunoglobulin G2a (lgG2a) antdes, and macrophage activation.
Collectively, these cells eradicate pathogens tjinahe elimination of infected tissue (Diebold,
2008). IL-12 is an essential cytokine necessarylfal differentiation, inducing the production
of IFN-y through signal transducer and activator of trapton 4 (STAT4) activation (Seder et
al., 1993). IL-12 is predominantly produced by noyeél DCs (mDCs), and is additionally
involved in the activation of CTLs and NK cells (Bato and Lanzavecchia, 2009). Thl cells
are also stimulated in the presence of IL-23, ILa?2d type | IFN in humans, and are dependent

on the transcriptional factor, T-bet, to geneticafiediate IFNy production (Szabo et al., 2000).
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IFN-y is one of the primary pro-inflammatory cytokinedle to stimulate phagocytosis and
upregulate expression of class | and class |l MH@leoules on cells, encouraging further
antigen presentation to effector and Th cells (8pej and Edwards, 2001). Several vaccine
strategies that utilise viral vectors make usehefdbility of these vectors to induce Thl-biased
responses through the induction of pro-inflammatoyiokines. As an example, Climent et al
(Climent et al., 2011) performeéx vivo monocyte-derived DC-T-cell co-culture assays
stimulated with a modified Vaccinia Ankara (MVA)-W1 vaccine, and demonstrated the
induction of high levels of Thl cytokine productii®N-y and TNFe), in addition to enhanced
cross presentation and HIV-1-specific CD8+ T-cetlliperation.

On the other side of the spectrum, Th2 cells amallysinduced during extracellular pathogenic
infections such as those of fungi, protozoa andnheths, where they facilitate pathogen
elimination through opsonisation, complement inguctand toxin neutralisation (Diebold,
2008). They primarily facilitate the induction ofummoral immunity, and are particularly
important for the initiation of antibody class setiing in B cells to 1gG1, IgA and IgE
production (Mazzoni and Segal, 2004). Th2 cellsetecof IL-4, IL-5, IL-9 and IL-13 cytokines,
the production of which is regulated at the traipgiomal level by GATA-3 (Agarwal and Rao,
1998). IL-4 is one of the driving forces behind THHEferentiation, and is responsible for
mediating IgE production along with IL-13, while-B is involved in activating other immune
cells such as eosinophils, mast cells and basojptaitanediate humoral immunity (Spellberg and
Edwards, 2001). Interestingly, foreign antigen détem at mucosal surfaces, such as the
pulmonary airways, has been shown to preferentialyce Th2-mediated responses in humans

and in mice (Constant et al., 2000).

The third type of Th cells, Th17 cells, was inityabelieved to primarily mediate inflammatory
responses before adaptive immunity was fully iteth This was supported by the short life-span
of Th17 cells and their suppression by Thl and dyigkines (Harrington et al., 2005). They are
now thought to mediate neutrophil-driven inflammgtoesponses, and have been characterised
by their involvement in combating fungal and exéladar bacterial infections, and their
production of the pro-inflammatory cytokine, IL-IFarrington et al., 2005, Acosta-Rodriguez

et al., 2007). The main transcription factors imeal in Thl7 development are the orphan
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nuclear receptors, retinoid-related orphan recegdgt@ROR«t) and RORa (Yang et al., 2008b).
Tumour growth factoff (TGFf) and IL-6 play an important role in activating Thl
differentiation (lvanov et al., 2006), while IFN-IL-27 and IL-2 negatively regulate Th17 cells
through the transcription factors, STAT1 and STA{%aurence et al., 2007, Kimura and
Kishimoto, 2011). In addition to a protective rolEhl7 cells have been associated with a
number of autoimmune diseases such as inflammabonyel disease and experimental
autoimmune encephalitis (EAE) (Kimura and Kishimd011).

In order to maintain a balance between pathogeticatton and immune-mediated damage, the
fourth Th subtype, regulatory T cells (Treg), aesponsible for promoting tolerance by
suppressing adaptive immune responses, and areiradstyed in preventing autoimmunity
(Chen et al., 2003). Antigen-induced Treg (iTregdl dhymus-derived, natural Treg (nTreg) are
functionally alike because they are both capablatubiting diseaseén vivo, and can be anergic.
Treg cell differentiation is controlled by the ftwad/winged helix transcription factor, forkhead
box P3 (Foxp3) (Chen et al.,, 2003). Like Th1l7 c¢ellseg differentiation also relies on the
transcription factor, RORt, although only TGH is required to induce Treg differentiation

(lvanov et al., 2006, Sallusto and Lanzavecchi@920

Finally, the follicular helper CD4+ T cells (Tfh It® are primarily involved in the formation,
regulation and maintenance of germinal centresatetesponsible for B cell differentiation into
plasma cells and memory B cells (Crotty, 2011).pfdsent, it is still unclear how Tfh cell
differentiation is distinguished from, and inteateld to other CD4+ T cell differentiation

subsets, and what signals in humans induce Tfldd&rentiation.

1.2.2 Th cell regulation

The relevance of inducing the correct Th resposskighlighted by the differential nature of
adaptive responses against different invading roiganisms. The eradication of infections
require specific Th responses, and dysregulatede$ponses can promote several pathological
conditions, as is demonstrated in the case ofgglland asthma, which are characterized by

excessive Th2 responses (Mazzoni and Segal, 2004).
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Efficient CD4+ T-cell expansion and differentiatioan be discerned by the cytokine repertoire
that the T-cells produce. This is largely dependenthe type of foreign stimulus, and which
subset of APCs is activated (Fajardo-Moser et28l08). Th1l and Th2 cells appear to regulate
each other, mediating a fine balance between cetlimted and humoral immunity (Figure 1.1).
IFN-y secreted by Th1l cells directly suppresses IL-4esien, inhibiting differentiation of naive

or ThO cells into Th2 cells (Demeure et al., 1994).contrast, IL-4 and IL-10 suppress the
secretion of IL-12 and IFN; in addition to inhibition of phagocytosis andigah presentation,
blocking Th1 polarisation. This interplay betwedmlTand Th2 responses allows each to regulate
the other.

A similar balance has been identified between Tdrid Treg cells, for immune homeostasis, and
involves mediation by IL-6 (Kimura and Kishimotd)ID). IL-6 induces the generation of Th17
cells from naive T cells in the presence of TGFowever in its absence; Th cells differentiate

into Treg cells (Figure 1.1).

In general, the level of plasticity of Th cells has to be fully elucidated, although it is belidve
that there is some flexibility in the cytokine refogre that a differentiated Th cell can secrete.
This suggests that perhaps Th differentiation isteininal, as was once thought and is open to

manipulation for vaccine purposes (Sallusto andzhgacchia, 2009).

1.2.3 CD8+ T-cell differentiation

The interaction of naive CD8+ T-cells with MHC ddspeptide complexes results in activation
of CD8+ T-cells, provided signals 2 and 3 are gtsesent. Activated CD8+ T-cells (also
referred to as CTLs or Tc cells) are predominamtisolved in the elimination of infected or
dysfunctional somatic cells (such as tumour cellg)s playing a vital role in adaptive immunity
(Kindt et al., 2007). Upon interaction with targeteells, CTLs induce apoptosis in one of two
ways. The first involves the release of cytotoxsnsh as perforin and granzymes, which induce
a caspase cascade that eventually leads to ceitagi® (Vukmanovic-Stejic et al., 2000). The

second apoptotic pathway is induced by Fas ligaamlRteraction between a CTL and the
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infected cell. CD8+ T-cells have long been congdest homogenous population, but in the last
decade three distinct subsets (TcO, Tcl and Tc2g Heeen identified, which demonstrate
functional and phenotypic differences (Vukmanovieji§ et al., 2000). These subsets are not as

extensively defined as Th cells, but they tendaimglement their Th counterparts.

IL-10

TGF-B1
\ IL-6 | TGF-B1

/ - P
T17 / Statl /

Stats
RORfyt
RORa

IL-17 IL-6 1L-22

Figure 1.1 — Hypothesised regulation of Th-cell subsets. fFaescription factors and cytokines involved in the
differentiation and maintenance of Th cells. Dedifeom (Kimura and Kishimoto, 2011).

The majority of activated CD8+ T-cell clones arel cellsin vitro, and are able to secrete IFN-
v, TNF-, IL-2 and lymphotoxin when stimulated (Mosmanrakt 1997, Vukmanovic-Stejic et
al., 2000). They produce large quantities of penfand Fas ligand, and are involved in the rapid
and efficient killing of infected cells, definingem as the classical Tc cells. Proliferation of Tcl
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cells is enhanced in the presence of IL-12, asdscase with Thl cells. On the other hand, IL-4
suppresses the proliferation of Tcl cells, inhigtitheir ability to synthesize iR, and
downregulating proliferation, and long-term cytataty (Mosmann et al., 1997). Additionally,
these cells tend to be very susceptible to activetduced cell death (AICD), a process involved

in T-cell homeostasis and tolerance.

On the other hand, Tc2 cells are less vulnerablaptptosis via Fas-FasL interactions and
AICD. They are distinguished from Tcl cells by thgioduction of IL-4 and IL-5, and lack of
IFN-y production (Mosmann et al., 1997). Tc2 cells &gpress high levels of CD30 and CDA40.
Unlike Tcl cells, Tc2 cell growth and expansionmaffected by IL-4, allowing them to perform
cytotoxic functions in Th2 microenvironments. Theee some debate as to the cytotoxic
capabilities of Tc2 cells, although these cellsdpice similar quantities of perforin and Fas
ligand compared to Tcl (Vukmanovic-Stejic et alo0@). Generation of Tc2 celis vitro
requires the additional stimulation of cells withtisCD3 and anti-CD28 compared to Tcl and
TcO cells, suggesting that Tc2 CD8+ cells may adygur in significant numbers when under
certain disease conditions or may only reside iecgigc immune compartments in humans
(Vukmanovic-Stejic et al., 2000).

The final Tc subset, TcO cells, make up a smallupstn (10-20 %) of activated CD8+ T-cells
in peripheral blood, and possess the unique abilty produce both IFN- and IL-4
(Vukmanovic-Stejic et al., 2000). TcO cells, likeZTcells, express a high level of CD30 and
CDA40 surface receptors compared to Tcl, and thelifgration is unaffected by IL-4 and IL-12.
However, they demonstrate similar cytotoxicity telTcells, producing comparable amounts of
perforin and Fas ligand. The function of thesescedimains to be established, although given that
they possess characteristics of both Tcl and TiR, deis possible that this is an intermediate

subset that could potentially be polarised in @ithesction.

Unlike Th cells, Tc cells do not demonstrate a llek plasticity (Mosmann et al., 1997).
However, CD8+ T-cell differentiation is polarisedthe presence of certain cytokines, be it to a
lesser degree than CD4+ T-cells. The subtle reiguldtty IL-12 and IL-4 is thought to maintain

a balance in the CD8+ effector T-cell response mduiong periods of immune activation.
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Interestingly, CD8+ T-cells play a role in regutgii CD4+ T-cell differentiation, through
cytokine production and cellular interactions (Vwkmovic-Stejic et al.,, 2000, Holmes et al.,
1997). As expected, Tcl cells encourage differéntiaof Thl cells, and Tc2 cells encourage

Th2 responses.

1.2.4 CD8+ T-cell phenotypes

Naive T-cells are commonly identified by the expres of CD45RA, CCR7 (lymph node
homing marker) and CD62L (adhesion marker) (Tougt Sprent, 1994). They exist in the
periphery and lymph node tissues where their iotema with matured APCs results in their
development into effector T-cells, key players e tadaptive immune response. Once the
detected pathogen is eradicated, the survivinggamspecific effector T-cells develop into
memory T-cells, and remain in lymphoid organs ardigheral non-lymphoid tissues as
‘memory pools’, to induce a rapid secondary respahshey ever encounter the same antigen
again (Lanzavecchia and Sallusto, 2005). Memorgllc@re able to produce the same range of
cytokines upon re-stimulation with the recognizedigen, as well as ‘remember’ the site of
initial encounter or where the response is requirexst. While naive T-cells proliferate at a
much lower rate under stead-state conditions, mgiarells have a high turn-over rate and are
able to act more promptly against pathogens (bhatzhia and Sallusto, 2005). It has been
reported that naive T cells require between 6 er3@ore hours of TCR stimulation to commit
to cell division, while memory/effector T cells pasd within 0.5-2 hours (lezzi et al., 1998).
Consequently, primary immune responses requir@gelotime to develop compared to memory

responses, which tend to occur fairly rapidly aftetection.

Memory T-cells differentiate into different subsedefined by distinct phenotypes and functions.
There are three phenotypes of memory T-cells thae been prominently defined, based on
their migratory capacity and effector function (zamecchia and Sallusto, 2005). These include
central memory T-cells @uv), effector memory T-cells &) and terminally differentiated
effector memory T-cells @ura cells), and can be distinguished from one anotlséng the
naive T-cell marker, CD45RA, and the lymph node imgnmarker, CCR7.
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In the case of CD8+ T-cells,c¥ cells are mainly found in or near lymph node tessand are
thought to be responsible for most of the recapomses, based on their high poliferative and
reconstitutive abilities (Lanzavecchia and Sallus2005). They are more specifically
distinguished from CD8+ gy cells by the presence of CCR7 and CD62L on theifase. On
the other hand, gy cells are associated with peripheral tissues, havewer poliferative
potential, and can demonstrate cytolytic properteggdly during recall responses to provide
immediate protection (Roberts et al., 2005)vda cells are believed to be the most differentiated
T-cell phenotype, due to their low proliferativepeaity, absence of CD28, CD27, and CCRY7,
vulnerability to apoptosis, and the high perfoerdls (Masopust et al., 2006). The generation of
Temra Cells is not antigen or cytokine dependent, butead appears when a homeostatic

cytokine milieu is present.

Tomiyama et al (Tomiyama et al., 2002) hypothesibed there is a natural progression from
Tem to Tem to Temra, defined by the presence or absence of certaisticatatory molecules,
CD27 and CD28, and homing markers, CCR5 and CCRiichware used to differentiate
between the intermediate subsets g @nd Ty cells. Furthermore, the cytokine milieu plays an
important role in the differentiation and mainteoamf these memory T-cells. Production of IL-
7 and IL-15 by DCs induce proliferation of botlauand Tem cells, however in response to
certain cytokines, du cells are able to stop CCR7 expression and a#Hgctor functions
(Spellberg and Edwards, 2001). It is hypothesisedl this cytokine-driven switch betweegul
and Tem cells allows the long-term maintenance @f,Tpopulations, which can exist for many
years after the initial stimulation. In additionttee effect of cytokines, this flexibility in memor
T-cell phenotype is also influenced by the cumutatiistory of antigen exposure (Masopust et
al., 2006). A short antigenic stimulation usuabwdis to preferential differentiation into theml

phenotype, while prolonged exposure to antigengeadavour differentiation intogf cells.

1.3 Dendritic cells (DCs)

DCs are the most potent of all APCs in the bodiingas the immune system’s primary sensors
of antigens found in the periphery and at mucosdises (Banchereau and Steinman, 1998).

They are considered to be important modulatordefibnate and adaptive immune responses,
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being dominant stimulators of CD4+ and CD8+ T-cedsponses (Tacken et al., 2007,
Banchereau et al., 2000, Wille-Reece et al., 2005).

Human DCs are comprised of a heterogeneous populati cells that are found in most
locations in the body including the blood, lymphdas, mucosal surfaces and skin tissue
(Banchereau and Steinman, 1998). They are deriv@th bone marrow progenitors which
differentiate into two main populations of DCs hretblood, namely the myeloid or conventional
DCs (mDCs) and plasmacytoid DCs (pDCs), each otlwls derived from distinct lineages (Lin
et al., 2008) (Figure 1.2). Blood myeloid DCs awuetlfer divided into three populations, the
blood DC antigen-1+ (BDCA-1+) DCs, the CD16+ DCsl dhe smaller BDCA-3+ population.
In the tissues, mDCs are also divided into phenctly distinct subsets. In the skin, interstitial
or dermal DCs (dDCs) are found in the deeper deamistissues, while Langerhans cells (LCs)
exist in the epidermis. Monocyte-derived DCs (mop@se commonly used as a laboratory
model of DCsin vitro, and can be founih vivo in inflamed tissues and the local lymph nodes
(Banchereau et al., 2000). Most DC subsets armgisshed from each other phenotypically due
to their unique gene expression profiles, althotlgdy are also generally location-specific and

functionally distinct.

1.3.1 Blood dendritic cells

The three blood mDC subsets express typical myetmadgkers CD13, CD11c and CD33, and
lack lineage (Lin)-specific markers (CD3, CD14, (GDand CD56) (Schreibelt et al., 2010).
They produce IL-12 upon activation, however, théfedin their expression of certain surface
molecules, allowing them to be differentiated frome another. BDCA-1+ (CD1c+) DCs are
Lin-HLA-DR+CD11c+ DCs, and express a vast rangswface receptors including DEC-205,
and toll-like receptors (TLRs) 1-8, and 10 (Jaraysst al., 2001, Ueno et al., 2010). These cells
are the most extensively studied of the mDC subsets$ were initially thought to induce CD8+
T-cell responses more efficientiyg vitro than the other blood DC subsets (MacDonald et al.,
2002). However, recent research has suggested BBXCIBEs are superior at antigen cross

presentation (Jongbloed et al., 2010).
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BDCA-3+ (CD141+ - thrombomodulin) DCs represent aichn smaller mDC population
(typically make up less than 5 % of blood DCs), amd Lin-HLA-DR+CD11c+ DCghat
uniquely express the C-type lectin, CLEC9A (Uenalet2010), along with nectin-like protein 2
(Necl2), TLR3 and TLR8 (Poulin et al., 2010). BDGA-DCs exists in the blood, but have also
been detected in secondary lymphoid organs, sudplaen and tonsils (Ueno et al., 2010).
Their small population size makes it difficult ®olate quantities that are suitable for extensive
in vitro experimentation, but recent research has showritése DCs respond well to TLR3 and
8 ligands, and also display efficient cross prest@nt of antigens (Poulin et al., 2010, Jongbloed
et al.,, 2010). BDCA-3+ DCs are believed to be thenan equivalent of the mouse DC
population CD8&+ DCs, which are the major DCs involved in crossspntation in mice. While
there are some functional similarities, BDCA-3+ D&g a minor human DC population, and
differ phenotypically from CD&+ DCs, lacking the expression of CQ8TLR7, TLR9, or
CD11b (Poulin et al., 2010). This makes it difficad draw distinct parallels between the
functions of BDCA-34DCs and CD&+ DCs.

The CD16+ DC population is the largest and mosiabée population of DCs in the blood (40-
80 %), but is the least well characterised, duést@oor viabilityin vitro (MacDonald et al.,

2002). It expresses unusually high levels of CD&& @D40, low levels of HLA-DR, CD14 and
CD33, and lacks expression of cutaneous lymphoagtegen (CLA) (common on other DC

subsets). Little is currently known about this silssfunctional capabilities.

The fourth blood DC subset, pDCs, circulates inlilemd and enters lymphoid organs through
high endothelial venules (Ueno et al., 2010). p@@&sdistinguished from the other subsets by
expression of CD123, BDCA-2, and immunoglobulireliikanscript 7 (ILT7) receptor. Initially,
pDCs were thought to be solely of lymphoid oridgiowever studies have shown that pDCs can
develop from myeloid precursors if cultured in gresence of Fms-like tyrosine kinase-3 ligand
(FIt3L) (Pulendran et al., 2000, Valladeau and &=l 2005). pDCs can be subdivided into 2
subsets, namely, CD2-high and CD2-low populatiddat$ui et al., 2009), where CD2-high
pDCs induce better T-cell proliferation and moredurction of IL-12p40. Unlike mDCs, pDCs
secrete large amounts of IFdNand express the cytotoxic molecules, TNF-relateoptosis-

inducing ligand (TRAIL) and Granzyme B. They arealved in viral immunity, expressing
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IFN-o when activated through TLR7 or 9 by a viral stiosu[Colonna et al., 2004). pDCs also
have extensive ER compartments that mediate thetsst of anti-viral factors such as type |
IFNs, and appear to store pre-synthesized MHC dlassl || molecules for rapid responses to
viral infection (Di Pucchio et al., 2008). Crosegentation in pDCs has generally proven to be

poor, although in the presence of certain TLR agfsnit can be improved (Mouries et al., 2008).

1.3.2 Skin dendritic cells

Skin-derived myeloid DCs comprise of LCs in thedepmis and dDCs in the dermis. LCs
express several myeloid markers including CD11c1&Bnd CD33, in addition to CD1a, DEC-
205 and the TLRs 1-3, 6 and 10 (Unger and van Kp@@ 1). They are distinguished from
other DC subsets by the unique expression of lamd&D207), e-cadherin, and keratinocyte
adhesion and epithelial cell adhesion moleculesCésp). The development of LCs from its
precursorsn vivo andin vitro is heavily dependent on the presence of P3Beissmann et al.,
1998). LCs can be derived from CD34+ umbilical cetem cells as well as CD14+ monocytes
in vitro, and these models are commonly used to study hur@an given the difficulty of
isolating adequate numbers of LCs from the sKin.vitro-derived LCs are able to efficiently
stimulate CD4+and CD8+T-cell activation as demonstrated by several stu@idacher et al.,
2009, Ratzinger et al., 2004, Idoyaga et al., 204hyl have been shown to more effectively
cross present antigen and induce CTL responsesdib@sin vitro (Ratzinger et al., 2004). In
contrast, a small population of migrating LCs apgeaemain in steady-state when they travel
to the lymph node, and their lack of functional unay suggests LCs tend to favour tolerogenic

immune responses to self-antigens under certatarogtances (Merad et al., 2008).

Dermal DCs are analogous to the interstitial D@mtbin peripheral tissue. As with LCs, human
dDCs express a number of myeloid markers includ@iijlc and CD1c, in addition to DEC-
205, Dendritic Cell-Specific Intercellular adhesiomolecule-3-Grabbing Non-integrin (DC-
SIGN), and the macrophage mannose receptor (MMRl)gdeau and Saeland, 2005). Dermal
DCs are further divided into two subsets basedhair tdifferential expression of CD14 and
CDla (Nestle et al., 1993). The major dDC popuigti€D1a+dDCs, express macrophage
galactose lectin (MGL) and display an activated natgpe (CD40+, CD80+, CD86+) in the
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steady state, demonstrating better LN-homing aralTpriming capacity than CDla- dDCs.
These cells reside in the upper dermis near thetatic vessels. The CD141DCs are found
throughout the dermis, but only account for 10-1®f6lermal cells, and they typically express
DCIR, Dectin-1 and TLR2-TLR6, TLR8 and TLR10 (Val&au and Saeland, 2005). Once
activated, these cells tend to skew immune resgotmegards a humoral response, inducing
naive CD4+T-cells to develop into Tfh cells, thereby initiai B-cell differentiation and IL-21-
stimulated antibody production. Dermal DCs cargeeeratedn vitro from CD34+stem cells,
where CD14+precursors are isolated and cultured with GM-CSRF-i and IL-4 to develop
dDCs (Caux et al., 1999). These vitro cells resemble moDCs phenotypically, but are
functionally different.

1.3.3 Monocyte-derived dendritic cells

Monocyte-derived DCs have been extensively studisdte they were first generated by
culturing peripheral blood monocytes in granuloaytacrophage colony-stimulating factor
(GM-CSF) and IL-4 (Sallusto and Lanzavecchia, 1994y have frequently been used asman
vitro human DC model because of the abundance of tmegsupsors in blood and ease of
purification. MoDCs express several receptors agirtBurface that renders them similar to
dDCs, including CD1la, CD11b, CD11c, DEC-205, and-8BIGN. They also express a large
range of TLRs from 1-8 (Schreibelt et al., 2010)oMCs are able to secrete I1L-12p70 and
induce efficient CD4and CD8 T-cell responsesn vitro, and are therefore frequently used in
clinical DC vaccination studies for this purposehas yet to be determined whether moDCs
exist in steady stai@ vivo, as they display a much higher expression of MHfleoules and co-
stimulatory molecules, and demonstrate a low migyatapacity compared to freshly isolated
immature mDCs, (MacDonald et al., 2002)(Radforahlet 2006). Additionally, mouse studies
have shown that monocytes appear to migrate thhieefore they differentiate into DCs (Leon
et al., 2007). All these data suggest that stesatg-snoDCs do not exist in the periphery, and
that in vitro-generated immature moDCs represent inflammatorg.D@ view of this, more
studies are exploring the use of blood DC subiset#tro, to determine to what extent moDCs
resemble human mDCs, and thus verify the use of @so&» a laboratory model.

Figure 1.z (next page - Human DC development. Endogenous stimulatiomm@ily in the form of
cytokines) is necessary for the development ofrdspective DC precursors into immature DCs of the
different lineages. Exogenous stimulus in the fasmmicrobial products is necessary to induce DC

activation/maturation (derived from Shortman & LA002 with some modifications) 29
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1.4 Dendritic cell antigen capture

Immature DCs (iDCs) primarily reside in periphetissues where their function is focussed on
antigen acquisition from their environment. Conéiheampling of the local environments for
both foreign and self-antigen, allows DCs to faatk the induction of adaptive immunity and

immune tolerance (Banchereau and Steinman, 1998).

iDCs are able to efficiently capture antigens byropinocytosis, receptor-mediated endocytosis
and phagocytosis (Dubsky et al., 2005). The proag#sseceptor-mediated endocytosis is
performed by several endocytic receptors, inclugiathogen recognition receptors (PRRs) such
as toll-like receptors and receptors from the GCetypctin family (DEC-205, DC-SIGN,
langerin). Once these receptors have bound tocynesed ligand, they endocytose the antigens
into endosomal compartments, and antigens arepitegrared for surface presentation to T-cells.
iDCs also express complement and Fc receptors (C@PR CD64) on their surface which
facilitate the uptake of complement or antibodyeaspsed pathogens via phagocytosis, all of
which are also incorporated into specific cellulmmpartments (phagosomes) that facilitate

antigen processing for presentation (Banchereas&idman, 1998).

1.5 Antigen presentation by dendritic cells

As previously described, DC antigen presentati@anMHC molecules is the first of three signals
required to activate T-cells and initiate a celldia¢ed immune response. Antigen can be derived
from within the cell (endogenous antigen) or carcéetured from the extracellular environment
(exogenous antigen). There are two classical pathwawhich APCs are able to present antigen
on their surfaces, and one unusual pathway that @{Dsarily use (simplistically depicted in
Figure 1.3)(Banchereau et al., 2000).

1.5.1 Classical antigen presentation pathways

The first classical pathway involves endogenousgant presentation via the MHC class |

pathway, which informs the immune system via CD8¢ells of viral or intracellular pathogen
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infections, or cellular transformations (Goldbergld&Rock, 1992, Rock and Shen, 2005) (Figure
1.3). MHC class | molecules present peptides thatdarived from a great number of cellular-
synthesised proteins, including those of foreiggior On a regular basis, one or more ubiquitin
molecules are added to the N-terminus of such p@té&biquitin is a small regulatory protein
that is able to target intracellular antigens ta¥gathe proteasome, where they are hydrolysed
into oligopeptides ranging in size from 2-20 amawids (aa) (Bonifacino and Weissman, 1998,
Rock and Shen, 2005). Most of these oligopeptidedgwather hydrolysed into aa that can be re-
used in cellular protein synthesis processes, hew@ligopeptides of more than eight residues
are sometimes transported to the ER via transpaggociated with antigen processing protein
(TAP). In the ER, ER-aminopeptidase-1 (ERAP1) isdut further degrade the peptides into 8-9
residue-structures, which then associate with MHSscI molecules (Saric et al., 2002). MHC
class | molecules are heterodimeric glycoproteih&kwvconsist of a membrane-anchored heavy
chain with threax (a1, ap, a3) domains and a smaller, non-covalently attacBedpicroglobulin
light chain (Silver et al., 1992). The anda, subunits form a peptide cleft, where the peptide i
able to bind. The peptide associates With microglobulin and the heavy chains, forming a
trimeric complex, and optimal folding and glycasybn occurs before MHC class I-peptide
complexes are sent to DC plasma membrane for antigplay (Cresswell et al., 2005). At the
cell surface, interaction of the peptide-MHC clagemplex with naive CD8+ T-cells is able to
trigger either CD8+ T-cell activation (leading to Bnmune response), or immune tolerance (in

the absence of other activation stimuli).

The second pathway involves presentation of exageaatigens via the MHC class Il pathway
(Banchereau et al., 2000). These antigens are cafgrderived from invading pathogens, or as
a result of cellular processes such as apoptosiautophagy (Vyas et al., 2008). Only
professional APCs such as DCs or macrophages expiéiC class Il molecules on their
surface. Acquirement of foreign, soluble and pattite antigens leads to the uptake of antigen
into an endocytic compartment, which interacts wahmildly acidic MHC class ll-rich
subcellular compartment (MIIC) (Rock and Shen, 208&inman, 2001, Banchereau et al.,
2000). This is a lysosome-like compartment whictewally accumulates MHC class |l
molecules, and where the captured antigens aregsed, bound to the MHC class Il molecules,
and sent to be displayed at the cell's surface ¢Bareau et al., 2000). Within the MIICs, the
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MHC class Il molecules undergo a step-wise cleawdgge invariant chain (li) that links its
andp components (Cresswell, 1994). The li is a chapemotein that assists in the assembly
and transport of MHC class Il molecules through @wgi to the endosomal pathway, and is
also involved in preventing the premature bindirfgligands to MHC class Il. Cathepsin S
mediates the cleavage process of li, and is thexefpregulated after DC maturation to degrade
li and allow the processed peptides to bind to Mel&ss Il molecules. Newly-formed MHC
class IlI-peptide complexes are trafficked to thérmembrane, where they cluster into lipid rafts
in order to be presented on the surface (Vyas.e2@08, Banchereau et al., 2000). Interaction of
these complexes at the surface with CD4+ T-celégldeto the induction of ,Tresponses
(Banchereau and Steinman, 1998). Interestingly, ayteplasmic tail of the MHC class I
B-chain is ubiquitinated in mouse DCs, to allow fbe trecycling of these molecules back to
MIICs (Vyas et al., 2008). However, in mature D@bjquitination of MHC class Il is down-
regulated so that loaded MHC class Il complexesacaimulate at the cell surface to initiate T-

cell activation.

1.5.2 Cross presentation pathway

The unique pathway for exogenous antigen presentdby DCs is known as the cross-
presentation pathway. This pathway involves theldisof exogenous antigen by MHC class |
molecules, allowing the induction of CD8+ T-cellg DCs (Rock and Shen, 2005, Bevan, 2006,
Banchereau and Steinman, 1998, Banchereau et G0Q, Ain et al.,, 2008). It was first
discovered in 1976 (Bevan, 1976), although the nt@mae of its role in alerting the immune
system about invading viruses (that do not re@igatDCs) and tumours was only appreciated
later. Cross presentation is performed primarilyDi@s because they possess the appropriate
cellular machinery required for this pathway, althb macrophages are also capable of cross
presentation to a lesser extent (Banchereau e2@00). Although it has not been completely
elucidated, cross presentation is thought to oettber through a phagosome-to-cytosol pathway
(a TAP-dependent process), or via an endosome-HRvag (a TAP-independent process) (Lin
et al., 2008, Rock and Shen, 2005) (Figure 1.4).
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Figure 1.3 - Antigen presentation via MHC class | and Il molesul(a) Exogenous antigen
endocytosed into an endosome, which fuses withepsat-containing lysosomes, resulting in
degradation of the antigen into smaller peptide¥lt{ese peptides are loaded onto MHC class |l
molecules that reside in the MHC class Il companim@I1IC), and are presented at the cell
surface to CD4+ T cells (MHC class Il pathway), ©&flocytosed antigens escape into the cytosol
( One cross presentation route) and gain accetisetalassical MHC class | pathway which is
primarily used for endogenous proteins (c). Thithway involves peptides being further degraded
by the immunoproteasome (d) and then deliverechéoendoplasmic reticulum (ER) in a TAP-
dependent manner (e), where they are loaded ont€@ ®lass | molecules for presentation on cell
surface to CD8+ T cells (f). Adapted from (Tackemle 2007)
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In the first pathway, soluble and particulate exames antigens are captured and internalized
into phagosomes, micropinosomes or endosomes, whekeundergo partial proteolysis by
proteases within these compartments. TAP along wilier ER-associated proteins such as
tapasin and Sec61 function to transport capturgudiges into the cytosol across the cellular
membrane of the phagosome (Rock and Shen, 200%e @nthe cytosol, the proteins are
processed in the same way as endogenous antigdd Wewia the proteosome, and are then
transported to the ER via TAP and attached to MH#Gscl molecules to be sent for surface
display. There is still some speculation as to ltbev ER and phagosomes are related, and to
what extent ER-derived proteins participate in tifamsportation from phagosome to cytosol to
ER, but evidence indicates that this model is theest depiction we have of the process (Lin et
al., 2008, Rock and Shen, 2005).

The second cross presentation route, called thesenie-ER pathway, is believed to be less
commonly used for cross-presentation, althoughait be upregulated upon DC maturation
(Robson et al., 2003).This pathway involves a TA&ependent route with the fusing of ER
vesicles to the endosome carrying the capturedyemgi (Figure 1.4). Several proteases are
thought to initially break the protein down withihe endosome, specifically cathepsin S.
Following protein processing, it was originally thght that the endosome fused directly to the
ER, forming an ERgosome, and the resulting oligtigep were then further hydrolysed into 8-9
residues via the ER-associated degradation (ERp&thway (Lin et al., 2008, Ackerman et al.,
2005, Imai et al., 2005). This has since been disgt, and it is now thought that the endosome
fuses to an acidic ER vesicle which consists oftggng from ERAD that are necessary for
antigen degradation into oligopeptides (Lin et 2008). Oligopeptides of the right size within
this fused endosome-vesicle structure are loadéd MiHC class | molecules that have been
trafficked into the endosome from the plasma menmdyrar from the ER by ER-related proteins
(Rock and Shen, 2005). Newly formed MHC class Itjglspcomplexes are sent to the surface

for presentation.
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Figure 1.4 — Possible routes of cross presentation with tpaential pathways. This includes phagosome-
cytosol, endosome-ER and vacuolar pathways (addmied(Lin et al., 2008, Rock and Shen, 2005)).

The final cross-presentation route is referredstoh@ vacuolar pathway (Rock and Shen, 2005).
The mechanism of this route is unclear, but itis® & AP-independent. It is believed to involve

the captured antigen being degraded by endocytitepses and cathepsin S within the
phagosome/vacuole. The resulting oligopeptidegtar bound to MHC class | molecules that

have been transported into the vacuole from thenmamembrane or from the ER (Rock and
Shen, 2005).

The potency of the CD8+ T-cell response inducedufin cross presentation of a given antigen

is dependent on several factors including the lerajtthe peptide presented, nature of the
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antigen, and the type of DC subset presenting titigen (Faure et al., 2009). The length and
persistence of antigen exposure have also beeridhitgd as important aspects of generating
efficient and long lasting CD8+ T-cell priming (Jogues-Saklani et al., 2008, Faure et al.,
2009). However, it is the nature of the antigent teems to effect whether it will be cross
presented or not. Studies have shown that partealaigen or whole, cellular proteins are more
likely to be cross presented than soluble antig@emddorf et al., 2007).

This was demonstrated by the inability of solubtedoicts to elicit CTL immunityn vivo, in
comparison to particulate antigen (Pooley et @013. Burgdorf et al (Burgdorf and Kurts,
2008) suggests that the cross presentation ofcplaté and soluble antigens are dependent on
different factors. Particulate antigen presentahias been found to be time-dependent, whereas
cross presentation of soluble antigens is locatimatependent. Phagocytosed, particulate
antigen is not initially degraded in the phagosdimeause of an active alkalisation process that
maintains a neutral pH within the phagosome. Thishits protease activity and allows the
intact antigen to be successfully transferred ithie cytosol and delivered to the cross
presentation processing pathway (Burgdorf and K@@98). The process of active alkalization
is transient though, and once it ceases after siime, the naturally acidic nature of the
phagosome activates proteases and cleavage ohtigerathat is not exported. The resulting
oligopeptides are then presented on MHC class llecutes. Thus, MHC-I- and llI-restricted
presentation of particulate antigens seems to cgeguentially (Burgdorf and Kurts, 2008). On
the other hand, soluble antigens are either inieethinto stable, early endosomes via endocytic
receptors (which delivers them to the cross presiemt pathway), or they are specifically
endocytosed and routed towards lysosomal compatsm@r MHC class Il processing and
presentation). Thus, the compartment into whichuldel antigen is endocytosed determines
whether it will enter the cross presentation path{Burgdorf and Kurts, 2008).

This data suggests that the fate of an antige®@sgmtation is also strongly related to the uptake
process. Phagocytosis is accepted as one of tmanyrimeans by which cross presented antigen
is endocytosed, however receptor-mediated endasybdsntigens also directs antigen towards

the cross presentation pathway (Lin et al., 2008)ere are several APC receptors such as DEC-

205, the MMR and Fc receptors, which are respoadtl mediating endocytosis of exogenous
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antigen, and seem to have the ability to speclficirget antigens towards stable, early
endosomes for processing via the cross presentptitnway (Burgdorf and Kurts, 2008). In
contrast, there are receptors such as DC-SIGN eanksger receptors, which preferably target
antigen towards late, acidic endosomes/lysosonregrésentation on MHC class Il molecules.
Thus, the type of endocytic receptors on DCs agpeabe the distinguishing factor as to why
DC subsets demonstrate differences in their adslito cross present. Dudziak et al (Dudziak et
al., 2007) illustrated that in mice, C®8 DCs specifically target antigen for presentat@mn
MHC class Il, while CD8+ DCs (prominently expressing DEC-205) are ablertss-present
antigen in addition to also contributing to MHC sddl antigen presentation. Moreover, human
mDCs, which harbour several endocytic receptors itsnsurface, are superior at cross
presentation compared to pDCs, which do not appeaross present antigen, unless in the
presence of an adjuvant (Mouries et al., 2008).sTfar the purposes of vaccine strategies that
aim to enhance CD8+ T-cell responses, it is of tgmeerest to explore the capacity of these
endocytic receptors to direct antigen towards tussc presentation pathway and to determine

which receptors are able to do this optimally.

1.6 Dendritic cell maturation

There are distinct phenotypic and functional ddfeses between immature and mature DCs
(Figure 1.5). Immature DCs are characterized bgression of the migratory chemokine
receptors CCR1, CCR5, and low-level expressiomefdo-stimulatory molecules CD80, CD86
and CD40 (Banchereau et al., 2000, Steinman, 200kjle they are highly efficient at antigen
capture, their ability to stimulate T-cells is ppamnlike mature DCs. Thus, once DCs have
captured antigen that triggers their activatioreytttransition from immaturity to maturity in
order to interact with T-cells and elicit an adaptimmune response. The activation stimuli are
detected by DC PRRs such as TLRs, which recognisestarange of bacterial, viral and fungal
motifs. PRRs are responsible for the recognitiopathogen associated motif patterns (PAMPS)
such as pathogen-derived molecules (lipopolysaatdgmr bacterial DNA, dsRNA),
inflammatory cytokines (IL-1, TNF) or molecules wégg from cellular trauma (heat shock
proteins). Mature DCs express higher levels ofrttigratory marker CCR7, which is a lymph

node homing receptor, and targets them towardsdrdiaing lymph node from the periphery, to
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directly activate naive T-cells. As they migrateCDprocess the captured antigens for surface
display via MHC-class | or Il, and antigen presépntais sustained due to the maturation of the
DCs. Concurrently, there is an increased secretiaertain cytokines (IL-6, TNk IL-12p70),
down-regulation of immature DC receptors such asIIGN, upregulation of co-stimulatory
molecules (CD80, CD86) and MHC-class | and Il moles, and increased expression of CD83
(maturation marker). All these events occur tosdassi the process of T-cell priming, as DCs
play a vital role in directing the specificity ofdell responses based on the cytokine repertoire
that it secretes once it has arrived at the lymgden(Steinman, 2001).

DC differentiation DC maturation
E * moDC & mDC —IL-4, * PAMP stimuli - LPS,
GM-CSF bacterial/viral DNA, RNA,
* pDC —Flt3,IL-3 flagellin
) * LC-GM-CSF, TNF-, IL-  Inflammatory cytokines —
DC precursor 4 Immature DC TNF-a, IL-6, IL-1§ Mature DC
) + dDC - GM-CSF, TNF-a, * HSPs, apoptotic bodies, ) ) )
Releases cytokines: IL-4 Functions to capture antigen: ~ CD40L Functions to present antigen & activate
TNF-a, IFN-0, IL-1 « High endocytosis - T-cells:
* High intracellular MHC * Low endocytosis
class I and IT * High surface MHC I and II molecules
« High CCR1.CCRS. * Low CCRI, CCR5, CCR6
C6R6 * High CCR7,
+ Low CCR7. + High CD40, 54, 58, 80, 80, 86
+ Low CD40, 54, 58,80, * High CD83
20.86 * Production of IL-6, TNF-a, IL-12p70
* Low CD83

Figure 1.5 — Phenotypic and functional descriptions of DCdifierent stages of development. Adapted from
(Banchereau and Steinman, 1, Tacken et al., 200

In vitro maturation of DCs often involves incubating celgh a cocktail of TNFe, IL-6
(inflammatory cytokines), IL-f (mediates inflammatory responses), and prostaglai@
(PGE-2 — encourages cell migration) (Schreibe#llt2010). However, DC activation solely by
inflammatory cytokines has proven to induce lesstbptimal Thl responses, with induction of
CD4+ T-cell proliferation in mice but poor functional ta@tion in terms of directing T-cell
differentiation. Thus, the evidence suggests thatet are different degrees and types of DC
maturation (Reis e Sousa and Germain, 1995). Pjygicatly mature DCs, which demonstrate
an increased expression of co-stimulatory molecates maturation markers, can occur as the

result of detecting foreign stimuli or being iniaflammatory environment. However, functional
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DC maturation, which is as the result of upregulat®-stimulatory molecules as well as
production of pro-inflammatory cytokines (such BslPp70), is only stimulated by the detection
of foreign stimuli. Thus, only functionally matuBCs successfully and effectively elicit T-cell
functional activation, inducing differentiation smeffector cells. In view of this, it appears as
though vaccine antigens can only stimulate robusell responses if administered with an

appropriate adjuvant that can functionally matuf@sD

1.7 Mouse versus human dendritic cells

Immature DCs in both mice and humans are foundssué and in secondary lymphoid tissue.
Mouse DCs are more heterogeneous than human DCQabiops, with as many as five identified
subsets, all expressing CD1llc. Secondary lymphaigans have two prominent DC
subpopulations, namely the Cid8myeloid lineage) and C8 (lymphoid lineage) subsets,
and these can be further divided by their difféednéxpression of CD4 (Banchereau et al.,
2000). Lymphoid and myeloid murine DCs differ ireithphenotype, localization, and function,
however, both subsets express high levels of CDMHC class Il, and the co-stimulatory
molecules, CD86 and CD40 (Banchereau and Steinb®®8). CD8u+ DCs are primarily found
in the T cell-rich areas of the periarteriolar lympic sheaths (PALS) in the spleen and lymph
nodes, and produce IL-12p70 upon activation, detnatisg better efficiency at stimulating
CD8+ T-cells (Banchereau et al., 2000, Shortmaad.e2009). CD8- cells are more commonly
found in peripheral tissue, and are efficient a¥@ -cell induction. CD&- cells are believed to
be the mouse equivalent to the human pDC subsegereral, CD8+ DCs are more proficient
cross-presenting cells than other DC subsets imgu@D8&:- DCs, and have recently been
deemed the mouse equivalent of BDCA-3+ human mDas €t al., 2008, Shortman et al.,
2009).

Similarities between mouse and human DCs with cegarbasic functions and development,
have allowed researchers to use preclinical mousbkes to provide a foundatian vivo model
for DC-based vaccine strategies (Tacken et al.7R0®hile this has been useful in allowing us
to understand thin vivo cellular immune interactions induced by recep&rgéting strategies,

human and mouse DC subsets are phenotypically wmtidnally quite different, differing in
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their distribution of receptors, and abilities tadiuce B-cell proliferation and T-cell
differentiation (Banchereau et al., 2000). Murin€ Bubsets express a broader range of TLRs
than human subsets, expressing TLR7 and 9 on ahlfiastbsets. This allows them to recognize
a wider repertoire of PAMPs than their human coyads (Mazzoni and Segal, 2004).
Furthermore, even though some human DC populatuth as BDCA-3+DCs have been
identified as mouse equivalent subsets, theretdire@mne distinct differences. The variations in
cell-surface marker expression, and the fact thatstudies have analysed freshly-isolated tissue
human DC populations to confirm whether they réaet similar fashion to murine DC subsets,
makes mouse studies difficult to rely upon, anedtly translate into relevance for humans. It is
therefore important to further explone vitro human DC studies to gain a clearer insight as to
how human DCs function, and determine whether mause/o models are able to provide an
adequate depiction @ vivo situations for humans.

1.8 DC-based vaccinations

The vital role that DCs play in both the innate addptive arms of the immune response makes
them an ideal target for vaccines. DC-based vacdesgns initially explored methods to
improve MHC-class | presentation (and thereby imdgpecific CD8+ T-cell priming), by
stimulating DCs ex vivo. These procedures includedx-vivo loading of DCs with
peptides/proteins, or transfecting DCs with RNA@ding specific antigens (Tacken et al.,
2007). Loading DCex vivo involves pulsing the appropriate DCs with the mkpbr protein of
interest, then injecting loaded DCs into the hosdtimulate autologous T-cell immunity (Allard
et al., 2008, Tacken et al., 2007, Benko et aD8200ne such study by Aline et al (Aline et al.,
2009), showed that DCs loaded with biodegradabteparticles coated with HIV-1 p24 protein
resulted in efficient DC maturation, systemic CTésponse induction and strong lympho-
proliferative responses, as well as high serumnancdosal antibody production in mice.

Although ex-vivo loading allows high antigen specificity and cofgrmaturation and activation,
it is expensive, labour-intensive, and is requitede unique for each patient (Tacken et al.,
2007). This makes apx vivo DC vaccine inaccessible to patients in develogogntries.

Therefore targeting DCsn vivo with antigens is more favourable in terms of casud
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production. Additionallyjn vivo targeting provides a means to allow antigen dgfive occur in

the natural milieu of DCs.

The functional complexity of DCs means that seveaameters need to be considered in the
development of am vivo DC-targeted vaccine, in order to ensure that gggrapriate immune

response is elicited (Ueno et al., 2010). Thesamaters include the DC subset targeted, the
tissue distribution and biological function for tteggeted DC subset, the immunogenicity of the

selected antigen, the choice of adjuvant, anduhface receptor/s to be targeted.

DC subsets have been shown to influence the tygeasfl response that is induced. In mouse
studies, antigen-loaded CB8 DCs preferentially activates CD8+ T-cell immunityhile
CD8u- DCs induce CD4+ T-cell responses (Dudziak et 2007). Similarly, DC subsets in
human studies also display a bias towards differamune responses. Activated skin-derived
dDCs generally demonstrate a pro-inflammatory, atay, and T cell-stimulatory profile, while
LCs in the epidermis tend to express moleculeslveebin cell adhesion and DC retention in the
epidermis, polarizing reactions away from a Thlpoese (Santegoets et al.,, 2008). Further
human comparative studies between moDCs and blgedbid DCs (BMDCs) indicated that at
low concentrations of stimulating antigen, BMDCsigeated better antigen-specific proliferative
T-cell responses, where responses were skeweddswarl (Osugi et al., 2002). As mentioned
earlier, the distribution of endocytic receptorpeafically PRRs) among DC subsets is quite
varied, and this is potentially a contributing facto the preference a subset has to a given type
of immune response. This is supported by the bhaset receptors have towards a specific
presentation pathway (Tacken et al., 2006). Therent research has focussed on empirically
determining which types of immune responses aggéried by certain DC surface receptors, and

to what extent targeting these receptors is abébance immune responses.

Initial studies targeting DCm vivo investigated the use of attaching receptor ligaindgene
‘delivery vehicles’ such as liposomes, polymer jgéas or live vectors (Tacken et al., 2006,
Lisziewicz et al., 2005, Worgall et al., 2004). Tyectors carrying proteins, peptides or DNA,
were attached to DC receptor ligands (such as ns&nmacterial toxins and heat-shock proteins

amongst others), allowing them to deliver theinggene or antigen to DCs that displayed the
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complimentary surface receptor. Hattori et al (blatet al., 2004) compared the stimulatory
effects of administering a mannosylated liposom@mmex carrying a DNA vaccine versus the
naked DNA vaccine in mice, and found that the magladed liposome complex enhanced
inflammatory cytokine (TNFe, IFN-y and IL-2) secretion and improved MHC class |-iet#d
antigen presentation on DCs.

Other related studies have investigated the ustifen being directly conjugated to receptor
ligands, as this eliminated the need for a deliwastyicle, while maintaining the ability to target
antigen to the surface of DCs (Binder and Srivast@005, Adams et al., 2008). Singh et al
(Singh et al., 2009) targeted DC-SIGN using a medifversion of ovalbumin (OVA) that

included fucose-containing structures (a ligand doemmonly binds to DC-SIGN), and showed
an increase in antigen cross presentation and eatia@D4+ and CD8+ T-cell responses.
Furthermore, these authors also showed that digeatatural ligands to CLRs encouraged

antigen cross presentation without the requirednix@uration signals.

While these DC-targeting strategies were able foitestrong CD4+ and CD8+ T-cells,

specificity of the targeting process was questitmaldany of the ligands were able to bind to
multiple receptors, and most of the receptors amegere found on more than one cell type in
humans. It is preferable for vaccines to targairéase molecule that is specific to DCs, in order
to avoid problematic side-effects and reduce theyam dose required (Shortman et al., 2009).
Thus, directing antigens to DCs by specificallyg&ig receptors that are preferentially and
prominently expressed on DCs is a promising meansrithance cell-mediated immune

responses.

There are currently two methods that have beensedilto target antigens specifically to
endocytic DC receptors. The first method involviee production of synthetic ligands specific to
the receptors of interest (Frison et al., 2003)jgd)sine-based oligosaccharide clusters that
were specific for MMR or DC-SIGN were chemicallynpogated to antigens, with a high
affinity to the respective receptors. Further stsdvith such ligands have revealed that they are
also able to elicit significant CD8+ T-cell respeasvhen conjugated to antigen (Srinivas et al.,

2007). Although this method shows potential, theaee currently only synthetic ligands specific
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to DC-SIGN and MMR, and creation of specific ligantbr other receptors has yet to be
explored. Also, the immunogenicity of the ligantiermselves needs to be examinedivo to
verify safety.

Another way to specifically direct antigens to D€sising an antibody-targeted approach, where
the antigen is linked to an antibody specific 0@ endocytic receptor. Targeting an antigen to a
DC endocytic receptor in this way has been showimdcease antigen-delivery efficiency by
100-1000 fold more than non-specific administratainthe antigen with an adjuvant in mice
(Hawiger et al., 2001).

1.8.1 C-type lectin receptors

As mentioned earlier, DCs express a plethora of &Rtheir surface and intracellularly, which
are responsible for identifying characteristic pagnic molecules and self-generated molecules
(van Kooyk, 2008). PRRs encompass several recéatoities, including NOD-like receptors
(NLRs), RIG-like helicases (RLHSs), toll-like receps (TLRs) and C-type lectin receptors
(CLRs) (Gnjatic et al., 2010).

There are 15 CLRs identified in humans to datetridiged on DCs and macrophages, with
immature DCs expressing CLRs to a greater extesu tmature DCs. CLRs are primarily
involved in regulating immune system processes sischntigen capture, DC trafficking, and
DC-T-cell interactions (Figdor et al., 2002). THeym a family of lectins that are able to bind to
specific self and non-self-sugar residues, usually calcium-dependent manner (Tacken et al.,
2007). Once bound, antigens are endocytosed by @bRsent to endocytic compartments for
MHC class | and Il loading. All CLRs share a primatructural homology in their conserved
carbohydrate recognition domain (CRD), althoughribenber of domains that a given receptor
consists of can vary from a single domain (found@-SIGN and Dectin-1) to 8-10 different
CRDs (found in MMR, DEC-205) (van Kooyk, 2008). Ser@RDs do not bind to calcium
(C&") or carbohydrates, and therefore they are refeteechs C-type lectin-like domains
(CTLDs) (Kanazawa, 2007).
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The specificity of glycan ligand recognition by C&Rs not entirely clear, but is thought to be
dependent on factors such as amino acid sequeamteagbohydrate branching and multivalency
(Geijtenbeek et al., 2004). Some CLRs show spdgifior N-linked glycans, O-linked glycans,
or monosaccharides (for example - mannose, fucog@lactose), while others recognize more
complex sugar moieties (van Kooyk, 2008). Some h& most well-known and commonly
investigated CLRs are described in Table 1.1. Tlaesehe receptors that have shown the most
promise in vaccine-targeting experiments, and @althoe explored further in sections to follow.
CLRs are divided into two types (I and Il) basedlos position of the amino (N) terminus of the
receptor (Tacken et al., 2006).

1.8.1.1Typel CLRs

The type | CLRs are also known as the mannose t@ctgmily and are a group of multi-lectin
receptors that have their N terminus positionedaestlularly. They include DEC-205, MMR,
the phospholipase A2 receptor and Endo-180 (McGeal., 2005). DEC-205 and MMR have

been targeted in various vaccine studies, alth@gB-205 is probably the best characterised.

DEC-205 (also known as CD205) is a multi-lectintpino comprising of protein motifs which
allow it to target endocytosed antigen to the earlg late endosomes within the cell (Badiee et
al., 2007). After binding to a ligand, DEC-205-lighcomplex is internalized quite rapidly via
coated pits and vesicles. A triad of acidic aminms in its carboxyl terminus targets DEC-205
to MIICs (Mahnke et al., 2000, Proudfoot et al.02) Murine studies revealed that antigens
directed to DEC-205 increased antigen presentafifcciency to CD4+ and CD8+ T-cell by over
100-fold (Bonifaz et al., 2004). Moreover, targetito the murine DEC-205 receptor efficiently
targeted antigens to the cross-presentation pathwaglicit broad, effective CD8+ T-cell
responses, provided that DC maturation stimuli weitlezed in addition to the targeting strategy
(Bonifaz et al., 2002). In humans, DEC-205 has beegeted on moDCs, although in these
studies there was also a significant enhanceme@bdf+ T-cells (Birkholz et al., 2010, Gurer et
al., 2008). One of the drawbacks of using DEC-285that while DEC-205 has a limited
distribution on immune cells in mice, it is genérajuite widely distributed in humans, being
found on mature DCs (and in low levels on immafs), thymus epithelial cells, monocytes,

B cells, NK cells and T-cells (Tacken et al., 200Ifus, despite its effective ability to enhance
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T-cell induction when targeteth vivo in murine experiments, the specificity of a DEG20
targeted vaccine in humans could be compromised.

The macrophage mannose receptor (MMR) (also knaM@RR206) has been suggested to play a
role in the detection and clearance of various ogigganisms, specifically identifying serum
glycoproteins on microbial surfaces (McGreal et 2005). DCs and macrophages express a
large number of MMRs, which recognize a range eobahydrates including mannose, fucose,
maltose, N-acetylglucosamine and glucose (Prouddbat., 2007). MMR endocytoses antigens
and directs them into early endosomes which fugk lysosomes. While MMRs are recycled
back to the cell surface after delivery, the entlo®gd antigens are degraded into peptides that
are appropriate for MHC class Il binding (Unger asath Kooyk, 2011). In some circumstances,
peptides are also prepared for MHC class | bindaithough this occurs to a lesser extent.
Studies have shown that targeting antigens to thERNh vitro andin vivo, stimulate both CD4+
and CD8+ T-cell immune responses (Burgdorf et28lQ7, McGreal et al., 2005, Ramakrishna et
al., 2007). Furthermore, Burgdorf et al (Burgdarfaé, 2006) demonstrated that mice lacking
MMR were unable to endocytose soluble antigen, @ndd not demonstrate antigen-specific
CD8+ T-cell activation, implying a high degree ofgortance is designated to MMR relating to
cross presentation in DCs. As with DEC-205, targeto MMR is most efficacious when a DC
maturation stimulus is co-administered.

1.8.1.2 Typell CLRs

The type Il CLRs are also known as the asialoglyaigin receptor family, and have their N
terminus positioned intracellularly (Geijtenbeekd@ringhuis, 2009). They include many of the
currently identified receptors such as Langerincrophage galactose-type C-type lectin (MGL),
C-type lectin domain family 9A (CLEC9A), and DC-3Gmongst others. These receptors are
able to recognize various carbohydrate moietiesaddition to binding to pathogenic viruses
such as H5N1 influenza virus and HIV-1 (Su et 2003, Piguet and Blauvelt, 2002). Of all the
receptors being investigated for vaccine targetirajgerin, DC-SIGN and CLEC9A are some
of the most specific targets, in that they are tbalmost exclusively on DCs/LCs, and are thus

promising vaccine options.
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Langerin (also known as CD207) is a CLR-type llemor which is a Birbeck-granule
associated protein primarily found on LCs that desin the epidermis, and is located in an
endosomal recycling compartment within human LCgu& and Blauvelt, 2002). Langerin
binds to mannose, n-acetylglucosamine, fucose atghated sugars (Idoyaga et al., 2008).
Despite the limited localisation of langerin on L.@shas the potential to target antigens to the
MHC class-I pathway and has shown the ability ttuge cross-priming of CD8+ T-cells (Yan,
2004).1n vivo studies revealed that anti-langerin chimeric pnstevere able to induce antigen-
specific CD4+ and CD8+ T cell responses when aditgred intravenously (Idoyaga et al.,
2008). Interestingly, Flacher et al (Flacher et 2010) recently showed that when langerin and
DEC-205 were individually targeted with antigeniaaty conjugates on skin-derived L@s
vivo, DEC-205 targeting elicited antigen-specific CD8F-cells, but langerin-targeting
demonstrated poor T-cell proliferation. Howevemitr targeting to CD& DCs induced CD8+
T-cell proliferation after targeting both recept¢ldoyaga et al., 2008). This indicates that both
the DC subset targeted and the targeted recepbdritmate significantly to determining the type

of immune responses elicited (Unger and van Ko@gi.1).

Unlike langerin, DC-SIGN (also known as CD209) igpressed on several subsets. It was
initially found to interact with intercellular adsien molecule-3 (ICAM-3), assisting in DC-T-
cell interactions to initiate primary immune respes (Proudfoot et al., 2007). It also interacts
with ICAM-2 on vascular endothelial cells, to madi®C migration (McGreal et al., 2005). DC-
SIGN is mainly located on immature DCs, macrophages karyocytes, and is one of a few
CLRs that are also involved in initiating signadjicascades after binding ligands (Tacken et al.,
2007). The binding of DC-SIGN to its ligand resultsthe activation of certain kinases that
regulate TLR-NFR<B interaction, specifically related to TLR4 (Geijteeek and Gringhuis,
2009). In this way, DC-SIGN and TLR4 collaborateel@it amplified immune responses. As
with other CLRs, DC-SIGN is also able to succes$gfuirect foreign antigens to late
endosomal/lysosomal compartments for efficient @ssing and presentation to T-cells,
specifically CD4+ T-cells (Engering et al., 2002nd in some cases naive and memory CD8+ T-
cells too (Tacken et al., 2005). It is interestiognote that several viruses including HIV-1,
Hepatitis C virus (HCV) and Dengue virus, use DGISIto prevent being processed via the

normal lysosomal degradation pathways, and inwaig escape detection (McGreal et al., 2005).
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In terms of targeting, a few vivo studies have illustrated the augmentation of T+responses
induced by directing antigen to DC-SIGN (Kretz-Roeimet al., 2007, Tacken et al., 2005).
Singh et al (Singh et al., 2009) showed that DCh&HAtigen targeting in humanized mice can
result in enhanced cross-presentation and the fimtucf 10-fold higher CTL and CD4+ T-cell
responses, when compared to untargeted antigeh b€y said, DC-SIGN is difficult to study
in in vivo experiments due to the dissimilar structure ohasmologue in mice. Thus, even with
the transgenic DC-SIGN mouse models, it is stilinbérest to do more extensiuevitro human
research to assess this receptor’s potential ugevascine target.

One of the most specific DC receptors is CLEC9Ad&nown as dendritic cell NK lectin group
receptor-1 (DNGR-1)), which is only expressed aghhievels on the recently identified mDC
subset, BDCA3+ DCs (Poulin et al.,, 2010). Its sty to this subset, makes it a good
targeting candidate, especially given the supalflity of these DCs to cross present antigen
(Unger and van Kooyk, 2011). Further to this, thason behind the favoured cross presentation
by these cells can potentially be attributed to CRE, which is supported by data that showed
CLECY9A promoted cross presentation of antigens jpoignt CD8+ T-cell induction in the
presence of an adjuvant when targetedvo (Caminschi et al., 2008). Without adjuvant, CD4+

T-cells and antibody production was prominentlyuoed.

1.8.1.3 The DC immunoreceptor (DCIR) family

A new family was recently described, distinguislifrexin the other two CLR groups based on the
members sharing mutual functional features of pattecognition via the CRDs, and signalling
through immunotyrosine inhibitory motifs (ITIMs) éfazawa, 2007). These receptors are
CTLDs because their CRDs do not contain &' @apendent component. The family consists of
DCIR-1, Dectin-1 and Dectin-2, BDCA-2, CLEC-1 andECC-2. DCIR-1 and Dectin-1 have
been explored to a greater extent than the othegpters for vaccine targeting purposes,

although most of the research into targeting theseptors is still fairly recent.

DCIR1 (CLECA4A) ligands have yet to be identifiedyt bDCIR1 is expressed on DCs,
monocytes, macrophages, LCs and dDCs (Kanazawd).26@itro, it seems to be present more

prominently on CD14+ cell-derived dermal-type D@art in CDla+ cell-derived LC-type DCs.
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Klechevsky et al (Klechevsky et al., 2010) recediynonstrated the potency of targeting DCIR-
1, where a low dose of anti-DCIR-antigen inducetigam-specific naive and memory CD8+ T-

cells by all human DC subsets includieagvivo—generated DCs, skin-isolated LCs, BMDCs and
pDCs.

Dectin-1 has a single CRD, displaying similaritythe CLRs expressed by NK cells that bind
MHC class | counter-receptors (McGreal et al., 2006was initially believed to be a DC-
specific molecule with a T-cell co-stimulatory cajg, but has recently been identified on
monocytes, macrophages and neutrophils (Kanaza®d®,) 2Dectin-1 recognizg$-1,3- andp-
1,6-linked glucans, which are commonly found in dah cell walls and mycobacteria
components. It collaborates directly with TLR2 tedrate responses to the ligands it binds to, by
interaction of its immunotyrosine activatory mofiTAM) with the TLR2 signalling pathway
(McGreal et al., 2005). It is also involved in a&eting certain signalling cascades that lead to
secretion of cytokines such as IL-10, IL-6, TMRNd IL-23, resulting in the activation of Th17
cell responses. Additionally, data has shown tHamantigen is directly targeted to Dectin-1, it

is able to elicit robust antigen-specific CD8+ Thcesponsesn vitro (Ni et al., 2010).

Remarkably, both DCIR-1 and Dectin-1 are downretgalan the presence of LPS, indicating it
is a poor choice of adjuvant for a vaccine stratieggeting these receptors (Bates et al., 1999,
Brown, 2006).

1.8.1.4 Other targeted receptors

Non-CLRs like the MHC class receptors, scavengeept®rs (SRs) and Fc receptors (FCRS)
have also been investigated in terms of their gi@keas vaccine targets. SRs are primarily
present on macrophages and can internalize endstosxidized low-density lipoproteins, and

other negatively charged proteins (Proudfoot et 2007). A few of these receptors have
demonstrated an ability to heighten immune resporsgainst antigens, when they are
specifically targeted. The scavenger receptor, LIDXxas been identified as the recognition
receptor for heat-shock proteins (HSPs), chapepooieins that are well known for their ability

to prominently initiate CTL-specific responses, @feally when they are derived from tumours.

(Proudfoot et al., 2007). Thus, when Delneste €Dalneste et al., 2002) immunized mice with
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anti-LOX-OVA conjugates, they were able to indut®sg CD8+ T-cell responses against the
antigen and the mice were also protected froma @¥A+ tumour challenge. Similarly, FCRs,

which are involved in innate and adaptive immunspo@ses through the binding and
internalization of pathogens by APCs, have alsovshsome potential as targeted receptors in

their ability to enhance cross presentation (Kawamet al., 2006, Wallace et al., 2001,

Proudfoot et al., 2007).

Table 1.1- Summary of well-characterised CLRs. Descriptiares provided of preferable ligands, expressiod, an

Chapter 1

antigen-targeting pathways. Level of presentatibbaund ligands through the respective pathwaysuimans are
depicted using +, where +++ = high; + = low and nrknown/requires further investigation. Adaptednir
(Burgdorf and Kurts, 2008, Masato Kato et al., 20@6Greal et al., 2005)

Receptor | Family/ Ligand Expression Targeted Cross MHC-class I
CLR location presentation | presentation
Type
DEC-205 || Mannosylated | mDC, monocytes, Late +++ +++
(CD205) ligands moDCs B cells, | endosomes/
NK cells, pDCs, | lysosomes
T-cells

MMR I Mannose, Macrophages, Early ++ ++
(CD206) fucose, N- moDCs, dDCs, endosomes

acetyl Endothelium cells

glucosamine

and sulphated

sugars
DC-SIGN | Il HIV and other | DCs, Lysosomes +? +++
(CD209) pathogens; macrophages

Mannose
Langerin 1 Mannose, LCs Early ++ ?
(CD207) fucose, N- endosomes

acetylglucosa

mine
CLEC9A | 1I Necrotic cell | BDCA-3+ mDCs | Early ++7? ?

matter endosomes
DCIR-1 DCIR Unknown Macrophages, | Unknown ++ ?
(CLEC- DCs
4A)
Dectin-1 DCIR B-1,3- and3- Macrophages, Unknown ? ++

1,6-linked DCs, T cells

glucans
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1.9 Use of adjuvants with DC vaccinations

Adjuvants were traditionally included in vaccineeparations because of their ability to enhance
adaptive immune responses (Coffman et al., 201®as since been established that adjuvants
provide even greater benefits to vaccine preparatim that they assist in improving the
longevity of an immune response, enhance the regsom poorly responsive populations
(thereby reducing the amount of a vaccine antigegmired), and they can also influence the type
of adaptive immune response elicited (Coffman e8l10, Duthie et al., 2011). Several types of
adjuvants have been investigated in the past, et successful kinds consisting of one or more
components that were able to induce an innate irenm@&sponse (Schwarz et al., 2003).
Consequently, ligands for TLRs, one of the largeséptor families related to the innate immune
system, have emerged as some of the most favoumdpleant candidates due to their ability to

initiate innate and adaptive immune responses.

1.9.1 Toll-like receptor (TLR) family

The most well characterised PRRs are the highlgemed TLR super-family, which function as
the main sensors of the innate immune system (4dasah Granucci, 2010). This family of
germ-line encoded receptors are homologues to thiepiiotein that was first discovered in the
fly Drosophila, and found to play a role in protection againstgal and bacterial pathogens
(Anderson et al.,, 1985). TLRs in humans have a ewesl membrane spanning molecules
containing an ectodomain of leucine-rich repeatsaasmembrane domain and an intracellular
toll-IL1-receptor (TIR) domain (Gnjatic et al., 201 There are currently 13 TLRs that have
been identified in mammals, ten of which are foumdhumans (Zanoni and Granucci, 2010).
TLRs are distributed throughout the body, beingntbon DCs, macrophages, T-cells, B cells,
NK cells, mast cells, and some endothelial andhepdl cells (Duthie et al., 2011). They are
able to detect intra- and extracellular foreign ecales, and once activated, they initiate a
cascade of signalling pathways that lead to theiahdn of an inflammatory response, and if

need be, an adaptive immune response.
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There are a few signalling pathways that can bevated by TLRs, each using a different
combinations of adaptors and transcription factorsnduce a complex array of genes, and
trigger the appropriate responses. TLRs 2, 4, B @nd 9 make use of the IL-1R-associated
kinase (IRAK) signalling cascade, which is cont&dllby themyeloid differentiation primary
response gene 881yD88) signalling adapter and activates transasiptiactors, nuclear factor-
kB (NF«B), activation protein-1 (AP-1), as well as sometloé interferon-regulatory factor
(IRF) family (O'Neill and Bowie, 2007). TLR2 andLR4 also engage a second, bridging
adapter called MyD88-adaptor-like protein (MAL alkaown as TIRAP), to effectively recruit
MyD88 and initiate the cascade (O'Neill and Bowi§07). TLR3 utilises an alternative
signalling pathway to activate the above transicnipfactors, making use of thEIR-domain
containing adaptor-inducing IFN-bef@RIF) and TRIF-related adaptor molecule (TRAM)
adaptors, instead of MyD88. TLR4 is unique in thatan trigger signalling cascades through
both the MyD88/MAL and TRIF/TRAM pathways, althoughs unclear as to whether it has a
preference, or if both can be triggered simultasgou

TLR activation on DCs leads to cell maturation,stioaulatory molecule upregulation, enhanced
antigen uptake and presentation, and cytokine mtemtu (Dabbagh and Lewis, 2003piven
their role as primary sensors for the immune systéns not surprising that DCs express all
TLRs collectively between their subsets. In paticumDCs and dDCs express all TLRs except
TLR9, moDCs express TLRs 1-8, pDCs express TLRZ, &nd 9, and LCs express TLRs 1-6
(Duthie et al., 2011). Their complementing TLR népiees allow them to recognize distinct
groups of foreign molecules individually, while thare able to recognize a plethora of PAMPs
collectively. Several studies have shown the abdit TLR ligands to potentially affect the type
of immune responses induced (Steinhagen et all,28ionen et al., 2004, Ramakrishna et al.,
2007), in addition to also demonstrating an abildyinfluence T-cell migration (Ueno et al.,
2010).

TLRs are also integrally involved in the initiatiand sustainability of immune responses, being
involved in several stages of the induction andile@gry processes. Blander et al (Blander and
Medzhitov, 2006) recently showed that without tleerect TLR signal, MHC class molecules

are not receptive to forming peptide-MHC complexésithermore, TLR signalling pathways
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are responsible for the induction of transcriptidreytokines (IL-12, 1L-18, type | IFNs) and co-
stimulatory molecules, as well as regulation of giegosome—lysosome endocytic pathway
(Blander, 2008).

In general, most TLR agonists have been shownwoufaThl-type responses, although there
have been exceptions to this, and some TLR agoaistsnore influential than others in this
respect (Duthie et al., 2011). In particular, reskehas demonstrated a skewing of adaptive
responses towards Thl in the presence of ligandd® 3, 4, 7/8 and 9 (Duthie et al., 2011).
TheseTLRs are able to initiate the activation of tramstton factors that mainly regulate type-I
IFN expression, and therefore promtte production of type | interferons (IFiNand IFN$), in
addition to upregulating co-stimulatory molecules @Cs, and stimulating secretion of certain
pro-inflammatory cytokines (TNF and IL-6) (ZanomidaGranucci, 2010).

TLR3 is an intracellular receptor located in endoabcompartments and is able to detect the
presence of double stranded RNA (dsRNA) (a prontiregal entity) within the cell (Schulz et
al., 2005). Both mDCs and pDCs express TLR3, inteaidto mast cells, NK cells and epithelial
cells (Gnjatic et al., 2010). TLR3 favours Thl-tygsponses in order to combat viral infections
through the induction of IL-12 and type-I IFN pration by DCs (Jongbloed et al., 2010, Duthie
et al, 2011). For adjuvant purposes, a synthetisRNA complex known as
polyribosinic:polyribocytidic acid (Poly I:C) hasén used to trigger TLR3 activation, resulting
in the maturation of D@ vivo andin vitro (Verdijk et al., 1999).

Another endogenous receptor, TLR9, is localizedhiwitendosomal compartments, and its
distribution is somewhat restricted, mainly founa B cells, NK cells, and pDCs in humans
(Duthie et al.,, 2011). TLR9 detects unmethylatedGCmotifs on double-stranded DNA
(dsDNA), and recognition of CpG DNA leads to thetunation and proliferation of T-cells, B
cells and NK cells, in addition to production of ITltytokines (IL-1, IL-6, IFNy, 1L-12)
(Steinhagen et al., 2011). Synthetic nucleotidegaining unmethylated CpG oligodinucleotide
(CpG-ODN) are able to bind TLR9 and activate itairsimilar way as unmethylated double-

stranded DNA does, allowing their common use fgueaht purposes in murine studies.
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TLR4 is located on the surface of many cell typB«C,( T-cells, neutrophils, monocytes,
eosinophils, basophils, and B cells), and is ableld@tect bacterial lipopolysaccharide (LPS),
prompting one of two possible signalling cascademantioned earlier (Duthie et al., 2011). As
a consequence of its vast distribution, and adoesgo signalling pathways, TLR4 is thought to
be involved in the control of various infection€lunding Neisseria meningitis, Escherichia coli,
Klebsiella pneumoniae, Sreptococcus pneumoniae, and Mycobacterium tuberculosis (Mazzoni
and Segal, 2004). Remarkably, LPS is able to dhath Thl and Th2 responses, based on dose
and timing of LPS exposure (Eisenbarth et al., 2008w doses of LPS elicited an allergen-
specific Th2 response in inoculated mice, whiligh doses induced a Thl response with
activation of neutrophils and 1gG2a productidRS in its natural form is toxic to humans;
however a safe and effective derivative called Miasphoryl lipid A (MPL) is commonly
used as an adjuvant. It is currently being usemhaadjuvant for the Hepatitis B virus (HBV) and
human papilloma virus (HPV) licenced vaccines, wsthme success (Casella and Mitchell,
2008).

TLR7 and TLR8 are endogenous receptors, mainlydonrendosomal compartments of mDCs,
neutrophils, monocytes, eosinophils (TLR7 only)cdlls (TLR8 only), B cells (TLR7 only),
pDCs (TLR7 only), and endothelial cells (Duthieakt 2011). TLR7 and TLR8 recognize single-
stranded RNA segments enriched for GU or poly-Luseges, or synthetic molecules from the
family of imidazoquinolines (i.e. Imiquimod (3M) drResiquimod (R848). Imidazoquinolines
are preferentially used in vaccine preparationsdoice TLR7/8 activation due to the instability
of RNA. They efficiently elicit Type | IFN produan, and have also demonstrated an ability to

enhance cross presentation in DCs (Le Bon et@0)3R2

Although not common, Th2 responses are sometimeufad by TLR stimulation, based on a
number of factors. The TLR2 family (TLR 1, 2 anda&¥ most prone to directing responses in
this way. TLR2 can be found on the surface of maeyl types including neutrophils,
macrophages, monocytes, basophils, T cells, B,ddkscells, and DCs (Duthie et al., 2011).
While most TLRs form functional homodimers, TLR2able to form heterodimers with both
TLR1 and TLR6, which allows for a unique specific{Dzinsky et al., 2000). It has also been

suggested that TLR10 dimerises with TLR2, givensitsilarity in sequence and structure to
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TLR1, although not much is known about TLR10 as thiage (Guan et al., 2010). The TLR2
family recognise peptidoglycan (PGN) from the aedllls of Gram-positive bacteria, bacterial
glycolipids, lipoproteins, amongst other lipid-red structures (Duthie et al., 2011). This allows
them to participate in the combat of several baitanfections includingMycobacterium
tuberculosis and Staphyl ococcus aureus. TLR2TLR1 agonists are able to induce production of
high antigen-specific antibody titres and strongcell- priming, as demonstrated by
administration of tetanus toxoid with derivativespolysaccharide from Group B Streptococcus
(Gallorini et al., 2009).

The only TLR that detects a protein-only basednijas TLR5, expressed on the plasma
membrane of neutrophils, monocytes, T cells, ardb#relial cells (Duthie et al., 2011). TLR 5
recognizes the conserved region of bacterial flagednd is able to induce mixed Th responses.
Although TLR 5 also induces the MyD88 signallingipeay, it has been shown to elicit a local
inflammatory response in skin, followed by a hunhoesponse (Applequist et al., 2005).

Currently, there are other adjuvants that have dEmonstrated potential for use in clinical
settings. One of the more promising options inclu@®40 ligand (CD40L). CD40 is a co-
stimulatory molecule, mainly found on DCs, B cellmacrophages, endothelial cells and
keratinocytes (Tacken et al., 2006). DC interactith CD40L or anti-CD40 antibody leads to
the up-regulation of co-stimulatory molecules amdrstion of IL-12, without the need for
additional stimuli (Mazouz, 2002, Miconnet, 2008judies have also shown that CD8+ T-cells
can be activated independently of Th cells, ifia presence of CD40L, suggesting that CD40-
CDA40L interaction is an essential process for CD83ell enhancement. In addition, CD40 has
been shown to favour cross presentation of antjgdsraonstrating a preference to MHC class I-
antigen complex formation (Mazouz, 2002). In viefathos, recent literature has highlighted the
potential benefits of including CD40L in DC-targéteraccines to induce strong cellular
responses, given its role in both DC activation aramory T-cell reactivation (Liu et al., 2008,
Miconnet, 2008, Sato, 2004). As an example, Tillreaal (Tillman et al., 2000) showed that re-
targeting of adenoviral vectors to CD40 resultedD@ transduction via CD40 to induce
significant CD8+ T-cell responses.
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1.9.2 Enhancing efficacy of adjuvants

A number of methods have been designed to furthbarce the ability of TLR agonists to
improve the induction of T-cell responses. Sevkegl studies have illustrated the importance of
TLR activation in the same DC presenting the antigs being critical for CD4+ T cell
activation and Th cell differentiation (Blander akiédzhitov, 2006, Reis e Sousa, 2004). Thus,
one way to improve the capability of TLR agonist$a directly link the antigen of interest to the
agonist so that they are able to access CLRs aits Tn the same cell, and thereby improve
efficacy of immune response induction. To illustrahis, the portion of bacterial flagellin
containing the TLR5-binding region was expressed ifusion protein with selected vaccine
antigens which were delivered to APCs, and yielolechune responses (specifically antibody

responses) superior to the simple mixing of antieth agonist (Huleatt et al., 2007).

Combining certain TLR agonists could also potehtighhance the T-cell responses elicited,
primarily because there is a synergy between cefaRs, which trigger different signalling
pathways that complement each other. A recent ebeaafihis was demonstrated by Napolitani
et al (Napolitani et al., 2005), who showed thainbming the use of TLR3 or TLR4 agonists
with a TLR7/8 agonist, strongly enhanced IL-12 dhé3 production by DCs, in addition to
encouraging a potent Thl response. The order oirgstnation and time frame between the
administrations of the TLR agonists was also deeimgartant, where TLR3 had to be provided
before TLR7/8 and within a 4-hour window period,arder to establish a synergistic adjuvant
effect. It is hypothesised that this is relatedhe activation of different kinases downstream,
although this requires verification. Similar stugligave re-iterated the benefit of synergistic TLR
agonists, including studies where mice only denratett strong, effective T-cell responses
against leishmaniasis disease when theshmania poly-protein vaccine candidate was
administered with a TLR4-TLR9 fusion agonist, bt nvhen it was administered with the
individual agonists (Raman et al., 2010). In relatio these TLR synergy studies, research has
also shown that the inclusion of CD40L in addittora TLR agonist is even more promising in
terms of augmenting T-cell responses (Napolitargl €t2005) In particular, one study showed a
10-20-fold greater expansion of antigen-specifid@€D-cells using a TLR agonist and CD40L

than using either agonist alone (Ahonen et al.4200
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The use of CD40L and TLRs highlights the interactod TLRs with other receptors, and their
involvement in establishing adaptive immune respen#\ number of studies have suggested
that cross-talk between CLRs and TLRs is importéort facilitating the initiation and
maintenance of an adaptive immune response, suiggésat CLRs may also modulate immune
reactions (Gantner et al., 2003, van Kooyk, 20B&makrishna et al (Ramakrishna et al., 2007)
performed ann vitro experiment where he targeted antigen to the MMig, wsed poly I:C and
R-848 as agonists. They were able to elicit goodotuwr antigen-specific helper and cytolytic T
cells, agreeing with the premise that the augmemtaif an immune response is more effective
when more than one set of PRRs is involved.

1.9.3 Tolerance induction by DC-targeting

It has become increasingly clear that althoughalidDC targeting strategies require an adjuvant
to activate DCs and elicit a robust T-cell responise majority of them do. The absence of an
adjuvant in receptor-targeting strategies demotestréhe induction of tolerance, as was depicted
in the early research of Bonifaz et al (Bonifazakt 2002), where targeting DEC-205 in mice
without an appropriate adjuvant resulted in enhdneB#HC class | antigen presentation on
steady-state DCs, but poor T-cell proliferationd aiolerance to the stimulating antigen.
Although tolerance is not useful for vaccine stgags, its induction can be exploited in situations
where autoimmune reactions occur. A type-1 Diabags®ciated peptide antigen was targeted to
DEC-205 on CD8&+ DCs in disease-prone mice, and appeared to digd@ase progression by
inducing tolerance to the peptide and deleting treaaCD8+ T-cells (Mukhopadhaya et al.,
2008). This and other similar studies demonstriageviersatility and efficacy of targeting DC
receptors to influence immunological reactions. &#wless, for vaccines that aim to induce
CD8+ T-cell responses, a suitable adjuvant is aerdggl component to successfully enhance

cellular immune responses against a targeted antagel elicit sustained immunity.
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1.10 The importance of a cell-mediated immune respse against HIV-1

Cell-mediated immunity consists of several comptsdhat allow it to detect and combat
intracellular pathogens such as viruses. As stateliylar immunity against viral infections
mostly involves the activation of CD4+ and CD8+ dlls, which is why a number of viral
vaccine strategies such as those against Humannoueliciency virus-1 (HIV-1) and Hepatitis

C virus (HCV) have identified the induction of CTesponses as a correlate of protection, and
have aimed to induce stronger cellular responsamsigvaccine antigens (Kim et al., 2010,
Rollier et al., 2005). This allows the vaccine &tablish potent memory responses that will

potentially eliminate the virus if the immune systes ever exposed to it.

There is an abundance of evidence to suggest theffective, strong cellular immune response
against HIV-1 can override the negative impactuines inflicts, despite its crippling effect on
CD4+ T-cell expansion (Nabel, 2002, Luciw, 1996)VH -specific cellular responses are also
able to decrease viral load during acute and pgirhHY infections (Koup et al., 1994, Borrow
et al., 1997). Tresponses play a key role in facilitating B-cellaCD8+ T cell stimulation, and
maintaining long-term responses (Sadagopal e2@05, Proudfoot et al., 2007). Furthermore,
the CTL response is mainly responsible for contrglithe viral infection and suppressing
viraemia in HIV-infected individuals (Pollack et.,all997). Studies have shown that “elite
controllers” (HIV-infected individuals who naturgl€ontrol viral load for many years) generally
display a more pronounced Gag-specific CD8+ T4mdponse (Kiepiela et al., 2007), and have
preserved HIV-1 specific CD4+ T cells and CD8+ Tig;eall of which have been associated

with control of viraemia (Sadagopal et al., 200&ntaleo and Koup, 2004).

In view of the importance of CD8+ T-cell responsescombating HIV-1, numerous vaccine
approaches have explored ways to augment cellegmonses against HIV-1 in order to control,
if not eliminate the virus. Many studies have fagaa on utilizing Gag-based antigens because
the gag gene is highly conserved in the viral genome, &ad) proteins possess many CTL
epitopes (Doan et al., 2005, Nabel, 2002). In aaldithe inclusion of accessory and regulatory
HIV-1 proteins (such as Tat and Nef) in vaccines amonstrated the ability to improve the
magnitude and breadth of CTL responses (Pillay.e2@10, Hel et al., 2002).

58



Chapter 1

Strategic approaches such as prime-boost vaccgimeas have also emerged as successful
means to enhance cellular responses. These regimasige an initial prime of the immune
response against one or more target antigens osiegector (usually DNA-based), and then a
boost inoculation with a second vector (viral vectr protein-based) to enhance the specificity
of the initial response (Woodland, 2004). Whilesthpproach has been very effective in animal
studies, the use of viral vectors raises safetycews in addition to issues of pre-existing
immunity (Duerr et al., 2006). These problems bexanore prominent after the disappointing
results of the STEP HIV vaccine clinical trial i0@B, where vaccinating individuals withree
recombinant, replication-defective serotype-5 ag@ne vectors containing thgag, pol, andnef
genes, failed to elicit protection against HIV-feiction, in addition to causing some subjects to
become more susceptible to infection (Buchbindexl.e2008, Sekaly, 2008Although it is not
entirely clear, research suggested that use ofcattah vectors may have contributed to the

enhanced susceptibility (Benlahrech et al., 2009).

Thus, vaccine approaches that avoid the use dfwectors are currently being favoured. Novel
approaches such as the targeting of vaccine astigeDCs have shown great promise, and have
been described to effectively stimulate the inductof CD8+ T-cells. Several mouse studies
have demonstrated the efficacy of this strategy, raeently human studies too. Bozzacco et al
(Bozzacco et al.,, 2007) targeted the DEC-205 recemt DCs of HIV-1 infected individuals
with an HIV-1 Gag antigen, and showed the inductmh antigen-specific CD8+ T-cell
proliferation and high IFN- production. In view of the promising nature ofsthapproach,

targeting vaccine components to receptors on DEbang explored to a greater extent.

1.11 Choice of model antigens

Model antigens are typically characterised as ansgthat are highly immunogenic, able to
induce strong immune responses. This makes theifal se experimental studies exploring
how the immune system functions. Previous reseassh employed a number of different
foreign antigens as models for immunogenicity stadiThey are able to elicit strong immune

responses in the general population, and includec&wavalin A (a lectin protein and plant
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mitogen) (Currier et al., 2010), keyhole limpet maeyanin (an oxygen-carrying metalloprotein)
(Tacken et al., 2005), and influenza haemoggluatid neuraminadase (Koshiol et al., 2006).
The most commonly used antigen in mouse studiegatbumin, while in human studies, tetanus
toxoid, influenza, and CMV antigens are favouredr Bur study, we focussed on using the
CMV antigen, pp65, to study secondary immune resperand a tumour antigen, Melan-A, to

study primary immune responses.

1.11.1 Cytomegalovirus pp65

Cytomegalovirus (CMV) is a 230 kb double-strandddADhuman herpesvirus (also known as
human herpesvirus-5) consisting of more than 2@@eprs (Harari et al., 2004). These proteins
include structural components that make up the GMMn (viral tegument positioned between
the nucleocapsid and viral envelope), as well aglatory proteins associated with the
progression of CMV infection (Rasmussen, 1999).e Vhal life cycle is approximately 48-72

hours, in which time three overlapping phases (idiate early, early, and late) occur.

Healthy, immunocompetent individuals appear to beaffected by CMV infection,
demonstrating no adverse symptoms however, CM\tiities cause severe complications and
sometimes morbidity in immunocompromised patientsl @ongenitally infected newborns
(Spaete et al.,, 1994, Harari et al., 2004).vivo, CMV cell tropism during acute infection
suggests its distribution is wide spread, with cigb@ of the virus in epithelial cells, fibroblasts
endothelial cells, smooth muscle cells, hepato¢ytephoblasts, myeloid DCs and macrophages
in the blood (Jahn et al., 1999). Like many herpases, CMV has an ability to remain latent in
certain cells, particularly CD33+ cells, which grecursors of myeloid DCs (Mendelson et al.,
1996). Evidence suggests that myeloid DCs and maeges in healthy HCMV-seropositive

individuals are therefore important reservoirsatéht CMV (Abate et al., 2004).

Of the many CMV proteins, two have proven to behhigimmunogenic, comprising of a

number of immunodominant CTL epitopes. These pnstare the immediate early 1 (IE1) and
the lower matrix protein, pp65 (encoded for by theB3 gene). In particular, 14 CTL epitopes
have been identified in pp65 (Kondo et al., 20065 is a major constituent of the CMV virion
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and CMV dense bodies (non-infectious particles geed during replication), consisting of 18
% of the viral mass (Abate et al., 2004, Bennekoal.e 2004). It localizes predominantly to the
nucleus after virus entry and accumulates in thdeus and cytoplasm as CMV matures. The
role of pp65 in the viral cycle is related to pretrag the activation of the transcription factor,
IRF-3, during the early phase of infection. Thiade to dampening of the host antiviral response,
specifically interferon cytokine production (Abate al., 2004). Despite this negative effect on
the anti-CMV immune response, pp65 is able to ggadrumoral and cellular (CD4+ and CD8+
T-cell) immune responses, with high levels of pgpgcific CTLs being maintained for up to 20
months. In addition, the expanded IkNsecreting virus-specific CD4+ T cells are primaril
effector memory cells that demonstrate longevitar@ii et al., 2004). Given the prominent
induction of pp65-specific memory T-cell responfesn seropositive donors, pp65 has proven

to be a good model antigen in previous researclaf¥at al., 2006).

1.11.2 Melan-A antigen

Melan-A or melanoma antigen recognized by T céM&ART-1) is an 18-kD transmembrane
protein of unknown function that is expressed imgary and metastatic melanomas (Romero et
al., 2002, Pittet et al., 2002). It is a self-aatigwhich gained recognition because of the
immunogenicity of its immunodominant peptide, (E)YaKSILTV (Butterfield et al., 2008).
Most antigens that the immune system is newly exgpds, generate low T-cell responses which
are difficult to detect and measure. This makes shely of primary immune responses
complicated, with most data relying on allogenentnune interactions. This is not the case for
MART-1 though, because HLA-A*02:01 positive indivials express an unusually high
frequency of naive CD8+ T-cells (1:2500) that reueg the immunodominant epitope of this
antigen (Pittet et al., 1999). As many a$ MART-1-specific CD8 naive T cells have been
detected per A*02:01+ individual, which is approxzit@y the average pool size of single
epitope-specific memory CD8+ T cells. Thus, the osBART-1 as a model antigen of choice,

allows the unique autologous analysis of primargnume responses (Butterfield et al., 2008).
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1.12 Hypothesis and objectives

HIV protein vaccines that target the cross-presemaathway to induce effective CD8+ T-cell
responses may avoid concerns with increased susitigptto infection associated with viral
vector vaccines. DCs are able to stimulate an emgpecific CD8+ T-cell response by cross-
presentation but it is currently unknown which enyd@ receptors on different DCs subsets
would best facilitate transportation to the crossspntation pathway. Thus, the hypothesis of
this study is that different DC surface receptasyvn their ability to target exogenous antigens
to the MHC-class | pathway, and thus elicit CTLp@sses. Additionally, we hypothesise that
the induced CTL responses can vary greatly depgndinfactors such as the nature of the
antigen, DC subset targeted, method by which D€ptec is targeted, and use of TLR agonist.

Thus, this study aims to use vitro experiments to investigate the magnitude and fonat
capacity of CD8+ T-cell responses induced by dingcantigen to specific DC receptors from

different DC subsets, with the use of an optimaRTdgonist. Specific aims include:

0] To produce large quantities of model antigens (Clp65 and MART-1) and
streptavidin-fusion proteins, for useimvitro experiments

(i) To briefly characterise the immunogenicity of thesgigens so to confirm their
viability in in vitro experiments

(i)  To investigate which TLR agonist would be most ahig# in DC targeting
experiments in terms of its ability to enhance COBeell responses

(iv) To determine which endocytic receptors on immathoenan DCs would most
efficiently direct antigen of interest towards theoss-presentation pathway
(specifically targeting DEC-205, MMR, DC-SIGN, aod/CD1a) using different
targeting strategies

(V) To compare the elicited CD8+ T-cell responses {jamition and cytokines) after
targeting antigens to two different human DC suhsgimely monocyte-derived DCs
and blood BDCA1+ (CD1c+) DCs
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Chapter 2

Construction of model antigen vectors and evaluatio of antigen
expression

2.1 Background and Aims

2.1.1 Model antigens

The model antigen of choice in mouse studies is (Dé&ause of the ease of availability of
transgenic mice expressing high levels of the Op&edic T-cell receptors (i.e. OT-1, OT-2 and
DO11.10 mice), thus allowing the generation of éardetectable quantities of antigen-specific
T-cells (Singh et al., 2009, Burgdorf et al., 20083 mentioned in Chapter 1, the presentitro
human study makes use of CMV pp65 protein and MARJrotein as model antigens based on

their high immunogenicity in specific human popidas.

CMV pp65 has been widely used for this purposehim past due to its highly immunogenic
nature. As an example, Yuan et al (Yuan et al.,6200sed pp65 as a model antigen to
demonstrate that LCs transduced with a retroviegtar encoding a full-length antigen could
stimulate strong CTL responses directed againstipheil epitopes compared to using one
immunogenic peptide epitope. Similarly, the secaetected model antigen, MART-1, also
demonstrates an ability to stimulate CD8+ T-celpamsion in A*02:01 individuals. Amongst

others, Schumacher et al (Schumacher et al., 2D@<tyated this well when they induced strong
CTL-specific responses for the melanoma-associft&®RT-1 epitope, and further enhanced

these responses using reconstituted influenzaonmes as an adjuvant.

In addition to the above two model antigens, thiglg also explores the use of streptavidin-
fused proteins as stimulatory antigens, where a-stveptavidin unit is genetically fused to both
pp65 and MART-1. These fusion proteins contribudeat novel DC targeting strategy (see

Chapter 5), which is a potentially more flexible theal for directing antigens towards DC
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endocytic receptors, compared to using the modeébers alone. Streptavidin is a 52-kD
tetrameric protein produced [8reptomyces avidini (Gonzalez et al., 1997). It is a very robust
protein, demonstrating stability at high temperasuand extreme pH, and is particularly useful
in molecular biology applications because of itghhaffinity for biotin (K = 10 M). Many
studies have highlighted the versatility of stremtan-fusion proteins in terms of directing
biotinylated molecules to specific locatiomsvitro andin vivo. Recently, Fahrer et al (Fahrer et
al., 2010) fused streptavidin to a cytosol-boundtgin component which allowed the
transportation of biotinylated molecules into tiygosol of cancer cells, thereby demonstrating a
simple and effective means to transport drugs ocimas into cancer cells. Consequently, the
use of streptavidin-fusion proteins as a meansatget DC receptors provides an interesting

approach to effectively direct antigens to the ctele receptors.

2.1.2 Mammalian expression systems

There are several types of expression systemsablailfor the production of recombinant
proteins, many of which are bacterial-, insect-cell plant cell-based. While each has its
advantages, mammalian cell expression approachegpra production platform which is able
to generate complex recombinant molecules thapereessed and folded in the correct manner,
and are not contaminated by toxic cellular comptsef the host expression system (a frequent

occurrence in prokaryotic expression systems) @&es$ al., 1996, Demain and Vaishnav, 2009).

Two mammalian expression systems were exploreédisnchapter, namely a stably-expressing
cell line, and an adenovirus expression system JAERe first system evaluated the generation
of stably-expressing cell lines using Chinese hanwstary (CHO) and human embryonic kidney
adhesive (HEK293A) cells. This method was selettechuse it involved a relatively straight-
forward procedure for protein production, and dadteithe opportunity to obtain a continuous
source of the recombinant proteins, once the systasestablished and optimized. An AES was
also assessed, given that several heterologousimgdtave been highly expressed in adenovirus-
HEK293 expression systems, with recombinant pragerounting for as much as 4-5 % of the
total cellular proteins in cells (Wurm and Bernat@899). Given the advantages of both systems,
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each was critically evaluated in order to deternthree optimal system for the expression of the
chosen model antigens.

2.1.3 Aims of chapter

(i) To design and produce expression vectors carryeggenes of the selected model
antigens.

(i) To design and produce expression vectors carryivglrfusion genes, which express the
model antigens attached to a core streptavidin cowet.

(i) To evaluate two mammalian expression systems imsteof antigen production,
(assessing both quality and quantity), allowingithetification of the optimal system for

large scale recombinant protein production.

2.2 Materials and Methods

2.2.1 Immortalised cell line cultures

CHO-K1 cell line was a kind gift from Dr James Regkeukocyte biology, Imperial College
London). Cells were maintained in F-12+ Glut medii@ibco), supplemented with 10 % foetal
calf serum (FCS) (Sigma-Aldrich, UK), 100 IU/ml peitiin and 100 ug/ml streptomycin
(Sigma-Aldrich, UK). The human alveolar epithelie¢ll line (A549) and Henrietta Lacks
(HeLa) cell lines were grown and maintained in [Raito’s essential modified medium
(DMEM) (PAA Laboratories GmPH, Austria), supplemshtwith 10 % FCS (Sigma-Aldrich,
UK), 1 % glutamate (Lonza), 100 IU/ml penicillinchd00pg/ml streptomycin (Sigma-Aldrich,
UK). HEK293A cells and modified 911 human embryonatinoblastoma cells (HER) were
cultured in DMEM and supplemented in the same wagescribed above. These two cell lines
are packaging cell lines for recombinant adenovindgl). They contain the E1A and E1B
adenovirus 5 (Ad5) viral replication genes, whidmplement the deletion of these essential

replication regions in recombinant replication-defnt adenoviruses.
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All cells were split once they reached ~90 % caatficy using trypsinisation. Briefly,
trypsinisation involved cells being washed with PRS before 0.05 % trypsin-EDTA (Gibco)
was added (enough to coat cell layer). Cells wefteat room temperature until they began to
detach, then 10 ml of supplemented medium was adahebicells were split 1 in 5 or 1 in 10. All
cells were incubated at 37 °C in 5 % £O

All cell lines were assessed for mycoplasma comatian using the MycoProbe® mycoplasma
detection kit (R&D systems®, UK), as describedha manufacturer’s instructions.

2.2.2 Genes and vectors of interest

The genes used in this study encoded for the CMWfixnprotein pp65 (UL83 gene product)
(1.662 kb) (kindly provided by Dr Rebecca Robey iidnsity College London, UK) in a
recombinant adenovirus 5 (rAd5) vector), and huB&RT-1 protein (0.374 kb) (generously
provided by Dr Lisa Butterfield (University of Rtiurgh, USA) in a VR1012 vector (Ribas et al.
1997)). In addition, the gene for a single uniegtavidin (derived fron® avidinii) was kindly
provided by Prof. M. Suresh (University of Alber@@anada) (Wang et al., 2007), and was used
to create streptavidin-fusion proteins with theabantigens.

The cloning strategy to produce the necessary sgje vectors for this study is illustrated in
Figure 2.1. PCR and subcloning techniques weresedilto insert the UL83 andart-1 genes
into a pcDNAB/HisC" expression vector (Invitrogen), a vector used arity for mammalian
cell transfection and generation of stably-expregsell lines. The genes were also inserted into
the AdEasy-based pShuttle-CMV expression vector (Q-biogefw)the generation of rAds

(see section 2.2.4). Details of these proceduepravided below.

2.2.3 Cloning of pcDNA6/His€"-pp65 and pcDNA6/His€'-MART-1

The genes of interest were initially cloned inte ft DNA6/HisC" vector such that they would

be expressed in frame with the His tag. Detailgpaoeided below.
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2.2.3.1 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) was used to amgidyrespective genes from the original
vectors in order to insert the genes of interess the pcDNA6/HisC" vector. To facilitate
directional cloning, restriction enzyme (RE) sitésre incorporated into the 5’ and 3’ ends of the
PCR products. The forward and reverse primers ataildd in Table 2.1. Each experimental
PCR reaction of 5@l contained 50 or 100 ng template DNA, 10 pmolief primers (AD1/AD2
pair for CMV UL83, and MRT1/MRT2 pair fomart-1), 10X Pfu polymerase buffer (includes
MgCl,), 40 mM dNTPs (Stratagene), 1 unit Pfu proof-regdpolymerase (Stratagene) and
sterile distilled HO. A mastermix of the above reagents (excludingpthlgmerase and template
DNA) was made based on the number of PCR reacti@tsvere run in one experiment, and this
was aliquoted into each reaction tube before tlitiad of template DNA and polymerase. The
PCR amplification cycle profile for CMV UL83 ampglftion consisted of 1 cycle of 94 °C (1
min), 30 cycles of 94 °C (45 sec each), 62 °C @beach), 72 °C (150 sec each), and 1 cycle of
72 °C (5 min). The amplification for thmart-1 gene consisted of 1 cycle of 94 °C (1 min), 30
cycles of 94 °C (45 sec each), 60 °C (45 sec e@éhjC (60 sec each), and 1 cycle of 72 °C (5
min). The negative controls included a reactiomgsiterile water in place of the template DNA,

and a reaction with no primers.

2.2.3.2 Restriction enzyme digestion

Overnight RE digestion of the pcDNA6/HisC vectorsdahe resulting PCR products were
performed with the compatible enzymes (Table 2all)REs were from New England Biolabs,
UK). Once digested, the products were run on amosgagel (0.8 % agarose dissolved in 1 X
Tris-borate-EDTA (TBE — 10.8 g Tris, 5.5 g Boriddic4 ml 0.5 M EDTA made up to 1L with
dH,0), and supplemented with SYBR Safe DNA gel stdiri@ 000) (Invitrogen). Running
conditions were 85 V for 40 min in 1 x TBE buffévisualization was done on a long-
wavelength UV trans-illuminator. Depending on tiref the DNA fragment, either a 1 kb or a

500 bp DNA ladder (Promega) was used as a marker.
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rAd expression system : Stably-expressing cell line system
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Figure 2.1 — A diagrammatic depiction of the two cloning stgies used. Two expression systems were
evaluated to express the transgene of the respeativdel antigens/fused antigens, namely the rAd
expression system and generation of a stably-esinigsell line.

Table 2.1— Primers used for the PCR amplification of UlsB8Imart-1 genes. Primers used to clone the
respective genes into pcDNA6/His€Ector.

Name of Sequence* Restriction Orientation
primer enzyme site
AD1 5 AGAATTC ATGATATCCGTACTGGGTCCC3’ EcoRl Forward
AD2 5 CCTCGAG TCAACCTCGGTGCTTTTTGG 3’ Xhol Reverse
MRT1 5 CAAGGTACCTATGCCAAGAGAAGATGCT 3’ Kpnl Forward
MRT2 5 CAGCCTCGAGAGGTGAATAAGGTGGTG 3’ Xhol Reverse

* R.E. sites are in bold, and start codons arecisald
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2.2.3.3 Ligation and transformation

The digested gene bands and vector DNA were egttantd purified from agarose gel using the
Geneclean® Spin Kit (Q-Biogene), as per the martufacs instructions. A rapid DNA ligation
kit (Roche) was used to ligate the gene and vdaddh, performed as per the manufacturer’s
instructions. Competent TOP10E.coli cells (Invitrogen) were then transformed with the
ligated products and were subsequently plated araiBertani agar (LA) plates supplemented
with 100 pg/ml ampicillin (Sigma-Aldrich, UK), andcubated overnight at 37 °C and 5 % L0

Colony PCR was performed on 20-40 of the resultragsformed colonies to identify clones
that were positive for the gene of interest. Thaditons of the colony PCR were the same as
the PCR procedure described above, with the fofigunodifications: (i) the total volume of the
colony PCR reactions was 20 ul, (i) Template DNAswsupplied by inoculating the PCR
reaction with the colony of interest (using a $tepipette tip), (ii) GoTaq® Flexi DNA
Polymerase Kit (Promega) and its buffers were ussmbrding to manufacturer instructions.
DNA from positively identified colonies was thentected using a Qiaprep spin mini-prep kit
(Qiagen), and underwent RE digestion to confirm siees of both gene and vector. Further
characterisation of the clones included sequenointhe gene insert to verify that the gene’s
integrity remained intact (Eurofins MWG Operon Ukngces). Two positive clones were
selected and the plasmid DNA was amplified andfigakiusing a HiSpeed Maxi-prep Kit
(Qiagen). The DNA concentrations were determinedingusthe NanoDrop 1000

spectrophotometer (Thermo-Scientific), accordinghemufacturer’s instructions.

2.2.4 Construction of AdEaSY shuttle vectors, pShuttle.HisC-pp65 & pShuttleGHMART-1

PCR was used to amplify the respective genes flmmrécombinant pcDNA6/HisC clones in
order to insert the genes of interest with the tidgs into the pShuttle-CMV vector (Figure 2.1).
Again, to facilitate directional cloning into theSputtle-CMV vector, restriction sites were
incorporated into the 5’ and 3’ ends of the PCRdpats. The forward and reverse primers are
detailed in Table 2.2. The PCR reaction was peréarras described in section 2.2.3.1 for the
respective genes, with the AD3/AD2 pair for CMV W, &nd MA1/MA2 pair formart-1.
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Table 2.2— Primers used for the PCR amplification of His83 and Hismart-1 genes. Primers used to clone the
respective genes into the pShuttle-CM\wector.

Name of Sequence Restriction Orientation
primer enzyme site
AD3 5 GATTGTCGACAATGGGGGGTTCTCATCATC3 Sall Forward
AD2 5 CCTCGAGTCAACCTCGGTGCTTTTTGG 3’ Xhol Reverse
MA1 5 ATTGCGGCCGCATATGGGGGGTTCTCATC 3’ Notl Forward
MA2 5 GGCGATATC TTAAGGTGAATAAGGTG 3’ EcoRV Reverse

* R.E. sites are in bold, and start codons arecisald

The positive PCR products and AdE&SypShuttle-CMV vectors underwent overnight RE
digestion with the respective enzymes, and wemddi) and transformed in a similar manner as
described in 2.2.3.3. Positive clones were idesdifusing colony PCR, RE digestion and
sequencing analysis, as described above.

2.2.5 Production of streptavidin-fusion constructs

Fusion genes were designed to consist of astogptavidin gene joined to the C-terminal of the
UL83 and mart-1 genes in-frame. Overlap extension PCR (Hortonl.et1889) was used to
create the pp65-streptavidin gene as shown in &igw. Briefly, this method consists of three
consecutive PCR reactions which allow two gendsetéused to one another. Initially, each gene
is amplified separately with sticky-ended primePCR 1). The products of PCR 1 then act as
both primer and template in the second PCR regcatlowing them to form a fused gene

product. Finally, PCR 3 amplifies the fused produging two primers from PCR 1.

PCR 1 consisted oHissUL83 and streptavidin genes being amplified separately using
AD3/pp65R and ST2F/STR primer pairs respectivelgb(€é 2.3). TheHissUL83 gene was
amplified using the same mastermix contents andegymtocol as described section 2.2.3.1,
while thestreptavidin gene amplification consisted of a single cycl®4at’C (1 min), followed

by 30 cycles of 94 °C (45 sec each), 65 °C (45eseh), 72 °C (60 sec each), and 1 cycle of 72
°C (5 min).
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It is important to note here that the pp65 revemsmer was specifically designed to eliminate
the stop codon of UL83%o that the reading frame remained open and cadinato the
streptavidin gene. In addition, the reverse primer of UL83 #mmvard primer ofstreptavidin
contained “sticky ends” that were complimentaryetach other. This allowed the UL83 and
streptavidin PCR products to anneal to form a fusion produdeuthe correct conditions. Thus,
once the single gene products were purified, PORag performed, whereby the single gene
products were used as template and primer DNA (Eig@R). This involved a single cycle at 94
°C (5 min), followed by 5 cycles of 94 °C (45 sexk), 55 °C (3 min each), 72 °C (4 min each),
and 1 cycle of 72 °C (5 min). The PCR2 amplificatiallowed the two products to fuse and
produce a small number of copies of the fusion gelieUL83-streptavidin. An extra unit of
Pfu polymerase, 40 mM dNTPs and the AD3/STR pripaar, were added to the PCR reaction
after the 5 cycles, and a final PCR amplificati®CR 3, was performed to amplify the fused
product. The cycle for this final PCR included agte cycle of 94 °C (5 min), 30 cycles of 94 °C
(45 sec each), 60 °C (45 sec each), 72 °C (15@asv), and 1 cycle of 72 °C (5 min).

The positive fusion PCR product underwent dATHRrtgi(as described in pGem-T-Easy manual
(Promega, 1996-1999)) in order to incorporate auerA) bases on the termini of the DNA
product. The resulting product was then cloned i@topGEM T-Easy vector as per
manufacturer’s instructions, to facilitate sub-ahanstrategies to follow. Positive recombinant
pGEM T-Easy clones were identified and confirmedhgscolony PCR, RE digestion and
sequencing analysis. The fusion gene was then Isuled into the AdEasy pShuttle-CMV
vector in a similar manner as described in se@i@R.3, and positive recombinant clones were

identified and confirmed using colony PCR, RE diggsand sequencing analysis.
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|
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‘ PCR 3 — Amplification of
fusion gene
—

Figure 2.2 — A simplified illustration of overlap extensiolCR.

Table 2.3— Primers used for the PCR amplificationHh$-UL83, streptavidin andHis-martl genes. Primers used to
produce streptavidin-fusion genes.

Na_me of Sequence Restrictio_n Orientatior
primer enzyme site
Pp65R 5 ACCTCGCGGCCGCTACCTCGGTGCTTTTTGGG 3 Notl Reverse
ST2F 5' CGAGGTASCGGCCGCGGAGGTGGCGGATCAGAG 3' Notl Forward
STR 5' CACTCGAGTCAGGAGGCGGCGGACGGCTTC 3 Xhol Reverse
MA2 F 5 ATTGTCGACATATGGGGGGTTCTCATCATC 3' Sall Forward
MA2 R 5 ATAGCGGCCGCTAGGTGAATAAGGTGGTGG 3 Notl Reverse

* R.E. sites are in bold, and start codons aréeisad

72



Chapter 2
2.2.6 Transient transfections

Transient transfection was used to test gene esipresrom the recombinant constructs. CHO
cells or HEK293A cells were seeded into tissueutal{TC) 6-well plates using media that was
not supplemented with antibiotics, and incubated 18-24 hrs until they were 70-80%
confluent. Cell lines were then transiently traotéd with the respective recombinant constructs,
employing one of two transfection agents (Lipofettee™ 2000 (Invitrogen) and TransIT®
(Mirrus)), which were used according to the manuufeer’s instructions. Briefly, 1:1
transfection agenfig DNA) reactions were set up, using approximatedy\@) of plasmid DNA
per reaction (found to be the optimal ratios fa thspective agents). Negative controls included
untransfected cells, and cells transfected with\B/HisC™-lacZ plasmid or empty pShuttle-
CMV™ plasmid. Once transfection reactions had beendcatiniehe seeded cells, plates were
incubated at 37 °C for 48 hrs. Cells were then atetd from wells using trypsinisation. To
measure protein expression, intracellular staiv@g performed on cell samples (see section

2.2.9 for protein expression detection).

2.2.7 Stable expression cell line generation

The following sections describe in detail the gatien of stably-expressing cell lines expressing
CMV pp65 (from UL8B3 gene).

2.2.7.1 Bladticidin dose sensitivity assay

The minimum concentration of Blasticidin S-HCI (itmagen) to use for stably-expressing cell
line generation was determined by performing a dssesitivity assay. Briefly, CHO or
HEK293A cells were seeded at approximately 30 %laency into a TC 96-well flat-bottomed
plate, and left overnight at 37 °C and 5 % CBfter 20 hrs, the respective culture medium was
removed from adherent cells, and replaced with arediontaining increasing concentrations of
blasticidin from 0-10ug/ml. After incubation for 4-5 days, wells wereaexined and those in
which 80-100 % cells were dead were consideredtiipedigranular appearance, rounding and

detachment of cells). The minimum concentratiomlatticidin that was able to kill all infected
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wells was used as the selected concentration fadtygtion of the stably-expressing cell line.

The assay was repeated three times for reprodigipirposes.

2.2.7.2 Production and selection of stable integrants

The stably-expressing cell line expressing CMV ppg&s created as described by the
pcDNAG6.HisC™ manual. Briefly, CHO or HEK293A cells were transig transfected with the
pcDNAG6/HisC™ recombinant constructs as described in sectio® 24ging Lipofectamine 2000
or TransIT® as the transfection agent. After 48 bedls from each 6-well plate were trypsinised
and these cells were diluted in 10 ml of the appade growth media supplemented with
blasticidin (dose determined for the individualldeles as outlined in section 2.2.7.1), and
plated into a 96-well plate. Cells were then ind¢ataat 37 °C and 5 % GQuntil wells with
positive clones showed confluent growth. Duringtihee taken to reach confluency, blasticidin-
selective media was replenished every 3-4 dayse @otential positive clones were identified,
they were expanded gradually into larger wells, fanally into TC flasks. Further growth was
maintained in blasticidin-selective media. Afterparsion, samples of cells were removed and
underwent intracellular staining (see section 212.% identify which clones were expressing
pp65.

2.2.8 Recombinant adenovirus (rAd) expression gyste

The following sections describe in detail the gatien of replication-incompetent rAds
expressing CMV pp65, MART-1 or the streptavidinidus proteins, pp65-streptavidin (pp65-
strep) and MART-streptavidin (MART-strep).

2.2.8.1 Production of recombinant adenovirus vectors

Production of the rAds was performed as describedhe AdEasy Instruction manual
(Stratagene) (Figure 2.3). Transient transfectiapedments (section 2.2.6) were used to
confirm expression of the respective genes fromptBeuttle-CMV recombinant vectors. Once
verified, 1-3ug of the respective recombinant pShuttle-CMV vext(gection 2.2.3.1) were

digested withPmel restriction enzyme under the appropriate condgidl he digested DNA was
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purified and concentrated to dg/ml by ethanol precipitation. Briefly, this invad adding

sodium acetate (3 M, pH 5.2) to the sample (1/1€anfple volume), followed by the addition of
95 % ethanol (2-3 times of sample volume). Samplege incubated on ice for 15 min, then
centrifuged at 13 000 rpm for 10 minutes at 4 °@d aupernatant was discarded. Pellet
containing DNA was rinsed with 70 % ethanol, céaged again and finally, the resulting pellet

was resuspended in the appropriate volume of water.

The purified DNA was subsequently electroporated lectrocompetent BJ5183-ADH.coli
cells (Stratagene) under manufacturer’s conditidimreansformed cells were plated onto LA
plates (supplemented with 1@@/ml kanamycin) and grown overnight at 37 °C an@ 0.
The resulting clones containing the DNA of the nAdre identified as positive clones Bacl
andBstXI RE digests of mini-prepped plasmid DNA. Onceasifive clone was identified, its
plasmid DNA was transformed into TOP1QEcoli cells (Invitrogen), to avoid the mutagenic
problems that occur with recombination-prone BJ18B8es. Positively-transformed TOP10F
clones were again identified with respective REesig, followed by maxi-preparation of DNA

using a HiSpeed Maxi-prep Kit (Qiagen).

Recombinant adenoviruses were generated by tramgfddEK293A or 911 cells with 4-8g of
the respective rAd vector DNA (digested overnighthwPacl), using Lipofectamine 2000
transfection reagent. The transfected cells wesehated at 37 °C and 5 % ¢€r 7-10 days.

During this time, cytopathic effects (CPE) were alvtays identifiable.
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Figure 2.3 — Recombinant adenovirus production. Derived frdra Stratagene AdEaSy instruction manual
(Stratagene, 2008).
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Once cells detached from the well, the virus waslyeto harvest. Cells were removed, and
underwent 4 freeze-thaw cycles, before being deged at 1580 rpm for 5 min. Supernatant
(also known as the seed stock) was removed aneds&nr-80 °C for further use. The generation

of final viral stock involved several rounds ofection of expanding cell cultures.

Initially, cells were incubated with a concentrateddume of infectant in a minimum amount of
serum-free medium at 37 °C for 1 hr. Infectant waen diluted in 10 % FCS-supplemented
high-glucose DMEM medium, and cells were furthesuipated for 5-7 days, or until cells had
completely detached from the surface of flask. ¥istock was harvested as described above,
and the infection process was repeated with thelynbarvested infectant (which was more
potent than the previous stock) until a sufficiamount of viral stock had been generated for
recombinant protein production. The final viralctavas the sixth harvested infectant, where 30

T175 flasks were infected to generate 750 ml obsugtant.

2.2.8.2 Tissue Culture Infectious Dose 50 (TCIDsp) assays

Viral titre of recombinant adenoviral stocks wereasured using TCHg assays. Under sterile
conditions, HEK293A cells (cell density: 1.5X1€ells/ml) were seeded in each well of a flat-
bottomed 96 well TC plate, and were left to seftle 24 hrs. A log dilution series of rAd
supernatant 6 (19— 10%) was prepared using DMEM, and each dilution wasigteted a row
(8 wells) of the TC plate. Fifty pl of the appragte dilution was then added to each well in the
respective row. One row was used as a negativeadi@MEM added instead of infectant).
After 10 days, each well was studied to determiriewas infected or not. The TCHpof the
assay was calculated using the Karber formula (yiR&994, Wold, 1999), and infectivity of

the viral stock was calculated using the followeggation:

Infectivity (pfu/ml) = 0.69 x TCIR,(Dee and Shuler, 1997)

2.2.8.3 Expression of model antigens in non-packaging cell lines
Under sterile conditions, A549 and HelLa cells (ahsity: 1.5x10 cells/ml) were seeded in
T125 flasks, and were left to settle for 24 hr8at°C. Cells were then incubated for 1 hr with
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rAdpp65 or rAdMART-1 infectant using 3 MOI (50, 1@hd 150), in a volume of 2 ml. A

volume of 8 ml of supplemented RPMI media was added cells were incubated for a further
48 hrs, before being harvested. Harvested cellse wgsed and pelleted. The resulting
supernatant was assessed for the presence of pdbARIT-1 released from cells, using western

blot analysis (see 2.2.9.2).

2.2.9 Protein expression detection

2.2.9.1 Intracdlular staining

After transfection/infection, cells were washed drypsinised in a similar way as described in
section 2.2.1. Approximately 2-10 XIdells were transferred into labelled flow cytometries.
Cells were centrifuged at 1580 rpm for 5 min toisesht cells. Media were aspirated and 3 ml
FACS buffer (PBS, 2 % FCS, 2 mM EDTA, 0.1 % sodiamide) was used to resuspend the
pellet, followed by another centrifugation step,dascribed above. FACS buffer was removed,
and pellets were resuspended in 200t % paraformaldehyde (PFA) solution. Samples were
incubated for 10 min at room temperature beforendpevashed with FACS buffer and re-
centrifuged. Pelleted cells were resuspended in @dO06f primary antibody solution (1:20
dilution of CMV pp65 mouse monoclonal primary aotly (AbD) or MART-1 mouse
monoclonal primary antibody (AbCam) in FACS buféentaining 0.1 % saponin). After 45 min
incubation at room temperature, samples were washtéd FACS buffer containing 0.1 %
saponin and centrifuged. Cell pellets were resudpein 100ul of secondary antibody solution
(1:100 dilution of PE-labelled goat anti-mouse seaoy (lg) antibody for CMV pp65 (BD
Bioscience) or 1:20 PE-labelled goat anti-mousemsgary antibody for MART-1 (AbCam) in
FACS buffer containing 0.1 % saponin). Cells wareubated in the dark at room temperature
for 45 min, before being washed again with FACSfdutontaining 0.1 % saponin and re-
centrifuged. Cell pellets were resuspended in 200 % PFA/PBS solution and stored at 4 °C
until analysis. As negative controls, untransfectetls, as well as cells transfected with an
empty vector, were used. Cells were acquired 0A@S3-Calibur and analysed using CellQuest

Pro (Becton Dickinson, UK) or WinMDI software.
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2.2.9.2 Coomassie-stained SDS-PAGE and Western blotting

The NuPage western blotting apparatus and buffergtiogen) were used for all sodium
dodecyl sulphate polyacrylamide gel electrophordSIBS-PAGE) gels and western blots.
Samples were prepared by incubating cells in gslis|buffer (Invitrogen) for 15 min under
shaking conditions, and then centrifuged at 13@00 for 15 min at 4 °C. Loading buffer (4X)
and reducing agent (10X) was added to a sampléeofstipernatant. The samples were then
incubated at 70 °C for 10 min, after which thegemvent SDS-PAGE (at constant current) on a
4-12 % Bis-acrylamide SDS gel (Invitrogen), in arde separate proteins on the basis of
molecular weight. A standard protein marker waglusadentify migration distance of proteins
with molecular weights of between 20 — 260 kD (Pega). Conditions for running the SDS-
PAGE were as follows: 200 V, 120 mA, for 35 min.

Once proteins were separated, Coomassie stainingestern blotting was performed. For
Coomassie-stained SDS-PAGEs, the SDS polyacrylagedie were incubated overnight in 10
ml Coomassie blue stain (0.1 % (w/v) Coomassie B@80, 20 % (v/v) methanol, and 10 %
(v/v) glacial acetic acid) under shaking conditig® rpm) at room temperature. The gels were
then destained the next day by incubation in Cosmagestain (50 % (v/v) methanol in water

with 10 % (v/v) glacial acetic acid) for 3-5 hrg,umtil protein bands were visible.

For western blotting, proteins from the respectsamples were transferred from the SDS-
polyacrylamide gel onto Hybond-ECL membrane (Amarsh using wet blotting NuPage
equipment. The conditions used for wet-blot trangfere as follows: 125 mA, 25 V, for 90 min.
The membrane was then incubated in blocking b {§e¥ dried milk powder, 0.1 % Tween 20
in 1 x PBS) for 30 min, followed by incubation omgght at 4 °C in blocking buffer containing
the respective primary antibodies (1:2000 dilut@inCMV pp65 mouse monoclonal antibody
(AbD) or Melan-A mouse monoclonal primary antibo@bCam)). The membrane was
subsequently washed three times for 15 min usinghvimuffer (0.1 % Tween 20 in 1 x PBS),
then incubated for 1 hr in a 1:5000 dilution of gaati-mouse 1gG secondary antibody (Sigma-
Aldrich, UK) (conjugated to alkaline phosphatase)hlocking buffer. This incubation was
followed by a second set of washes, and proteirddamere visualized using Nitro blue
tetrazolium chloride/5-bromo-4-chloro-3-indolyl @phate tablets (NBT/BCIP, Roche). The
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membrane was rinsed with water after protein bamelse visible, to stop visual development
reaction. In the initial western blots, a commdigiavailable CMV antigen preparation (AbD
serotec) was used as a positive control to conlirnding functionality of the primary CMV
pp65 antibody.

2.3 Results
2.3.1 Construction of expression vectors to prodtig®/ pp65 and MART-1

To produce the antigens of interest (CMV pp65 andlRVI-1), two expression systems were
evaluated, namely, a stably-expressing cell lirs#esy and a recombinant adenovirus expression
system (AES) (Figure 2.1). Both systems utilizedmmealian cells for protein expression, and
required the antigen genes to be cloned into dpeeKpression vectors. PCR was used to
amplify the genes of the respective proteins, anithdert the appropriate RE sites at the genes’
termini, to facilitate directional cloning of thesiges into the expression vectors. The amplified
PCR products were of the expected sizes (approzlynat7 kb forUL83 gene, and 0.4 kb for
themart-1 gene), and no products were detected in the nvegedintrols (Figure 2.4). The PCR-
purified genes were cloned into the pcDNA6/Hi¥@ector (used for the stably-expressing cell
line expression system), such that they were iméravith the 6xHis tag (Figure 2.5a and b).
Positively-transformed clones carrying the genesarest, UL83 andnart-1, were confirmed
using colony PCR. RE digests were then used tdy#re gene and vector sizes (Figure 2.5c

and d). Following verification, the genes were szmped to validate their integrity.

The recombinant pShuttle-CMV-based plasmids (necessary for rAd generation) wesated

in a similar way. Briefly, théisC-UL83 andhisC-mart-1 genes were PCR-amplified using the
respective recombinant pcDNA6/Hi8¢plasmids as template DNA. The transgenes were then
cloned into the multiple cloning site of the pSk#EMV™ vector (Figure 2.5e and f), and
potential positive clones were isolated, cultured acreened using colony PCR, RE digestion
(Figure 2.5g and h) and gene sequencing. Seleptsitive recombinant expression plasmids

were then amplified, purified and concentrated.

80



Chapter 2

(a) (b)
kbp 1 2 3 4 kbp M2 1 2 3 4
10 - 15-
1.0 -
0.7 -
05-00 - - <« 0.4 kb

~1.7 kb
-— e 03-

0.1-

N W b
' ' '
i
fury

0.25-

Figure 2.4 — PCR products of the genes of interest,G&lV UL83 and (b)mart-1. (a) Lanes: 1-water negative
control (no DNA template), 2-template control (nangers), 3-PCR product from 50 ng of the providédipp65
DNA template, 4- PCR product from 100 ng rAdpp65Mtémplate. (b) Lanes: 1-PCR product from 50 nghef
provided rAd-MART-1 DNA template, 2-PCR productrtdl00 ng rAd-MART-1 DNA template, 3-water negative
control (no DNA template), 4-template control (nompers). M1 = 1 kb DNA ladder; M2 = 100bp DNA ladde
Blue arrows indicate the respective genes and ml@eweight of genes.

2.3.2 Evaluation of pp65 and MART-1 production freonstructed expression vectors

Protein expression from the resulting recombinammstructs was confirmed using transient
transfection of mammalian cells. CHO and/or HEK298Alls were transfected with the
respective plasmids, and recombinant protein egmeswas evaluated using intracellular
staining flow cytometry (Figures 2.6 for pp65 andjufe 2.7 for MART-1). The negative
controls included untransfected cells, and celéd there transfected with an empty expression
vector or an expression vector carrying a diffeiganie. As illustrated (Figure 2.6 and 2.7), all
four recombinant plasmids demonstrated expressionh® respective proteins of interest
compared to the negative controls. In general, driglecombinant protein expression was
observed in 293A cells compared to CHO cells, aittifference between cell lines of as much
as 24.7 % for pp65 expression (Figure 2.8a andng),8.75 % for MART-1 expression (Figure
2.8b and d).
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Figure 2.5 — Plasmid maps and RE digests of the recombirnamgtiucts created to express the model antigens,
pp65 and MART-1. (a) pcDNAG6 expression vector dagythe CMV UL83 gene, pcDNA6.HisC-pp65; (b)
pcDNAG6 expression vector carrying the hummart-1 gene, pcDNA6.HisC-MART-1; (cEcoRI-Xhol RE
digests of selected pcDNAG6.HisC-pp65 clones, widoaes in lanes 1-5 carry tt@MV UL83 gene (+1.7 kb)
and vector (5.1 kb); (dKpnl-Xhol RE digests of selected pcDNA6.HisC-MART-1 clonebgere clones in lanes
2, 4 and 5 carry thenart-1 gene (+0.4 kb) and vector (5.1 kb). (e) AdEasytesyss pShuttle vector carrying
UL83 gene, pShuttle.HisC-pp65; (f) AdEasy systermpShuttle vector carrying the humamart-1 gene,
pShuttle.HisC-MART-1; (gkall-Xhol RE digests of selected pShuttle.HisC-pp65 clomégre clones in lanes 3
and 4 carry theHisC-UL83 gene (1.8 kb) and vector (7.4 kb); (Nptl-EcoRV RE digests of selected
pShuttle.HisC-MART-1 clones, where clones in lahes carry theHisC-mart-1 gene (£0.4 kb) and vector (7.4
kb). M1 =1 kb DNA ladder; M2 = 100bp DNA ladderuB arrows indicate the gene of interest in thpeetve
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The transfection agents, TransIT and Lipofectamufisplayed similar levels of transfection
efficiency for pp65 expression, although Lipofectaen appeared to be more effective for
transfection of the pcDNA/HisC-MART-1 plasmid. MARI expression levels were found to be
more than 2 fold greater in both CHO and HEK293Adfectamine transfections compared to

TransIT transfections (Figure 2.8b and d).

Similar results were obtained with pShuttle.HisC-RIR1 transfections, where MART-1
expression was higher when Lipofectamine was usettdnsfection (Figure 2.9b). As with the
pcDNAG6/HisC plasmids, there was a detectable priooluof the both proteins of interest by the
pShuttle-CMV plasmids in HEK293A cells (Figure 2&ad b), illustrating that these expression
plasmids were functional, and could be used for pAztluction.

In general, higher levels of pp65 were producetiath cell lines, compared to MART-1. The
differences observed in transgene expression batywe&5 and MART-1 are not unusual
though, given the number of factors that affecomeloinant protein expression. These factors
include efficiency of transfection, localization thfe protein, expression plasmid stability, and

nature of the protein, and should be taken intoactwhen comparing expression levels.

2.3.3 Generation of a stably- expressing cell line

The development of a stably-expressing cell lineoiwes the incorporation of an expression

plasmid carrying the gene of interest into cellaafelected cell line. Once cells are transfected,
the DNA plasmid randomly integrates into the celfsnome and both the transgene and an
antibiotic resistance gene (acting as a selectiarken) are expressed within the cell. Transfected
cells are grown in selective medium (containingdhesen antibiotic agent), and only those cells
(and their progeny) that express the antibiotigstansce gene at sufficient levels survive and

proliferate.
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Figure 2.€ — A representative example of the intracellula@irshg flow cytometry gating strategy used to
determine CMV pp65 expression from expression vectpcDNA6.HisC-pp65 and pShuttle.HisC.pp65
constructs were transfected into HEK293A cells nfactions were performed using Lipofectamine 2008
1.1 transfection reaction. Negative controls ineldidintransfected HEK293A cells, as well as tranifies
with pcDNAG6.HisC-LacZ vector or empty pShuttle vactPercentage of positively-expressing pp65 dslls
given in the top left corner of each panel, in &iddito the mean fluorescence intensity (MFI) afgé cells.
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determine MART-1 expression from expression vectq@sDNAG6.HisC-MART-1 and pShuttle.HisC.MART-1
constructs were transfected into in HEK293A céllsansfections were performed using Lipofectamin@in
a 1:1 transfection reaction. Negative controlsudeld untransfected HEK293A cells, as well as texoigins
with pcDNAG6.HisC-lacZ vector or empty pShuttle vactPercentage of positively-expressing MART-1 <&l
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Figure 2.€ — Protein expression after transient transfeatiorells with pcDNA expression vectors. CHO (a éénd HEK293A cells (c and
d) were transfected with recombinant pcDNA6.H$@onstructs to test expression of respective ins@iteins and transfection efficiency.
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(@) Transfection of HEK293 cells with pShuttle. HisCpp65
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Figure 2.€ - Protein expression after transient transfectibcells with recombinant pShuttle expression vexto

™
pShuttle  constructs were transfected into HEK293A cell$est expression of respective insert proteins and
transfection efficiency. (a) pp65 expression; (PART-1 expression.
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Over time, these cells continue to express thesggame and the protein can be harvested
periodically, while keeping cells in culture. Inighway, a continuous expression system is

established, where protein can be harvested diraey

In this study, production of a stably-transfectedl ine expressing pp65 was evaluated. The
recombinant pcDNA expression plasmid carryinggp&5 gene was transfected into both CHO
and HEK293A cells using Lipofectamine (in a 1l:ligat Transfected cells were initially
incubated without antibiotics for 48 hrs beforengemoved into a 96-well plate, and incubated
for a further 2 weeks in selective TC medium caritag blasticidin antibiotic at a concentration
of 6 pug/ml (CHO cells) or 8ug/ml (HEK293A cells). These concentrations werevimasly
determined using dose sensitivity assays to firel ldwest concentration of blasticidin that
would Kill the respective cells in 4-6 days (Datat shown). Potentially positive, stable clones
were expanded until they confluently occupied wella 6-well plate. At this stage they were
tested for expression of pp65 using intracellutaingng. In total, 29 CHO-cell clones and 12

HEK293A-cell clones were isolated.

Unexpectedly, several of the blasticidin-resistatdnes tested did not express detectable
amounts of pp65, as determined by intracellulanstg and western blots (Figure 2.10). Of the
selected clones, only 5 CHO clones (9, 10, 11,nb238) (Figure 2.10a) and 6 HEK293A clones
(2-4, 7, 9 and 10) (Figure 2.10c) displayed ovén Df live pp65-expressing cells. Expression
was also quite low, as confirmed using westernsblethere pp65 production was barely
detectable (Figure 2.10b and d). The highest egprg<xlones demonstrated less than 35 % of
live-expressing cells in both cell lines, and tHeirels of pp65 expression decreased over time
from early to later passages by as much as 25féol@HO clone 10, and 2.5 fold for HEK293A
clone 3 (Figure 2.11a and 2.11b respectively). &optimisation of this expression system was
attempted in the hope of eliminating resistant,-transfected cells. Higher initial blasticidin
concentrations were utilized and cells were paskégeer times, however, similar results were

obtained.
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Figure 2.1C —Expression of CMV pp65 from blasticidin-resist&@#O cell clones (a and b) and HEK293A cell
clones (c and d). Expression was measured usiragaitular staining flow cytometry (a and c) or veza blots (b
and d). Lanes: (b) 1-6 = isolated CHO clones 9,110,16 and 23; (d) 1- 6 — isolated HEK293A clofie% 9, and
10. + = commercially available CMV antigen (posticontrol for CMV to confirm primary antibody was
functional); - = negative cell lysate control. Remkes highlight detectable pp65 protein on weshéuts.
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Figure 2.11- Loss of expression of CMV pp65 in the posititabte clones. CHO cell clones (a),
and HEK293A cell clones (b), as measured usingaediular staining (over 8 cell passages).

The quantity of pp65 produced from stably-expragsilones was inadequate for the required
amount of protein needed in thevitro tissue culture experiments to follow, and thereftris
expression system could not be used for CMV pp68uymxtion, without substantial optimisation.

Additionally, the poor results for pp65 expressand the low transfection rates of the pcDNA-
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MART-1 clone, suggested that this would not be avaatageous system for MART-1
production either, and therefore no stably-expressiell line generation was attempted for
MART-1 production.

2.3.4 The recombinant Adenovirus expression sy$fdns)

Recombinant adenovirus production involved integoathe genes of interegip65 andmart-1,
into replication-incompetent rAd DNA. This was ae¥ed using the AdEaSy rAd expression
system (Figure 2.3). Briefly, this involved transf@tion of BJ1583.coli bacteria with the
recombinant pShuttle-CMV plasmid carrying the tgere (transfer vector). These bacteria
harbour the pAdEasy plasmid which contain the adien® 5 backbone without the replication
E1l genes (Stratagene, 2008). Thus, homologousnt@nation of the recombinant pShuttle-
CMV plasmid with the resident pAdEasy plasmid irdé bacterial cells yielded replication-
incompetent rAd DNA, carrying either pp65 (Figur&2a) or MART-1 (Figure 2.12b). Positive
bacterial clones were identified usingacl and BstXI RE digests, where 2 bands of
approximately 33kB and 4.5 kb were expected follapaPacl digest, and 8 (for rAdpp65) or 7
(for rAdMART-1) bands from 8stXI digest. As is seen in Figure 2.13a and b, omlg positive
clone was detected for both RE digests of the r&8pplasmid clones tested. In the case of the
rAd plasmid carrying MART-1, however, there werepdsitive clones that displayed the
expected banding pattern, as compared to the wmegatintrols (rAd backbone control and
recombinant pShuttle-CMV control) (Figure 2.13c aid

After another transformation procedure into a &eatain oft.coli, the rAd DNA from positive
clones was isolated and used to transfect HEK293AER 911 cell lines. Both these cell lines
were previously modified to specifically produceplreation incompetent rAd. Thus, they
contained a copy of stably-integrated E1 replicaenes (Ela and E1lb) that allowed for rAd
particle production (Schaack, 2005).
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Figure 2.13 — R.E. digests of the recombinant adenovirus clones, rAd.HisC-pp65 clones (a and b) or rAd.HisC-
MART-1 (c and d) isolated after transformation of the respective recombinant pShuttle-CMV plasmids into BJ5183
E.coli cells. (a) and (c) illustrate BstXI digests; (b) and (d) illustrate Pacl digests. M = benchtop 1 kb DNA ladder; S
= recombinant pShuttle-CMV vector, pShuttle.HisC-MART-1; rAd = recombinant adenovirus backbone. All other

lanes were occupied by the selected clones. Red boxes highlight those clones that were identified as positive.

The rAds isolated from HEK293A or HERO911 infections were amplified over a series of
passages, and the virus titre of unpurified infectious stock was determined using a TCIDsg (or
end-point dilution) assay, which was done in duplicate. The pp65 rAd viral titre was
approximately 2.43 x 10° plaque-forming units/ml (pfu/ml), while the MART-1 rAd was almost
10 fold lower at 3.11 x 10® pfu/ml.
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Two cell lines were selected to evaluate recomlinaotein expression for bulk protein
production purposes, namely HelLa cells and A548&.cAl preliminary infection of these cell
lines was performed using the final passage of régpective rAds. Cells were grown to
confluency (approximately 1.5 x 1@ells/ml), and infected using three MOI values (IV8D,

100, 150). These values were relatively high, gitret the virus was unable to replicate in the
chosen cell lines. Expression of the respectivéepme was assessed using western blot analysis.
While A549 cells produced large quantities of pgbtgure 2.14a) and detectable amounts of
MART-1 protein (Figure 2.14b), there was no produrctof protein in HelLa cells. This was
surprising, given the common use of this cell lioe recombinant protein production, but was
possibly due to the use of a high passage numbidebé cells. This could potentially affect its

ability to produce the recombinant protein.

Overall, the rAd expression system produced be#teombinant protein yields than the stably-

expressing cell line system, making it a more adegaxpression system for our purposes.

(@  Asa9 Hela (b)
......................................... A549 HeLa
50 100 150 50 100 150 -pp65+ M g KD e e,
M 150 100 50 15000 50 MART+
;o -160 260-
- 160-
-110
-80 80-
60-
oocs - e T S
65 kD 50 0.
-40 30-
) — MART-1
30 10- 4 —18 kD

Figure 2.1¢ - Western blots of pellet lysate samples from Helboal A549 cells after infection with
rAdpp65 (a) and rAdMART-1 (b) for 48 hrs. Black @wr heads indicate the expressed proteins of
interest being detected; CMV pp65 (65 kD) (a) antiRT-1 (18 kD) (b). Monoclonal mouse anti-pp65
(a) or anti-MART antibody (b) (1:2000) and polycébrgoat anti-mouse antibody (1:5000) were used as
primary and secondary antibodies respectively festern blots. M = standard protein marker. Positive
control (designated with +) for pp65 and MART amtig were taken from samples isolated from
transfections of HEK293A cells with pShuttle reconamt DNA.
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Figure 2.1t - Recombinanpp65-streptavidin and MART-1-streptavidin genes. (a) CMV pShuttle expression vector
carrying theHispp65-streptavidin fusion gene; (b) PCR products of the three OE-R€&tions performed to
produce fusion gene; Lanes: Hispp65 gene (1.7 kb) from PCR 1, 2streptavidin gene (20.42 kb) from PCR 1, 3
—fusion gene product (2.2 kb) of PCR 2, 4 — angdifusion product from PCR 3 using 55 °C, 5 - hfigal fusion
product from PCR 3 using 65 °C, 6 — negative cdrftnoPCR 3 reaction. (c) Plasmid map of CMV pShaitisC-
MART-1, created by sub-cloning MART-1 into the piad in (a). (d) RE digestion using recombinant piak Red
arrows denote the fusion genes.
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rAdpp65 infection rAdMART infection

~83kD b
pp65-strep

« ~38kD—MART-strep

Figure 2.1€ — Western blot from the pilot infection of HEK293%ells with rAdpp65-strep and
rAdMART-strep (48 hr infection). Cell lysates expseng pp65-streptavidin (83 kD) and MART-
streptavidin (38 kD) were detected with a primanti-atreptavidin antibody (1:5000) and a
secondary goat-anti-mouse antibody (1:5000). Blackw-heads indicate the expressed fusion
proteins at their respective molecular weights.

2.3.5 Design and production of streptavidin-fusiectors

The strong affinity of streptavidin for biotin makat an excellent protein to exploit for the
attachment of the respective antigens to biotiedaeceptor antibodies. Hence, a fusion gene
was designed to link His.pp65 to a single strepliavunit in a similar method as utilized by
Wang et al (Wang et al., 2007). An overlap extam$€R (OE-PCR) strategy (Figure 2.2) was
employed to fuse the two genes together, which istats of three PCR reactions. OE-PCR
reaction 1 was designed to eliminate the stop cadaihe first gene His.pp65), and PCR 2
facilitated the fusion of the two genes so thatsheond gene (core streptavidin) could be read
in-frame with the first gene. The final PCR reactiben amplified the fused product (Horton et
al., 1989). As seen in Figure 2.15a and b,Hreepp65-streptavidin (His.pp65-strep) fusion gene
was successfully produced and amplified. The candt for PCR3 of the OE-PCR strategy
required some initial optimisation to obtain thesided fusion product of 2.2 kb. At a high
annealing temperature of 65 °C, a product of agprately 0.5 kb was produced, however by
decreasing this temperature by 10 °C, the corressoh product was obtained (lanes 4 and 5 in

Figure 2.15b). Thédis.mart-1-strep fusion gene was created by a sub-cloning procedsirey
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the His.pp65-strep gene to join theédismart-1 andstreptavidin genes. It was detected in several

clones after restriction enzyme digestion of extedececombinant plasmids (Figure 2.15c and d).

The His.pp65-strep and His.martl-strep fusion genes were cloned into the pShuttle-CNIv
vectors for production of recombinant adenovirusesacellular staining was used to confirm
expression of the respective fusion genes frommbéoaant pShuttle vectors, although results
appeared to be ambiguous and therefore unrelidata fiot shown). This was suspected to be a
structural folding problem with the fusion proteimendering the detectable epitope difficult to
access. Thus, we continued to produce recombind@hcwiruses as done with the model
antigens. Infection of A549 cells using rAdpp65eptiand rAMART-strep was performed, and
expression of the respective proteins was invesiijasing western blot analysis (Figure 2.16).
The production of both pp65-strep and MART-strefs watectable in infected A549 cells after
three days of infection, at the expected moleculaights of 85 and 38 kD respectively. This
confirmed the successful generation of rAd carryhmgfusion genes, as well as that these genes
expressed fusion proteins with a streptavidin @ord antigen of interest, as detected with the
primary anti-streptavidin and anti-antigen antitesdion the western blots. Recombinant
adenoviruses carrying the fusion genes were prapdga HEK293 cells, and the virus titre of
the unpurified infectious stocks were determinetbécapproximately 1.23 x i@laque-forming
units/ml (pfu/ml) for rAdpp65-strep, and 2.4 x®1pfu/ml for rAdMART-1-strep. All virus
stocks were aliquoted and stored at -20 °C forréutise.

2.4 Discussion

The antigens chosen for thevitro DC stimulation experiments were CMV pp65 and MART-1
The full-length forms of these proteins were prastuiso that they could be used as model
antigens to evaluate CD8+ T-cell induction via thess-presentation pathway. Research has
shown that while peptides are more efficiently preed to CD8+ T-cells in the short term,
proteins or long peptides are potentially betteccuge candidates because they demonstrate
persistent presentation over a longer period oétiand are not limited by MHC restrictions
(Faure et al., 2009, van Montfoort et al., 2009).
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As mentioned previously, mammalian expression gyst@ere chosen to produce the respective
proteins. Generation of a stably-expressing ced ivas the first system explored. Research has
shown that protein yields in mammalian stably-espmgg cell lines are quite high, although
lower than some of the other eukaryotic expressisiems (Soares et al., 2000, Demain and
Vaishnav, 2009). However, the levels of pp65 exgpoes detected in the stable CHO and
HEK293A clones generated in this study were inadegjtor the bulk production of CMV pp65.
Expression levels were poor, with amounts of exggédsecombinant protein barely detectable
via western blot, and not quantifiable. Researchthe area of stably-expressing cell line
production has suggested that the transgene it@grsite and copy number are some of the
main influencing factors for the yields obtainednfr recombinant protein expression in stably-
expressing cell lines (Chusainow et al., 2009, Ksvak al., 2003). The point of transgene
integration in the chromatin determines recombirmaatein expression levels, where integration
into heterochromatin (tightly packed areas/ chromydéads to poor expression, and integration
into euchromatin (loosely packed chromatin) leadbigh expression levels (Chusainow et al.,
2009). This so-called ‘position’ effect (which catso result in gene silencing) could possibly
account for the poor pp65 yields that were obtaimexé, as chromatin integration was assumed
to occur randomly with the chosen pcDNA vector,aading to the manufacturer. If this is the
case, it may be of interest in future work in cafbdratory to explore the use of cis-acting DNA
elements such as anti-repressors or scaffold massociated regions (S/MAR), as these have
been suggested as adequate tools to improve ytd stability of recombinant protein

expression (Barnes and Dickson, 2006, Kwaks £2@03).

The clones isolated from both generated stablyesgang cell lines demonstrated loss of pp65
production over time, and despite some optimisatbrthe system, clones were unable to
continuously produce pp65. This could be attributed transgene instability, or stunted
transcription of the recombinant gene due to sitencLack of stability of a transgene in a
stably-expressing cell line expression system leas lolescribed before, and is mainly due to the
heterogeneity of cell lines (such as CHO and HEK28Bich results in the development of
populations of transfected cells that produce vayymounts of transgenic protein (Kromenaker
and Srienc, 1994, Browne and Al-Rubeai, 2007). Highducing cells have a lower growth rate

owing to their greater levels of protein expressemmd are therefore easily outgrown by the low-
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or non-producing cells. This suggests that low-non-producing pp65-cells may have been
isolated with the high-producing cells, and outgtée latter as the clones were passaged. This
agrees with the data obtained, where the non-esipiggsclones demonstrated antibiotic

resistance, despite negligible protein levels.

Past studies documenting stably-expressing caldlones have involved monitoring hundreds
of clones to identify those which appear to be egping well and are healthy (Soares et al.,
2000). Consequently, it is possible that if morenels were screened, a high-expressing clone
could have been identified. However, given the fadus nature of screening clones, and the
low-level pp65 expression from the clones that wesged, it was of interest to explore other

expression systems.

The second expression system, using recombinamtogles production, was a much more
promising means to produce the proteins of choicEhe production of the recombinant
adenovirus carrying the genes of interest was s fiese-consuming task than generating a
stably-expressing cell line, in addition to prodwgihigher protein yields. Previous research
showed that a number of mammalian cell lines hagenbutilized for recombinant protein
expression using rAds, including the packagingditteemselves (Garnier et al., 1994, Zhong et
al., 2006). Thus, initially the packaging cell leHEK293A and HER 911 cells, were
considered for protein expression. These cells weeatually decided against, due to the risk of
purifying replication-competent adenovirus with §hedtein of interest (Havenga et al., 2008).
Furthermore, because of the lytic life cycle of maarus in the packaging cell lines, protein
expression can be fairly limited in these cellsisiWwas not a problem in other cell lines because
the virus was not able to replicate after infectibut it did mean having to use a larger amount
of infectious virus. HeLa and A549 cell lines wenealuated as non-packaging expression lines
for pp65 and MART-1 production. A549 cells were ealtb successfully produce adequate
guantities of pp65 and MART-1 post rAd infectiomit Ino recombinant protein was detected in
HelLa cells. This has been attributed to the higts@ge number of cells that were used for the
pilot experiment. Although we could have evaluagddwer passage number of HelLa cells, this
was unnecessary given the high levels of expressioh549 cells. Thus, we went on to use

A549 cells to produce the recombinant proteins.
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Differences in protein yield between pp65 and MARWwere significant, but this is to be
expected given the variety of factors that influmpcotein expression, specifically relating to the

recombinant virus clone, the infected cells andptitogein itself.

Consequent to the successful use of the recombAtagtto express the model antigens, it was
also used to generate the streptavidin-fusion pret@hese proteins were produced in order to
explore an alternative means of targeting antigem®Cs, taking advantage of the strong affinity
between streptavidin and biotin. The initial diffity in detecting the fusion proteins using
intracellular staining could be attributed to inessibility of the epitope targeted by the primary
staining monoclonal antibody due to unusual foldiogperhaps due to the processed antigen
accumulating in the endoplasmic reticulum (ER)has been shown with other fusion proteins
(Mascola et al., 1996). Despite the initial diffiiguto detect the fusion proteins, the recombinant
adenovirus infections demonstrated detectable ptamu levels of both fusion proteins, and

potentially good yields in A549 cells for futurede-scale production of the fusion proteins.
Overall, the production of both the model antigand fusion proteins were produced intact and

in detectable amounts using the AdEasy expressisters. This system was therefore used for

large scale production of all the respective prtei
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Chapter 3

Large scale production of model antigens and creain of antigen-
antibody conjugates

3.1 Background and aims

3.1.1 Factors influencing large scale recombinaotigin production in mammalian expression
systems

The expression of recombinant proteins can be taifleby several factors. Some of the major
external factors that have been identified whengisi mammalian-based cell expression system
include the cell line employed, cell density, nplitity of infection (MOI), infection time,
medium contents, temperature, osmolarity and pHi€ida et al., 1996, Garnier et al., 1994). In
general, pilot expression studies are performedrbdbulk production of recombinant proteins,
so as to identify the influencing factors on protgroduction, and determine the optimal
conditions for production in the chosen expressigstem. Every expression system has varying
factors that appear to primarily affect protein qarotion, and these are the factors that are
focussed on in optimising production, while othenditions are kept constant. As an example,
Nadeau et al (Nadeau et al., 1996) assessed tha eff a few factors on recombinant protein
expression in mammalian cell systems, and foundpHaand osmolarity had pronounced effects
on expression levels. Specifically, acidificatioh the growth medium, led to significantly
decreased protein production, while increased cantplresulted in the recombinant protein
production peak shifting from 48 to 72 hours pastection (hpi). Previous work in our
laboratory identified MOI, time post infection, asdlected cell line as major determinants in
influencing recombinant protein production using t\d expression system (pers. comm.: Dr
Timos Papagatsias, Imperial College London). Tloeesthese factors were further investigated

for the large scale production of recombinant pratén this study.

As others have shown, a high MOI generally dematetr a high recombinant protein

production, although once the expression systenorbes saturated, the level of production
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remains fairly constant, even as MOI increases €tal., 2008). This saturation point has to be
determined empirically as it differs from protem protein. Similarly with infection time, its
effects on recombinant protein production can vgute substantially, depending on the
efficiency of the transduction process and stabdit the cell line used. While a minimum of 6
hours is necessary before any detectable protedduption under the CMV promoter is
observed, recombinant protein expression levelg paak around 48-72 hours in rAd packaging
cell lines (Massie et al., 1998b). Given that naciaging cell lines are able to continue to
produce recombinant protein until they are limibgdother factors, they can potentially produce
better expression levels at later times, althobghrieeds to be further investigated. Finallyl cel
lines also differ in their capacities to expressorabinant proteins, specifically in a rAd
expression system, where a number of cell linesbeantilised, including the rAd packaging cell
lines (293A and HER 911 cells), or non-packagingnmealian cell lines such as HelLa, CHO or
A549 cells (Galllet et al., 2007, Shiver et al.p20Vieira et al., 2009).

Thus, to produce high yields of the model antigemsmmunogenicity work in this study, it was
necessary to look at the most favourable conditfongproduction of the model antigens and

fusion proteins, based on the above factors.

3.1.2 Protein-protein conjugations

The biopharmaceutical industry has highlighted awgng need to simply and accurately
conjugate proteins to secondary components for theg in medical and biological processes,
such as increasing the immunogenicity of peptidesvhccine purposes (by linking them to
carrier proteins), or labelling antibodies with dlescent markers/other molecules, for
diagnostic/research purposes. There are curreatigral cross-linking agents available that can
be used to chemically conjugate proteins to eakhrptmany of which are bifunctional (contain
two reactive groups), and therefore allow the ctimdsng of one protein to another via the side
chains of particular amino acids (Carlsson et 2878). Some of these agents include
glutaraldehyde (links proteins at their N-termionrspecifically, and involved in polymerisation
of proteins), succinimide esters (links the freereangroup of one protein to a cysteine residue of

another protein), periodate (allows attachment &bahydrate groups of proteins), and
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isothiocyanate (used to label antibodies with fhotwromes) (Kluger et al., 2010).
Heterobifunctional agents, which have reactive gsothat interact with two different functional
groups on the proteins, allow for a more controliater-cross linking reaction, and are
consequently preferred (Carlsson et al., 1978).ci8imide esters are some of the most
commonly used heterobifunctional reagents, primaoihsed on the stability of the resulting
conjugates and the ability to control conjugatiomfation (Carlsson et al., 1978, Kluger et al.,
2010). The production of such chemical conjugatas been shown in many recent studies,
including that of Sancho et al (Sancho et al., 2008ere tumour antigens were covalently
coupled with a DC receptor-specific antibody usinguccinimide ester, and used to elicit strong

tumour-specific CTL responses in mice.

In addition to chemical conjugations, the use ohdjieally fused proteins has emerged as
another successful means to couple proteins. Idogdgal (Idoyaga et al., 2008) genetically
fused OVA to the heavy-chain of a langerin-speditibody in order to target the protein to
Langerhans cells, and successfully did so, indu€ibgi+ and CD8+ specific T-cell responses.
Furthermore, as mentioned in Chapter 2, researdfeans also looked at the genetic fusion of
molecules such as streptavidin to proteins, asanm® direct biotinylated molecules to specific
sitesin vivo (Lin et al., 2006, Wang et al., 2007).

In view of these and several other methods to tlivadous molecules towards specific cetls
vivo andin vitro, the work here explores a few approaches to targetin receptors on the
surface of DCs. In particular, this chapter dessithe production of the reagents needed for
these receptor-targeting approaches, including rteeessary optimisation and purification

procedures of their production.

3.1.3 Aims of chapter

0] To investigate which conditions are most suitalde the production of the model
antigens and fusion proteins, specifically evah@tifour MOI and infection time
conditions.

(i) To produce and purify large quantities of thesdgins.
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(i)  To conjugate purified pp65 protein to certain DCeor-specific antibodies and their
isotypes.

(iv)  To produce a biotinylated pp65 protein and coniisriunctionality.

3.2 Materials and methods

3.2.1 Dose/time trial and protein production

A549 cells were seeded into TC 6-well plates amditvated at 37 °C in 5 % G@ntil 80-90 %
confluent. They were then infected in a volume & @l and incubated using specific doses of
recombinant virus infectant and incubation timegyFe 3.1), so as to determine the optimal
dose (as measured by MOI) of rAd to use, and the post infection to incubate the cells before
harvesting the proteins of interest. It is impottén note here that the MOI values used were
particularly high, given that the cell line choseas not a packaging cell line. Also, efficiency of
adenovirus infection can be markedly influenced thg concentration of the virus in the
inoculum. At the designated time point for the respectivdlsyeells were harvested using
trypsinisation and stained intracellularly for pp66 MART-1 to evaluate recombinant protein
expression (see section 2.2.9.1 for primary andrsdary antibodies used). The dose/time trial

was repeated three times for reproducibility pugsos

Figure 3.1 — A diagram depicting the
dose-time trial set-up for pp65 as an
example. Four wells of each 6-well
plate were infected with respective
rAd using the MOI shown, and two
were designated as negative
controls/uninfected wells. The trial
experiments were done to investigate
the optimal conditions for
recombinant protein production via
rAd infections. Hpi: hours post
infection (incubation time); MOI:
multiplicity of infection.
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Once the optimum dose and incubation time wereruéned, 50 T175 cim TC flasks

(containing cells of 75-90 % confluency) were inéet with the recombinant adenovirus in a
volume of 8 ml, and incubated at 37 °C in 5 %,C&X the determined harvest time, cells were
trypsinised and pelleted by centrifugation. Celllgis were stored at -80 °C for further

processing.

3.2.2 His-tag protein purification

The respective recombinant proteins were purifisidgia Nickel-nitrilotriacetic acid (Ni-NTA)
purification kit (Invitrogen). Three purificationoaditions (native, denatured and hybridisation)
were described in the manufacturer’'s instructicarsd all were tested to find the optimum
conditions to use for the respective recombinardtgims. Briefly, each process involved
incubation of the cell pellet lysate and Ni-NTA-gqugated agarose beads in a column for
approximately 30-40 min at room temperature unth@kimg conditions. The beads were then
washed several times with buffers of varying pH anttlazole concentration (to elute attached
protein off the beads), where the final buffer Was elution buffer and contained the highest
concentration of imidazole. The procedures werdopsed according to the manufacturer’s
instructions with a few exceptions: (i) denaturedl tysate was centrifuged at 4000 rpm for 20
min, not 3000 x g for 15 min, (ii) the native buffeash before elution was only repeated twice
and not three times, and (iii) beads were alwaghasged before each purification to maximize
recombinant protein isolation. All steps were perfed under sterile conditions. The isolated
protein fractions were stored (short-term) at £6Cfurther use. Samples were taken for western
blots, SDS-PAGE (see section 2.2.9) and proteim@ifation assays, to quantitate and verify
purity of the isolated protein.

3.2.3 Protein quantification

To quantify the purified protein, standard bicinolmoc acid (BCA) assays (Pierce) were
performed as described in the manufacturer's ingbms. The NanoDrop 1000
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spectrophotometer was used to measure the abserbdsamples at 562 nm. A standard curve
was plotted based on BSA standards of 0.025 — 2nin The percentage of total soluble

protein (% TSP) was also determined using BCA aasdypllows:

% TSP = (Total amount of purified protein from fafictions) x 100

(Amount of protein in cell lysatefbre purification)

3.2.4 Protein dialysis and concentration

Protein dialysis and concentration was performadgua 20-30 U-tube concentrator (Merck)
according to the manufacturer’s instructions. Byiethe U-tube concentrator was washed once
with 70 % ethanol (to sterilise) and twice with imat purification buffer (from the Ni-NTA
purification kit), by centrifugation at 4000 rpmrf@5 min each time. Fractions containing the
recombinant protein were then pooled, placed intdpecompartment of the concentrator, and
centrifuged at 4000 rpm for 20 min. Filtrate wasoeed, native purification buffer was added
to the top compartment to dilute the concentratedemn and sample was re-centrifuged at 4000
rom for 20 min. This step was repeated twice toniglate the salts and unwanted smaller
molecules (such as imidazole). Glycerol was addetheé concentrated sample (approximately
500 ul) to a final concentration of 20 %, and samplesensnap-frozen using dry ice and stored
at -80 °C.

3.2.5 Protein-antibody conjugates

Receptor-specific antibodies and CMV pp65 were wgajed using a protein-protein cross-
linking kit (Pierce), following manufacturer’s imsttions. Briefly, the procedure involved
modifying the lysine residues to thiols on the lotiy molecule of interest, using
succinimidylacetylthioacetate (SATA), and addingpkneactive maleimide groups to the model
antigen using succinimidyl trans-4-(maleimidylmdjhgyclohexane-1-carboxylate (SMCC).
Once the two proteins were activated in this whagytwere purified separately, and then allowed

to react with each other to form a stable thioetiward between them (Figure 3.2).
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Approximately 0.5-1 mg of each protein was addeth®initial activation reactions, and they
were combined in a 20:1 ratio of antigen to antibddtilised receptor-specific antibodies are

shown in Table 3.1. The final conjugated producs st@red in 15 % glycerol at -80 °C.

Figure 3.2 — Chemical conjugation of two proteins in a ths¢ep process using a protein-protein cross-linking
kit (derived from Pierce datasheet).

Table 3.1- Biotinylated anti-human antibodies used in cleintonjugation reactions

Antibody Clone Isotype Supplier

DEC205 MG38 Mouse IgG2b eBioscience, UK
MMR 15-2 Mouse IgG1 Cambridge Biosciences, UK

DC-SIGN eB-h209 Rat lgG2a eBioscience, UK
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3.2.6 Biotinylation of model antigen

CMV pp65 was biotinylated using an EZ-Link Sulfo-SHbiotinylation kit (Pierce). A

calculated amount of 10 mM Sulfo-NHS-Biotin was eddo CMV pp65 (0.5 mg) and incubated
for 60 minutes at room temperature. The mixture wen passed through a pre-supplied
desalting column to recover the biotinylated pmoteind remove any existing reactants.

Biotinylated samples were stored at 4 °C.

3.2.7 Enzyme-linked immunosorbent assay (ELISA)

Enzyme-linked immunosorbent assays (ELISA) weraduseconfirm the functionality of the
core streptavidin in the fusion proteins producasiwell as to verify that the biotinylation of
pp65 had occurred. Flat-bottomed 96-well plates i)Yy were used to prepare samples. When
testing the streptavidin functionality, diluted gales of purified pp65-streptavidin and MART-
streptavidin (1:10) were added to wells in tripleeg100 pl per well). Three sets of wells were
allocated for each test sample, so that 3 biottegl@ntibody concentrations could be tested (10,
5 and 1 pg/ml). The plate was incubated at 4 °Grogkt then washed six times with 0.05 %
Tween-PBS the next day. This was followed by ammulation for 2 hrs in blocking buffer
(Sigma-Aldrich, UK), before another six washes witld5 % Tween-PBS. The antibody was
then added to the respective wells at the abovaiom=d concentrations for 1 hr. The antibody
used was a biotinylated mouse anti-human IgG1 aedyieBioscience). Plates were washed
again with 0.05 % Tween-PBS six times, followedtbg addition of streptavidin-horse radish
peroxidase (streptavidin-HRP) (Pierce) at a dilutad 1:5000 (in blocking buffer), for 30 min.
There was a final 6-time wash with 0.05 % Tween-PB&ore the addition of 100 ul TMB
substrate (Sigma-Aldrich, UK). The plate was stosgdroom temperature in the dark for
approximately 5-10 min before 50 ul of 10 %S, was added to stop the reaction. An Anthos
2020 ELISA plate reader (Anthos Labtec) was usedetect the results at a wavelength of 450

nm within 10 min of adding the stopping solution.
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3.2.8 Statistical analysis

GraphPad Prism V5 software was used to performwap-ANOVA on the dose-time trial data,

applying a Bonferroni post-test to correct for thember of comparisons made.

3.3 Results

3.3.1 Large scale recombinant protein production

After confirming the expression of all recombingmbteins using western blot analysis, factors
affecting large scale production of these proteweye considered. Although a number of
different factors influence recombinant protein mgsion, previous work in our laboratory
determined cell line, multiplicity of infection (MPand infection/incubation time to be primary
influencing factors. From the pilot expression expents (section 2.3) A549 cells were chosen
as an adequate expression cell line. Dose/timks tnare therefore performed to determine the
most suitable conditions for pp65, MART-1, and thsion proteins’ production in A549 cells.
Four MOI values and four incubation times were cel@, in order to evaluate the concentration
of virus needed and the incubation time necessarytimal protein production. MOI values
were determined using previous TGgDdata (see section 2.3). All other factors weret kep
constant, and confluent A549 cells were infectetbedingly. A lower set of MOI values were
evaluated for MART-1 and fusion gene expression gamed to pp65 expression, due to the
lower titre of these recombinant viruses. At therapriate times, cells were harvested and
intracellular staining analysis was used to deteenthe levels of pp65 or MART-1 production.

The experiment was then repeated twice.

As can be seen in Figure 3.3, pp65 and MART-1 esgoo@ was detected in all samples tested,
although expression levels varied substantially ragneplicates. In general, the results of the
pp65 trial showed a positive correlation betweenIM@d pp65 expression. Expression levels
seemed to plateau at the highest MOI, with simésaels measured for MOI 100 and 150, and
with significant differences observed in pp65 esgren between 48 and 96 hpi at MOI of 100
(13.5 % and 35.8 %; MFI of 8.7 and 40.1) (Figur@a3and b).
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Figure 3.2 — The dose/time trial performed in A549 cells ®tetmine the optimal MOI and
harvesting time for bulk CMV pp65 and MART-1expriess Intracellular staining was used to
evaluate the expression of pp65 (a and b) and MAR@-and d) in the rAd-infected cells. (a)
Percentage expression of CMV pp65 by infected Abdlls; (b) Mean fluorescence intensity
(MFI) of CMV pp65-expressing cells displayed byeaaofed A549 cells; (c) Percentage expression
of MART-1 by infected A549 cells; (d) MFI of MART-&xpressing cells displayed by infected
A549 cells. The data was normalised by subtradtiegkground levels of expression (from A549
cells alone) from all data points. All values dey@d are mean values (n=3) £ S.D. * | ** | ***
denotes p< 0.05, p< 0.01 and p< 0.001 respectively, as analysed by two-way ANOWAI a
Bonferroni post-test.
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Figure 3.4 — The dose/time trial performed in A549 cells tetatmine the optimal MOI and
harvesting time for bulk pp65-streptavidin and MAR(feptavidin expression. Intracellular
staining was used to evaluate the expression db g@&nd b) and MART-1 (c and d) in the rAd-
infected cells. (a) Percentage expression of pp@&ptavidin by infected A549 cells; (b) Mean
fluorescence intensity (MFI) of pp65-expressinglsalisplayed by infected A549 cells; (c)
Percentage expression of MART-streptavidin by itddcA549 cells; (d) MFI of MART-1-
expressing cells displayed by infected A549 cellbe data was normalised by subtracting
background levels of expression (from A549 celtsa) from all data points. All values displayed
are mean values (n=3) + S.D. * , ** | *** denotes 0.05, p< 0.01 and p< 0.001 respectively, as
analysed by two-way ANOVA and Bonferroni post-test.
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An incubation time of 96 hours post infection (hpias most favoured at all MOI values,
specifically at MOI 100, while in some cases, 72\Wpas also adequate in terms of levels of
protein produced (21.8 %). Unexpectedly, the exgoeslevels at 120 hpi were almost as
low as the results of 48 hpi (7.8 % and 7.3 % retspaly at MOI 50), suggesting that either
protein degradation within cells was occurring afi® hours, or infected cells had died. The
percentage of cells expressing pp65 and the exprelssel of pp65 in cells on average (as
indicated by the MFI) seemed to be highest at 9&drpMOI of 100 or 150 (Figure 3.3a).
Conditions of 96 hpi and MOI 100 were thus selecsdthe conditions for bulk pp65
production (Table 3.2).

Similarly, MART-1 expression was also low at 120 hBpd high MOI values, although the
drop in MART-1 expression occurred as early as 96 dt high MOI values (12.7 %

compared to 25.4 % at 48 hpi). MART-1 expressiagmificantly peaked at 72 hpi using a
MOI of 25, with an average of 56.9 % of live-exmieg MART-1 cells being detected. The
MFI data did not indicate significant differencestween the conditions tested for MART-1
expression, and thus the conditions chosen for MAIRT-1 expression (Table 3.2) were
determined by the percentage of MART-1-positivéso@tigure 3.3d).

Relatively high variability in protein expressionasv observed for pp65-streptavidin and
MART-streptavidin production as well (Figure 3.4 general, there were greater
percentages of cells positively expressing theofusproteins than the pure antigens,
indicating the fusion proteins were well expresgdddwever, unlike the pure antigens, the
MFI and percentage of positive-expressing cellsraiticorrespond in the dose-time trials of
the fusion proteins. In the case of pp65-streptayithe percentage of positively-expressing
cells decreased as hpi increased, although MFlegalhvere generally high, and not
significantly different as time increased (Figurgl & and b). This suggested that, even
though percentages of positively-expressing cetisevbetween 40 and 60%, the higher hpi
values were either resulting in cell death or matfion. The significantly lower number of
positively-expressing cells as MOI and time po$tdtion increased (Figure 3.4b), indicated
that the favoured conditions for expression wass® a relatively low MOI value and hpi to

produce the protein (Table 3.2).

Similar to pp65-streptavidin, infection with recomdnt adenovirus carrying MART-

streptavidin displayed comparably high MFI valuesdll conditions, as well as a reduction
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in the percentage of positively-expressing cellgim® and MOI increased (although this
appeared to be less pronounced than was obsemvpg@6-streptavidin) (Figure 3.4c and d).
Thus, a low MOI and infection time point seemed rappate for MART-streptavidin
expression as well (Table 3.2).

The MOI values used in the fusion protein trialseveonsiderably lower than what was used
for pp65 expression, and yet cell viability seen@dhave been negatively affected with the
fusion virus infections. That being said, the cmosenditions seemed adequate to produce
good vyields of the recombinant proteins, and wieegfore used for large scale production of

the proteins.

Table 3.2— Optimal conditions for recombinant protein protion in a rAd-A549 expression system, based on
pilot dose-time trials

Recombinant proteins Conditions for protein production
MOl Infection time (hpi)
pp65 100 96
MART-1 25 72
pp65-streptavidin 50 48
MART -streptavidin 25 72

3.3.2 Purification of recombinant proteins

A Ni-NTA (anti-His tag) column kit was used to piyrithe proteins of interest. Before the
bulk production of the proteins, the purificatioropedure was optimized so that the yield
and purity of the isolated proteins would be astag possible. Three purification protocols
were tested to establish the most suitable metbowdlate the respective proteins. The
protocols described a native (the protein maintatasnative conformation throughout
purification), denaturation (the protein is denaturbefore purification, and is eluted in
denatured form) and hybridisation purification (jh@tein is denatured before purification,
and is eluted in native form). These protocols iyadiffered in salt concentrations and pH
conditions, as these factors were used to mangula conformation of the protein for
purposes of exposing the His tag and encouragiotgiprattachment to the column agarose

beads.
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Figure 3.5a depicts the resulting fractions fromagive purification of pp65 (isolated from
293A cells). While the purity seemed to be adequidte yield seemed poor compared to
what was seen in cell lysate samples before patifin. This was possibly because the His
tag may not have been entirely accessible withptbéein folded in its native conformation,
and this is supported by the results of the deattur purification (Figure 3.5b) where pp65
was detected in all fractions and more pp65 appe@arde eluted. Unfortunately, denaturing
the protein also resulted in pp65 cleavage prodoctsirring (detected at approximately 50
kD), suggesting denaturing the protein was not ljdeaspite the better yields. The
hybridisation purification seemed to provide a gdadbnce between obtaining a good yield
and high level of purity, without destroying theagrity of pp65 (Figure 3.5c). Consequently,
this seemed to be the best purification procedorgp65. Purification optimisations for the
other proteins revealed the same procedure wagisuff for the other proteins, and was

therefore used for all purifications.

Once the dose-time trial and purification optimatwas complete, large scale production
of the proteins of interest were carried out. A®¢ls were grown in bulk (50 T175 TC
flasks per virus, with cells at a confluency of @0%), and were infected using the chosen
conditions for the respective recombinant adensesu Harvested cells were pelleted and
stored at -80 °C for further processing. Purificatof the harvested, infected cell-pellets was
carried out in two sets (approximately 4xklls). Samples underwent chemical cell lysis
and were then added to a Ni-NTA (anti-His tag) oahu

For pp65 purification, large quantities were isethat a relatively high level of purity in the
eluted fractions 2-7 (Figure 3.6a). Although theras some aggregated pp65 and smaller
pp65 bi-products detected, the majority of the grotdetected was whole, intact pp65. The
guantity of pp65 in the fractions compared to tysate suggested a large percentage of the
expressed protein was successfully purified, bamall amount of the protein was lost in the
wash buffers (Figure 3.6b). Additionally, the Coasia-stained SDS-PAGE data indicated a
high purity of the fractions compared to the wasffdys, with pp65 at 65 kD being the only
protein detected (Figure 3.6c).

MART-1 purification did not yield high protein pradtion, with only fractions 2 and 3 of the

purification providing detectable amounts of MARTHigure 3.7a and b), but these were
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relatively pure according to the Coomassie-staiS&5-PAGE data (Figure 3.7c). There
were noticeable amounts of MART-1 in lysate andlwhsffers, indicating that either the

purification required additional optimisation, drat smaller proteins such as MART-1 are
not purified as effectively as larger proteins (Fes 3.7b and c). Further optimisation did not

appear to improve the yields, implying that thédaexplanation was more likely.
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Figure 3.5— Western blot analysis of His tag optimisatiopenments for CMV pp65 using (a) native,
(b) denaturation or (c) hybridisation purificaticonditions. Lanes: 1-8 = fractions 1-8 that wengtesd
from the Ni-NTA column under the respective coradis. Monoclonal mouse anti-pp65 antibody (1:2000)
and polyclonal goat anti-mouse antibody (1:5000yewased as primary and secondary antibodies
respectively for western blots. M = molecular weighotein marker used for all blots (weight marlsng
are depicted for (a) and (c), but also applicabl€hki)). Black arrow heads indicate pp65 detected at
molecular weight of approximately 65 kDa.

In the case of the fusion proteins, recombinantginovas detected in all fractions, but most
prominently in the first four (Figure 3.8a and Purity of fusion proteins were relatively
high, with the fusion protein band prominently at¢el on the Coomassie-stained SDS-
PAGEs (Figure 3.8c and d). There were small quastiof cellular protein detected at
approximately 65 kD in both pp65-strepavidin and RTAstreptavidin purified samples, but

in negligible quantities compared to the proteihmterest.
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To quantify protein in the fractions isolated aftiéalysis and concentration, a standard BCA
assay was used. Approximately 3«@/ml pp65 protein (a total of 8.2 mg) and 1.agml
MART-1 protein (a total of 2.9 mg) were detected parification. For pp65 samples, this
accounted for approximately 6-20 % of the cell tg&gatotal soluble protein (TSP), while for
MART-1, it only accounted for 3-12 % TSP.
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Figure 3.6 — Western blots (a and b) and Coomassie-staine8-B8GE (c) of purified CMV pp65
extracted from A549 cells (5 x @ells) using a Nickel-NTA (anti-His-tag) column. hes: (a) 1-8 —
collected fractions 1-8. (b) 1-4- fractions 2-5; Bell lysate before purification, 6- first wash Nfckel
column after protein binding, 7- second wash ofioui, 8- final wash (before elution). (c) 1- celéiye
before purification, 2-5- fractions 1-4, 6- firstash of Nickel column after protein binding, 7- sedo
wash of column, 8- final wash (before elution). Molonal mouse anti-pp65 antibody (1:2000), and
polyclonal goat anti-mouse antibody (1:5000) wesecuas primary and secondary antibodies respectivel
for western blots. M = protein molecular weight kear(weight markings are depicted for (b) and i,
are also applicable to (a)). Black arrowheads sgipp65 at 65 kD.
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Figure 3.7 — Western blots (a and b) and SDS-PAGE (c) offigdriMART-1 extracted from A549 cells (5 x

10 cells) using a Nickel-NTA (anti-His-tag) column.nes: (a) 1-8 — collected fractions 1-8. (b) 1-&cfions
1-3, 4 - cell lysate before purification, 5- lysatier protein-agarose binding, 6 — first wash afkel column
after protein binding, 7 — second wash of columnfiBal wash (before elution). (c)1-3 - fractiohs3, 4 - cell
lysate before purification, 5 — lysate after protagarose binding, 6 - first wash of Nickel coluafter protein

binding, 7 — second wash of column, 8 - final wagbkfore elution).
antibody (1:1000), and polyclonal goat anti-mousébady (1:5000) were used as primary and secondary

Monoclonal mouse anti-MART-1

antibodies respectively for western blots. M = photmolecular weight marker marker (weight markiags

depicted for (a) and (c), but are also applicalwe(k)). Black arrow heads indicate MART-1 band at

approximately 18 kD.
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Figure 3.8 - Western blots (a and b) and Coomassie-staine€s-BBGE (c) of purified pp65-strepavidin (a
and c) or MART-streptavidin (b and d), extracteninfr A549 cells (5 x 10cells) using a Nickel-NTA (anti-
His-tag) column. Lanes: (a) 1-7 — collected fransid-7. (b) 1-8 — collected fractions 1-8. (c)1-Fractions
1-3, 4 - lysate after protein-agarose bindingc8lt lysate before purification, 6 - first washNitkel column
after protein binding, 7 — second wash of column, fhal wash (before elution). M = protein moléu
weight marker (Invitrogen). (d) 1-3 - fractions31l4 - lysate after protein-agarose binding, 51} lgsate
before purification, 6 - first wash of Nickel colunafter protein binding, 7 — second wash of column.
Monoclonal mouse anti-streptavidin antibody (1:20@@d polyclonal goat anti-mouse antibody (1:5000)
were used as primary and secondary antibodiesatgplg for western blots. M = protein molecular iglet
marker used (weight markings are depicted for i) @), but are also applicable to (b) and (c))ack arrow
heads indicate protein bands, pp65-streptavid®3(kD) and MART-streptavidin (+ 38 kD) respectively

The fusion protein yields were similar to MART-1ithva total amount of approximately 5.1
mg and 3.2 mg of pp65-streptavidin and MART-strejgia being purified respectively, and
an average of 8 % TSP. Once purified, 15 % glycenas added to the protein samples and
they were subsequently stored at -80 °C.

3.3.3 Conjugate protein production

Chemical conjugations between purified pp65 pro&eid the receptor-specific antibodies (or
their isotype controls) was performed using a ciimésng kit that formed a thiol-ester bond

between the heterologous proteins. Initially, opetion of this chemical process was
required, exploring the effect of changing molarosof the respective proteins, removing a
desalting step, as well as changing the order irclwkthe proteins were activated before
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conjugation. After initial failure to detect a caggte, optimisation of the procedure resulted
in conjugation of biotinylated antibodies specific DEC-205 (CD205), MMR (CD206) and
DC-SIGN (CD209) to pp65 protein. Proteins of apmme¢ely 215 kD were detected on a
western blot following conjugation in the unredusadnples (Figure 3.9a). Reduced samples
displayed prominent bands at 25 kD (molecular weg§hV, chain of antibody) and 52 kD
(molecular weight of \{ chain of antibody) due to dissociation of the laody chains. Bands
detected in the IgG negative control appeared tbdmause the IgG antibody was mouse-
derived, and therefore reacted with the goat awotise secondary antibody. After the
successful conjugations with these antibodies,r thespective isotype control conjugates
were also produced, and all conjugates were pdrifia a His-tag column, using the native
purification protocol (Figure 3.9b). After purifitan and concentration of the conjugates,
there did appear to be a significant loss of yield the conjugated proteins, with
approximately 200-280 pg/ml detected in BCA ass@fysis (20-28 % of initial pp65 used,
and approximately 300 pg in total). This was a ificgmt loss in conjugate yields; however,
enough protein was produced for use in later erpats. The resulting conjugates appeared
to be the prominent product detected in the coniogaeaction as seen in the Coomassie-
stained SDS-PAGE data with fairly high purity (FiguB.9c). All conjugates were stored at 4

°C to prevent degradation of antibody component.

3.3.3 Production of biotinylated pp65

Purified pp65 protein was biotinylated using a ded kit. It was then desalted and
concentrated. Biotinylation of pp65 was confirmesing a western blot with an anti-biotin
primary antibody (Figure 3.10). BCA analysis reeehlthat approximately 220 pg/ml
biotinylated pp65 was purified (total of approximigt500 pg), which accounted for 44 % of
the original pp65 used initially.
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Figure 3.9 — Western blot (a and b) and Coomassie-stained-FBSE (c) analysis of pp65-antibody
chemical conjugates. (a) Detection of conjugatésr gfroduction. Lanes: 1 — reduced DC-SIGN-pp65
conjugate, 2 — unreduced DC-SIGN-pp65 conjugater&uced MMR-pp65 conjugate, 4 — unreduced
MMR-pp65 conjugate, 5 - reduced DEC205-pp65 corpigd - unreduced DEC205-pp65 conjugate, 7
— reduced IgG antibody (control), 8 — pp65 protétive control). (b) Conjugates after a His-tag
purification. Lanes: 1 — unreduced DEC205-pp65 egaie, 2 - unreduced MMR-pp65 conjugate, 3 -
unreduced DC-SIGN-pp65 conjugate, 4 — unreducedg65 conjugate, 5 — unreduced IgG2a-pp65
conjugate, 6 — unreduced IgG2b conjugate, 7 andb8rk. (c) Conjugates after His tag purification.
Lanes: 1 — unreduced DEC205-pp65 conjugate, 2 uceett DEC205 -pp65 conjugate, 3 — unreduced
MMR-pp65 conjugate, 4 — reduced MMR-pp65 conjugéte, reduced IgG antibody (control), 6 —
reduced DC-SIGN-pp65 conjugate, 7 - unreduced DENspp65 conjugate. Monoclonal mouse anti-
pp65 antibody (1:2000) and polyclonal goat anti-se@antibody (1:5000) were used as primary and
secondary antibodies respectively for western bl&sduced samples includgdmercaptoethanol
reducing agent in loading buffer compared to theednced samples, which did not. M = protein

molecular weight marker (weight markings are degudor (c), but are also applicable to (a) and. (b))
Black arrow heads indicate respective prot
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Figure 3.10 — Western blot analysis of
biotinylated pp65. Lanes: 1 — biotinylated
CD5 antibody (positive control), 2 — flow-
through from de-salting column after
protein desalting, 3 — desalted, purified
biotinylated pp65. Monoclonal mouse anti-
biotin antibody (1:2000) and polyclonal
goat anti-mouse antibody (1:5000) were

used as primary and secondary antibodies
respectively for western blots. M = protein

molecular weight marker.

Black arrow

heads indicates biotinylated pp65 protein.
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Figure 3.11— ELISA analysis to evaluate functionality of gti@vidin core in the created fusion proteins (aj an
functionality of biotin in the biotinylated pp65 )(bAll samples in (a) were 1 in 10 dilutions of ctoprotein
samples, and the biotinylated antibody used wakg@d isotype antibody. (b) Positive control = Imgtated
CD5 antibody; negative control = pp65-streptavidin.
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3.3.4 Confirmation of functionality of streptavidinsion proteins and biotinylated proteins

To verify the functionality of streptavidin core darbiotin on the respective, produced
proteins, an ELISA analysis was carried out. Webard to the streptavidin fusion proteins,
pp65-streptavidin and MART-streptavidin, both appédato have a high affinity to the

biotinylated antibody at all tested concentratiammnpared to pp65 alone, as would be
expected (Figure 3.11a). Lower dilutions of theteirms of 1 in 50, and 1 in 100, were tested
with the same result (not shown), confirming ttre streptavidin core in the fusion proteins
was able to attach to biotin. The biotinylated pg@hple similarly demonstrated its affinity
to streptavidin in the ELISA analysis compared fw6®streptavidin (negative control)

(Figure 3.11b), verifying that the biotinylationg@ess was a success.

3.4 Discussion

Before bulk production of the proteins of intereébg optimal conditions for expression were
evaluated in a number of small scale experimentasso produce the maximum vyield in the
most efficacious manner. As with other expressigstesns, the production of a given
recombinant protein using a recombinant adenovaxggression system is dependent on
several variables that affect quality and quamnitythe resulting protein. In particular, cell
line, MOI, and infection or incubation time werettietermining factors for the production of

the model antigens and fusion proteins in thisystud

Research has shown that significant yields of rdmoant protein can be obtained when
using AES and the packaging cell line 293A, for resgion purposes (Vieira et al., 2009,
Nadeau et al., 1996). However, the lytic naturehef rAd infection limits long term (more

than 24 hrs) recombinant protein production pof&diion in packaging cell lines, and there
is the danger of generating replication-competeintisy Additionally, purified protein

preparations are also more likely to be contamadhateh virus proteins if produced in the
packaging cell lines. These disadvantages are edtdiy use of a different cell line, while
still maintaining a good recombinant protein yieMassie et al (Massie et al.,, 1998a)
demonstrated this, obtaining recombinant proteodpction of as much as 15-20 % of total
cellular protein in A549 and Hela cells, both ofigfhare non-packaging cell lines. Given
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the high levels of expression of pp65 detected 34 A cells compared to HelLa cells in the
pilot infection experiment in Chapter 2 of thisayuthis cell line was selected for large scale

protein production.

We show here that the optimal MOI and infectiondtifor recombinant protein production
varied between the different proteins expressedjeimeral, the MOI provides the means to
control a rAd infection, as the higher the MOI (it reason), the more viral particles there
are available to infect one cell (Flint et al., 29%nd therefore the better the infection and
recombinant protein production efficiency. Howevetile high MOI values theoretically
mean a potentially high yield of recombinant proteihey can be problematic for two
reasons. Firstly, using high MOI values requiresatgr quantities of infectant to be used,
especially if the infection is done on a large scabecondly, even though the virus is unable
to replicate in A549 cells, rAd infection is stdble to stunt growth and productivity of the
cells. This means that a MOI that is too high cduddpotentially detrimental to the system,
hindering the ability of the cell to efficiently guuce protein. This seemed to be particularly
true for the MART-1, MART-streptavidin and pp65egitavidin expression levels, where all
three proteins were preferentially expressed atobmiee lower MOI values tested, an MOI of
250. In particular, the MOI values used in the dasprotein trials were considerably lower
than what was used for pp65 expression, and ydtwability seemed to have been
negatively affected with the fusion virus infectsorThese data suggests that the addition of
streptavidin to the proteins induced higher expoesdevels, but also hindered cellular
processes to some extent, perhaps by the fusidreipraggregating in ER (Mascola et al.,
1996). In hindsight, it would therefore have beénnterest to have assessed cell viability
before harvest, and perhaps explored lower MOlesltio be able to obtain the expected

sigmoidal expression curve that can be seen wilpi65 expression.

Unusually, pp65 production did not appear to desesss MOI increased, even though much
higher MOI values were assessed. It is possiblethisis related to a low infectivity ability
of the virus expressing pp65, and this is suppdoiethe lower MFI values observed in this
dose-time trial compared to that of the other pnatelt is important to note that the efficacy
of the viral infections is related to the concemdra of virus surrounding the cells, and
therefore the high MOI values used here may noeHlaeen entirely necessary, had lower
infection volumes been used, or more concentrateds.vHowever, given that unpurified

virus was used for all infections, the final concation of virus was relatively low, and may
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have accounted for why such high MOI values cowddubed for pp65 infection, without
adversely affecting cells. In addition, MOI for &ltuses was calculated using 293A cells, as
these cells lyse during the TGJPassay, allowing the evaluation of infectious virak to be
easily calculated. It is possible that MOI difféirsm cell to cell, and thus what appears to be
a high MOI for 293A cells (for example, MOI 150)agnnot have necessarily been the true
MOI for A549 cells. This means that the MOI valug®sen here were more of a point of
reference to decide on an appropriate amount abuw use for bulk production, rather than
an accurate evaluation of MOI.

The infection/incubation period seemed to affectgin expression quite dramatically, with a
consistent drop in recombinant protein detectioh24 hpi, except for MART-1 expression,
which began falling as early as 96 hpi. All reconanit genes were controlled by the CMV
promoter, and were transiently expressed indepélydehthe viral infection. Even though
this was the case, the expression profiles werée aiifferent for the four recombinant
proteins in terms of the effect that infection tirhad on expression. There was a clear
decrease in expression of pp65-streptavidin asngpeased, but an increase up to 96 hours
for pp65 expression, and no significant differenéms MART-streptavidin production at
different time points. There are several possibgitwhy such variations were observed,
related to virus potency, protein size, protein rddgtion, stunted cell productivity, or
premature cell death. The early decrease in MARSkfression and the unusually high MFI
of rAd-MART-1-infected cells suggests that thedattwo arguments may be valid for rAd-
MART-1 infection, as large quantities of MART-1 petn production possibly affected cell
growth and metabolism. This also seems to be trube case of pp65-streptavidin, where
high MFI values were observed despite the negatbreslation between the percentage of
positively-expressing cells and hpi. This indicatdtht, even though percentages of
positively-expressing cells were between 40 and ,60% prolonged infection time was
either resulting in cell death or malfunction. Matata is required to determine what factors
are primarily affecting expression of the other tpmes, but collectively, the varying
expression profiles observed goes further to raikethe need for empirical data to assess

influencing factors on recombinant protein exprasgor individual proteins.

Once expressed in bulk using the optimal conditisesombinant protein purification was
optimized successfully to maximize final proteinelgis. There was a fair amount of

recombinant protein loss after purification, but tgields and level of purity of the
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recombinant proteins were relatively good, andisieffit for future experiments. While large
scale batch (bioreactor) cultures can produce g9{ay/ml of recombinant protein using an
AES, most small laboratory large-scale protein pobdn systems provide between 5-7
ug/ml (Garnier et al., 1994), indicating that thepeession levels of MART-1 (1.6-2g/ml)
were average, but that of pp65 (3g/ml) was relatively high. The fusion protein yigldere
unexpectedly low compared to pp65, given the dathendose /time trials. This was perhaps
because the exposure of the His tag to agaroses lveasl limited, possibly due to a steric
interference from the additional streptavidin conethese proteins. The fusion proteins could
also have been aggregating due to the ability refpsdvidin to form tetramers. This could
have masked the His tag, and prevented attachméheé tcolumn. Lichty et al (Lichty et al.,
2005) hypothesised such a problem for small, selaligregates that form in protein lysates,
and showed decreased vyields of isolated proteirausec the His tag was inaccessible.
Alternatively, the poorer purification of the fusioproteins was perhaps related to the
denaturation and renaturation of the protein in thridisation purification protocol.
Matsumato et al (Matsumoto et al., 2011) suggest@aething similar in their study,
describing lower than expected yields of a stragtavfusion protein because of problematic
re-folding of the protein. Despite the lower pwdi yields, the quantities of the fusion

proteins that were purified here were adequaté&i®purposes of this study.

After purification, the proteins were used to cee#lte targeting reagents needed for this
study. Chemically conjugated proteins/peptidesteptor-specific antibodies are commonly
used as a reagent to target particular cell typesvo (Ramakrishna et al., 2007, Sancho et
al., 2008, Bonifaz et al., 2002). While there app®abe many types of conjugations, the
most adaptable method is via succinimide esterghaddlows the coupling of two unrelated

proteins, regardless of their side groups. Thishowtwas thus employed to create the
chemical conjugates here, for one of the four D@eiing strategies to be explored. The
chemical conjugates were successfully created tayrlg simple procedure, and detected at
the correct molecular weights. However, there wasigaificant decrease in yield after

purification. The extensive loss of pp65-antibodynjagates is possibly explained by the
large size of the conjugates, and potential paltiaitag concealment because of the size. In
addition, the poorer yields generally obtained fribra native purification protocol may have

contributed to this loss (as shown in Figure 3 H)e presence of several other bands
(including those of the reactants) detected faimlyhe final product, suggested that there

was perhaps a heterologous mix of protein speagbas been noted in other studies (Pagel
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et al., 2006). These species were difficult to s&gafrom the required products, and it is
something to bear in mind for future experimentstarms of interference involving the

targeting of receptors.

As mentioned earlier, one of the targeting straegncluded the use of genetically fused
proteins with a slight variation on the geneticidnsapproach. A versatile targeting reagent
was created in the form of a genetic fusion ofgaedin to the antigen of interest. This
offers a means to attach various biotinylated rewegpecific antibodies or biotinylated TLR
agonists to the antigen in a simple process. Rditerdture documenting the exploitation of
such streptavidin-fusion proteins to target certe@his within the body has shown great
promise. Wang et al (Wang et al., 2007) producedl @raracterized a bifunctional fusion
protein that consisted of an antibody variable dan{eecognizing the CA125 antigen of
ovarian cancer cells) and core-streptavidimvitro testing of the fusion protein showed an
ability to target biotinylated antigens and biotatgd liposomes to ovarian cancer cells very
efficiently. In view of this, use of the streptamefusion proteins created in this study, could
open up many more DC targeting possibilities thagirmally planned, making it a potentially
more beneficial system to use than the chemicglgates.

Another approach to target DC receptors in thidystnakes use of biotinylated pp65.
This method is one that is less straight forwam@htlthe two previously described. It also
exploits the strong affinity between biotin andeptavidin, and involves the use of
biotinylated antigen and biotinylated antibodiexaai in equimolar amounts, and added to
anti-biotin magnetic beads. The idea behind thiategy is that the mixture containing the
biotinylated antibodies, biotinylated antigen andi-@iotin beads allows the majority of
beads to attach to both the antigen and antibobg. résulting antibody-antigen complexes
would then be added to cells, and should theotbtiedlow the antigen to be targeted to
specific receptors. This method has potential toubeful forin vivo applications, and is

therefore worthy of exploration.

Overall, all reagents created were produced isfeatory quantities and were determined to
be functionally competent. The methods outlinedvaldor targeting the produced antigens to
surface DC receptors will be assessed individuatly comparatively in experiments to come
in Chapter 5 using these reagents. In view of the of advantages and disadvantages
attached to the targeting schemes, it will be reargsto evaluate each method based on ease

of production, efficacy, and versatility.
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Chapter 4

Assessment of model antigen immunogenicity

4.1 Background and aims

4.1.1 Dendritic cell subsets

Monocyte-derived DCs (moDCs) were initially idered and described in 1994 (Sallusto and
Lanzavecchia, 1994), and have since been the nwstnonly used human DC model,
extensively studied with regard to phenotype antttion. The ease of moDC generation
and the abundance of their precursors in blood ntaken the ideal laboratory model.
However, studies have suggested that moDCs maybeotentirely reflective of the
functionality of human myeloid DCs (mDCs) as prexly thought (Proudfoot et al., 2007,
Osugi et al., 2002, Patterson et al., 2005). TigSe are considered to be inflammatory DCs
that are recruited to sites of inflammation ratttean resident immature tissue DCs which
would be the target of a HIV-1 vaccine (Naik et 2006). Thus, while moDCs are a useful
means to understand the interactions of DCs witterotmmune cells, it is important to
explore other human DC subsets, and determine whdtiey differ significantly from
moDCs. Functional differences between DC subsetgé lbeen highlighted in the literature
(Duraisingham et al., 2009, Osugi et al., 2002y eould be in part a result of differences in
the type of stimulation used, or the experimentatqrol or criteria, amongst other factors.
Due to limited current literature exploring DC tatipg strategies in blood mDCs (CD1c+
mDCs), it is of interest to investigate the potahtf these cells and moDCs to induce

enhanced CD8+ T-cell responses, when stimulatedriggted foreign antigens.

4.1.2 Use of adjuvants

Adjuvants are able to enhance an immune resporsspecific antigen through activation of
antigen-presenting cells (APCs), and via inductioin prolonged antigen presentation
(Schwarz et al., 2003). Some studies have shownniiti@out the presence of an adjuvant in
addition to a foreign antigen, DCs can remain mady state, and elicit tolerance to the
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antigen, through the activation ofedJcells (Bonifaz et al., 2002, Reis e Sousa, 2004us,
for vaccine purposes, it is important to includeadjuvant in order to fully activate DCs, and

induce the appropriate T-cell responses.

Research has shown toll-like receptors (TLRsS) t@dticularly useful in this respect, given
their responsiveness to pathogen-associated mategatterns (PAMPS), and their ability to
influence the type of immune response elicited (TdilTh2) based on the stimulatory
molecules initiating the responses. Even with thalarities in signalling pathways induced
by different TLR ligands, there are prominent difieces in their adjuvant properties
(Schwarz et al., 2003). In humans, it has beeadcint several studies that TLRs 3,4,7 and 9
appear to be most effective in inducing Thl respsnehile TLR1, 2 and 6 are more capable
of inducing Th2 responses (Mazzoni and Segal, 2B@#hakrishna et al., 2007).

4.1.3 Aims of chapter

The general aim of this chapter was to verify ttie purified CMV pp65 and MART-1
antigens were immunogenic and adequate forims&tro. The capacity of different TLR
ligands to influence antigens-specific T cell rasges was also addressed. The specific aims

of this chapter are as follows:

0] To briefly characterise the DC subsets used indfuidy, looking specifically at purity
and phenotype of cells.

(i) To compare several adjuvants, and select the osé dl@de to enhance T-cell
responses.

(i)  To evaluate the immunogenic properties of pp65 BIART-1 via their ability to
induce T-cell proliferation and cytokine productionDC-T-cell co-culture assays.

(iv)  To characterise the phenotype and function of Tscekpanded using the model

antigens as stimuli.
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4.2 Materials and Methods

4.2.1 Cell culture media and buffers

For the maintenance of T-cells after DC-stimulati®®PMI-1640 supplemented with 10 %
human AB serum (Sigma-Aldrich, UK), 2 mM L-glutarein100 IU/ml penicillin and 0.1
mg/ml streptomycin was used (all from PAA LaborasrGmPH, Austria). DC precursors
were differentiated in culture medium consistingRIPMI-1640 supplemented with 10 %
foetal calf serum (FCS) (PAA Laboratories GmPH, #a¥ 2 mM L-glutamine, 100 1U/ml
penicillin and 0.1 mg/ml streptomycin, 100 ng/ml GB&F (Granulocyte-Macrophage
Colony Stimulating Factor), and 1000 U/ml IL-4. FQ&s purchased heat-inactivated,
however human AB serum was incubated at 56 °C @om# in order to inactivate it. For
washing steps, RPMI-1640 Hepes modification (RPMpek) supplemented with 2 % FBS,
2 mM L-glutamine, 100 IU/ml penicillin and 0.1 md/streptomycin was used. The percoll
solution utilised in the separation of lymphocy&esl monocytes was a 50 % percoll solution.

Three percoll solutions were used in the blood seflaration protocol, and were made up as

follows:

50 % percoll =107 ml 70 % percoll solution +#BHanks balanced salt solution
(HBSS) (Sigma-Aldrich, UK)

70 % percaoll = 145 ml percoll (Sigma-Aldrich, UK)85 ml percoll mix

Percoll mix =60 ml 10x PBS + 176 mp®1

The freeze-mix solution utilised for long termlesbrage in liquid nitrogen was made up of
10 % dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Ul) FCS.

For the incubation of cells with magnetic beadsgnadic-associated cell sorting (MACS)
buffer was used, and consisted of sterile PBS supghted with 2 % FCS and 2 mM
ethylenediamine tetra-acetic acid (EDTA) (Rochedbiastics, UK). The buffer required for
washing and resuspension of cells to be used dar dlytometry was fluorescence-activated
cell sorting (FACS) buffer, and consisted of seeRBS supplemented with 2 % FCS, 2 mM
EDTA and 0.1 % sodium azide. To fix cells afterofiescent staining, 2 % paraformaldehyde
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(PFA - made up in 1 x PBS) was used. BD stabilifirgtive (BD biosciences, UK) was

preferentially used for less stable fluorochromes.

4.2.2 Primary cell isolation and culture

4.2.2.1 Isolation of mononuclear |eukocytes from whole adult blood

Leukocyte cones from healthy individuals were ai#di from the National Blood Services
(Colindale, UK). Each cone (approximately 20 ml)swaqually divided into two 50-ml
Falcon conical tubes. Blood sample was dilutedwlith 10 % FCS HEPES-RPMI modified
medium. The diluted blood was underlaid with 15lynhphocyte separation medium (PAA
Laboratories GmPH, Austria) and spun for 25 min2800 rpm (ROTINA 46, Hettich
Zentrifugen) with no brake. Peripheral blood mordear cells (PBMCs) were subsequently
harvested from the interface and washed twice wilhml of 2 % FCS HEPES-RPMI
modified medium for 10 min at 1580 rpm. PBMCs wéren either frozen for long-term
storage or used for the separation of lymphocytas hon-lymphocytic cells.

4.2.2.2 Separation of PBMCs into lymphocyte and monocyte-enriched fractions

Percoll (50 %) was overlaid with isolated PBMCs amain for 30 min at 300 rcf with no

brake. The percoll interface (PI) (monocyte / DCiared fraction) and percoll pellet (PP)
(lymphocyte enriched fraction) were harvested. Baitland PP cells were washed twice with
50 ml of 2 % FCS-RPMI to remove any residual pdrddell viability was determined by

trypan blue exclusion, prior to the cells beingzén and stored in liquid nitrogen. Briefly,

cell count was determined by diluting cells 1:4Qriypan blue, loading 10 pl of the resulting
dilution onto a disposable haemocytometer (Biodti&t), and counting the number of total
cells within nine of the smaller squares. Total celunt was calculated using the formula

below:

Total no. of cells = average cell count ¥ kOdilution factor x volume
Fresh PI cells underwent further separation intol&b monocytes and/or CD1c+ mDC
precursors (see below), before freezing. If notaRd PP cells were resuspended in freeze

mix at a cell density of approximately 10-50%Xglls/ml, and frozen overnight at -80 °C.
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Samples were then transferred to liquid nitrogemasfe, if they were not used directly after

separation.

4.2.2.3 Generation of monocyte-derived dendritic cells (MoDCs)

Fresh PI cells were washed once in MACS buffer)evinozen PI cells were thawed at 37 °C
and washed twice in 10 %-FCS RPMI media, and onddACS buffer. Cell pellets were
resuspended in MACS buffer and CD14+ cells weréaisd using immunomagnetic anti-
CD14 microbeads and MACS separation columns asthEemanufacturer’s instructions
(Miltenyi Biotec, Germany). The purified CD14+ nomytes were cultured in 10 % FCS-
RPMI with 100 ng/ml GM-CSF and 1000 U/ml IL-4 for7sdays at 37 °C and 5 % G@
generate immature moDCs. Fresh cytokines were adfted 2-3 days. Immature moDCs
were phenotypically characterised and their pwisyg assessed based on a number of surface

markers, detected using flow cytometry (Table 4.1a)

4.2.2.4 Isolation of CD1c" blood dendritic cells (myeloid blood DCs)

Blood myeloid DC precursors were isolated fromtir&3 cells, which were washed once in
MACS buffer upon isolation. Cell pellets were rgzisded in MACS buffer and the human
CD1c+ (BDCA-1+) DC isolation kit (Miltenyi Biotedzermany) was used to purify myeloid
DC precursors. Briefly, this involved a two-stepl&ion procedure of CD1c+ CD19- cells
using immunomagnetic anti-CD19 beads, biotinylatetti-CD1c beads, FcR blocking
reagent, anti-biotin beads and MACS LD and LS s#par columns as per the
manufacturer’s instructions. The purified BDCA-DEs were counted and “@ells/well
were added to 96-well U-bottomed plates. Cells veetltured in 10 % FCS-RPMI with 100
ng/ml GM-CSF and 1000 U/ml IL-4 for 2 days to all@ki¥ferentiation into immature blood
myeloid DCs (CD1c+ mDCs). These cells have the ptygre expected of immature tissue
DCs. Immature CD1c+ mDCs were phenotypically charésed and assessed on purity

based on a number of surface markers, detected fisim cytometry (Table 4.1a).

4.2.3 A*02:01 Human Leukocyte Antigen (HLA) typeeitification

A sample of PBMCs was taken from each cone betomaderwent percoll separation, and
cells were surface stained with HLA-A2 antibody Iflea 4.1a) and analysed by flow
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cytometry. Once a cone showed positive stainingHbA-A2, further tests were needed to
determine if it exhibited an HLA-A*02:01 phenotypl brief, approximately 1-5 x £0
PBMCs from the positive samples were stained viith@MV pp65 and MART-1 pentamers
(Prolmmune Ltd, UK). These pentamers bind to T ostleptors of a particular specificity,
determined by the major histocompatibility comp@HC) allele, which in this case is
A*02:01 (see Table 4.1b). Pentamer staining wasviad by a wash step and second step of
staining with anti-CD19, CD3 and CD8 antibodies l[Ea4.1a) as per manufacturer’s
instructions (Prolmmune Ltd, UK). Cells were théxefl and analysed by flow cytometry.
Samples displaying a population of pentamer-pasitells for both pentamers were deemed
A*02:01-positive.

4.2 .4 Purification of recombinant adenoviruses

Viruses were purified for use in cell culture assaging an Adenopure LS Adenovirus
Purification Kit (Puresyn Inc, USA) as per manutaet’s instructions. Briefly, this involved
passing the viral infectious supernatant througbemes of clarification and virus-binding
filters in a low-pressurised column in order tolase adenovirus particles in a minimum
elution volume in the final stage of the proced@ace isolated, purified virus samples were
guantified using ultraviolet (UV) light spectromgtiMaizel et al., 1968). This allowed us to
obtain virus particles (VP) per ml values for theified virus samples, which was preferred
over pfu/ml in the case of cell culture experimeatsit more accurately depicted the amount
of viral antigen that the DCs were to be exposed to

4.2.5In vitro DC-T-cell co-culture assays

4.2.5.1 DC pulsing

Cells were counted and “6ells/well were added to 96-well U-bottomed plafBisey were
then pulsed for 18-20 hrs with three concentratioingp65 (1, 5 and 1Qg/ml), or infected
with three concentrations of rAdpp65 (1000, 2506 &0A00 virus particles (VP)) at 37 °C.
Similar pulsing/infections were carried out for MAR stimulations using A*02:01 cell
samples, although the concentrations of MART-1 s were 0.1, 0.5 and pg/ml.
Staphylococcal enterotoxin B (SEB) (500 ng/ml) stiation was used as a positive control.

To account for any proliferation due to adenovirtdgdGag (carrying a full-length Gag
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sequence from a Chinese Clade B/C chimaeric sGhif4) was used to infect cells at 5000
VP. This rAd was created in the same way as rAdpp6Eomparative experiment evaluating

immunogenicity of the model antigens compared ® risspective fusion antigens was also
performed. Cells were pulsed with three concemnatiof protein as described above (0.1, 1
and 10ug/ml for pp65 and pp65-strep; 0.1, 1 angddgml for MART-1 and MART-strep),

and incubated overnight, to be used in a DC-Tamltulture assay the next day.

4.2.5.2 Adjuvant stimulation of DCs

This experiment was to evaluate which agonist wdaddbest suited for enhancing T-cell
proliferation after stimulations with pp65/MART-Dnce this was assessed, the agonist that
stimulated the highest proliferative T-cell respemsvas used in all further work. Initially,
DCs were pulsed with 1 protein concentration oedtéd with 2500 VP of rAd (as described
above) followed by an overnight incubation. Adjutsawere added the next day to stimulated
cells (only one protein and one virus concentrati@s evaluated) using the concentrations
shown in Table 4.2, and cells were further incutbdter 3-4 hrs at 37 °C and 5 % @O
CFSE-stained autologous T-cells (see 4.2.4.3) vikem added to DCs, and a further
incubation of 7 days occurred before harvestintscel

4.2.5.3 Carboxyfluorescein succinimidyl ester (CFSE) staining of T-cells

CFSE staining of T-cells interacting with stimut®Cs was used to measure antigen-
induced CD4+ and CD8+ T-cell proliferation. FrozBf lymphocytes were thawed and
washed twice in 10 % FCS-RPMI and incubated witlginl DNasel (Roche Diagnostics)
for 3-4 hrs. These cells underwent two PBS-wastvese counted and diluted in PBS to
approximately 10-20 x f@&ells/ml. Human AB serum (1 %) was added to tHis cand they
were kept suspended on the vortex as a 4 uM CFSEdeRition was added to them (final
concentration of 2 uM). Samples were then left usthaking conditions for 5 min, followed
by two washes with 10 % FCS-RPMI and one final wagh 10 % AB-RPMI. They were
resuspended in 10 % AB-RPMI, and added to stimdl&€s at 10 cells/well (DC: T ratio

of 1:10). As a control, some wells contained CF&fned and unstained T-cells only. All
CFSE procedures were performed under low-levemilhation. Proliferation assays were
cultured at 37 °C for 7 days, after which the celisre either surface stained alone (for
proliferation and phenotypic data), or underwenthbsurface and intracellular staining (to

evaluate proliferation and cytokine production).
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Table 4.1a -List of monoclonal antibodies and their isotypetcols used for flow cytometry staining

Antibody Fluorochrome Clone Isotype Supplier
Dendritic cell markers

CD11b PE ICRF44 IgG1 BD Pharmind&n UK
CD11b APCC ICRF44 IgG1 BD Pharmind&n UK
CD11c PE B-ly6 IgG1 BD PharmingelY, UK

CD11c APCC 3.9 IgG1 eBioscience Ltd, UK
CDla APCC HI 149 lgG1 BD Pharming&h UK
CD14 PE M5E2 IgG2a BD Pharming&h UK
CD19 FITC HIB19 IgG1 BD Pharming&, UK
DC-SIGN (CD209) FITC DCN46 IgG2b BD Pharming¥nUK

CD80 PE 2D10 lgG1 eBioscience Ltd, UK
CD83 PE HB15e lgG1 BD Pharmind&h UK
CD83 FITC HB15e IgG1 BD Pharmingéh UK
CD86 FITC FUN-1 lgG1 BD Pharming8h UK
CD86 APCC FUN-1 IgG1 BD Pharmingéh UK
CD123 PE 9F5 lgG1 BD Pharmind&h UK
HLA-DR Pe-Cy5 L243 (G46-6)  lgG2a BD Pharming®nUK
HLA-A2 FITC BB7.2 IgG2b BioLegend UK, Ltd
Lineage cocktalil FITC NCAM16.2, IgG1 BD Pharmingef, UK

(consists of CD3, MoeP9, L27,
CD14, CD16, CD19, SJ25C1, 3G8, 19G2b
CD20, CD56) SK7
T-cell markers

CD3 Pe-Cy5 UCHT1 IgG1 BD Bioscienc¥s UK

CD4 APCC OKT4 19G2b eBioscience Ltd, UK

CD8 PE 37006 19G2b R&D Systems Europe Ltd
CD8 APCC-H7 SK1 IgG1 BD Biosciences, UK
CCRY PE 3D12 IgG2a eBioscience Ltd, UK
CCR7 APCC FAB197A IgG2a R&D Systems Europe Ltd
CD45RA Pe-Cy7 HI100 1gG2b eBioscience Ltd, UK

T-cell cytokines

IFN-y Pe-Cy7 4S.B3 IgG1 eBioscience Ltd, UK
TNF-o APCC MAb11 lgG1 BioLegend UK, Ltd
IL-2 PE MQ1-17H12 IgG2a eBioscience Ltd, UK
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Table 4.1b —List of pentamers for flow cytometry staining

Pentamer origin Pentamer Peptide Allele | Fluorochrome | Supplier
origin Sequence
Human cytomegalovirus pp65 4957 NLVPMVATV | A*02:01 APC Prolmmune
504 Ltd (UK)
Human Melan A/ | ELAGIGILTV | A*02:01 APC Prolmmune
MART 26- Ltd (UK)
35

Table 4.2 -Adjuvants utilised in DC-T-cell co-culture experintse

Agonists Receptor Concentration Supplier
Poly (I:C) TLR 3 50 pg/ml Sigma-Aldrich (UK)
Lipopolysaccharide (LPS) TLR 4 1 pg/ml Sigma-Aldrich (UK)
(Escherichia coli 0111:B4)
Flagellin TLR 5 1 pg/ml Invivogen (France
PAM2CSK4 TLR 2/6 1 pg/ml Invivogen (France
CLO97 (Imidazoquinoline) TLR 7 and TLR 8 5 pg/mi vivogen (France)
CD40 Ligand (CD40L) CD40 5 ug/ml Invitrogen (UK)

4.2.6 Phenotypic and functional analysis of T-cellso-culture assays

4.2.6.1 Surface staining of cultured T-cells to detect specific TCRs

After culturing, cells were harvested and stainethantibodies against CD3, CD4, CDS,
CCR7 and CD45RA (all in FACS buffer) for 20 min ice (see Table 4.1a). Cells were then
washed with FACS buffer, fixed with stabilizing &itive (BD Biosciences, UK) and stored
at 4 °C until they were acquired on a 3-laser-gurfition LSR Il flow cytometer (BD
Biosciences, UK).

4.2.6.2 Intracellular staining of cultured T-cells to detect cytokines

Cytokine production by stimulated T-cells was aseddy re-stimulating the 7-day cultured
cells for 5 hrs with Phorbol 12-myristate 13-acet®MA) (0.1ug/ml) and ionomycin (1
uM) (both from Sigma-Aldrich, UK). Brefeldin A (BFAJ10 ug/ml) (Sigma-Aldrich, UK)

was added for the last 4 hrs. For each set ofrerpats, a set of samples did not receive
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PMA and ionomycin stimulations, but did receive BHAese samples were used as controls
to set flow cytometry gates for cytokine productemmalysis. After re-stimulation, cells were
harvested and intracellularly stained in FACS hutfie ice for 20 min with anti-CD3, CD4,
and CD8 antibodies (Table 4.1a). Cells were thash&d, and fixed in 2 % PFA for 10 min
at room temperature. Following washing, cells wasned with antibodies against IFiN-
IL-2 and TNFe in 0.1 % saponin buffer for 40 min at room tempane Cells were finally

washed, fixed and stored at 4 °C before acquirement

4.2.6.3 Pentamer staining of A*(02:01 cultured T-cells

T-cells (non-CFSE-stained) were harvested from wtie assays after seven-day
incubation, and were incubated with the respeatimgugated pentamer (see Table 4.1b) at
25 °C for 10 min to surface stain antigen-specificell receptors, as per manufacturer’s
instructions (Prolmmune, UK). Cells were then wakhising FACS buffer, and surface

staining was performed as described in sectior64.2vith the addition of an anti-CD19

antibody.

4.2.7 Data acquisition and gating strategy

Data from co-culture assays were acquired on anliLSRser flow cytometer and analysed
using FACS Diva software (BD Biosciences, UK) oowlo 7.6.5 software (Tree Star, Inc,
USA). The gating strategy used to evaluate T-cb#notypes and cytokine production is
shown in Figures 4.1 and 4.2 respectively.

4.2.8 Statistical analysis

Statistical analysis was carried out using GraphPasin 5.0 software (San Diego, USA).
The paired Wilcoxon signed rank test was appliedhltopaired, non-parametric data, as
recommended by a professional statistician (Mr@logdiahoo, Imperial College London). A
Bonferroni post-test correction was used to corfectmultiple comparisons, and p < 0.05
was considered statistically significant.
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4.3 Results

4.3.11nvitro generation and phenotypic characterisation of Digssts

Monocyte-derived dendritic cells (moDCs) and blowgeloid dendritic cells (CD1c+ mDCs)
were generated from monocytes and CD1lc+ mDC preunespectively, isolated from
leukocyte cones of healthy individuals. For moDC814+ monocytes were purified from
the monocyte-rich interface layer after a percadparation, using magnetic beads.
Approximately 15-30 million monocytes were isolatatid the purity of the resulting cells
was evaluated using flow cytometry. Cells were tbtmbe of a high purity, characterised as
CD14+ HLA-DR+ (Figure 4.3a). These cells were tlweitured for 5-7 days in medium
containing GM-CSF and IL-4 to generate immature i@eDPhenotypic characterization of
immature moDC was assessed by flow cytometric amalgf the expression of a C-type
lectin (DC-SIGN), MHC class Il marker (HLA-DR), miged markers (CDla, CD11b,
CD11c), maturation marker (CD83) and co-stimulatmiglecules (CD80 and CD86) (Figure
4.3b). Cells were shown to express high level$ibA-DR, DC-SIGN, and all myeloid
markers. They were deemed immature due to neghighpression levels of CD80, CD83
and CD86.

The CD1c+ mDCs were also purified from the integféeyer after a percoll separation using
two magnetic separation steps. A negative seleatias initially done to exclude CD19+
cells (as a proportion of CD1c+ cells also expeB4.9), followed by a positive selection of
CD1c+ cells. Between 0.8-3.5 million cells werelased on average, and evaluated for purity
by flow cytometry using CD123 (pDC marker) and CDfnyeloid marker). As expected,
cells were CD123- CD11c+ (Figure 4.4a). Purifietlscevere cultured for two days with
GM-CSF and IL-4 to generate immature CD1c+ mDCsenBlypic characterization of
cultured immature mDCs was assessed using antbadiainst lineage (Lin) markers (cell
surface antigens that are commonly found on lymptesy, CD123, HLA-DR, co-
stimulatory molecules (CD80, CD86), CD83 (matunatioarker) and DC-associated markers
including CD1a, CD11c, CD11b, and DC-SIGN (Figurébd. Cells were shown to express
high levels of HLA-DR and all myeloid markers, whihot expressing any of the lineage
cocktail markers and CD123, and only expressingrinediate levels of DC-SIGN.
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Figure 4.3 - Phenotypic analysis of in-vitro-derived moDCsdaheir precursors from leukocyte cone
blood. (a) Purity of isolated monocytes before aftdr CD14+ bead separation was evaluated based on
CD14 and HLA-DR. (b) Expression of myeloid markecs-stimulatory markers, and DC-associated
markers are shown for immature (5-day cultured) @sDBlue histograms show non-specific isotype
staining whereas red histograms show marker-spesiéiining. Data shown are representative of three

independent experiments.

140



Chapter 4

(@)

Isotype control Before purification After purification

o1 ] X a2
5] a1 a2 5]
10> 40.039% 0.001% 105 4382% 494% 10° 487.4% 8.02%
4 - ©
Bn 10 7 g a
E - s
o B :
b $ g
a < !
£ = &
S £
38 £ 3
o
i
03 0 304 a3
34.34% 0.276%
0‘27]% T LA} T T
105 0 10 100 10t a0’
Comp-PE-A: 1961 Comp-PE-A: CD123 Comp-PE-A: CD123
CD11c
CD123
HLA-DR CD80 CD83 CD86
! A A
A \ Nl 1] 1 " U
# | I\ Wi f
A i | I'-/'I e ! ‘\:',’\
| AR
\ "\ ‘1 \ AR i
[ \ | ¥ [,‘ \
/ [ AR i } \ i\
P [ | { /1
i\ 11\ | | (1
[ i [ 1\ [
" [ | 1R (1l o\
[\ f 1\ (1 1\ o\
7 \ I \ | \ ] \
f \ o\ I \ | B
/ i | \ 4 f1 |\
\ ¥ \ ! / \ \
\ |
.\ !\ o - oy o o ey T Teer
T 2 2
R e I s e e e 8 0 10 10 w0t 10 0 10 100 10t 10®
2 3 4 5 0 10 10 10 10
0 10 10 10 10 CO83-PE CD86-APC
HLA.DR-PeCys CD80-FITC
DC-SIGN CDla CD11b CD11c
A f 4 A A A
i |" X A il I\ i 1
I\ | \ ) If\ I M | w‘ PAY
| ¥ I I i |\ i i\
i\ i I [ | [ | " |
\ I I ! | [ | [\
| | f | I\ | \
\ | | 8 / | \
\ f | { I / \ Il | \
Fl 1 I Y | \ I \
| o o A | J’ \ I / \
[ (\ { \ | \ f \
: ‘ .: ll 1‘ ‘I .': .l | ‘Wf\\' Il’ A‘ ‘I ’ .‘\
ANVAR! I\ f \ [/ \ o\
J X \ v "\ o
\ 0 \ 0
O gy T T T T " v [ . e L SR "5'
o 10° 100 w0t 10° o 10° 10 10 10 0 100 10 10t 10° 0 10 10 10 10
CO12APC Cdt1oAPC
DC.SION-FITC CO11b-PE
Lineage cocktalil CcD123

N\
™ ™™ - ey e da 8 L] o . |3 T T
0 100 10* 10® o 10° 10 10 10
Un- FITC CD123-PE

Figure 4.4 - Phenotypic analysis of cultured, immature CDImPCs and their precursors from
leukocyte cone blood. (a) Purity of isolated CDImBC precursors was evaluated before and after
CD1c+ separation based on CD123 and CD11c. (b) &twession of myeloid markers and co-
stimulatory markers (amongst others) is shown famature (2-day cultured) CD1lc+ mDCs. Blue
histograms show non-specific isotype staining waereed histograms show marker-specific staining.
Data shown are representative of three indeperedgeriments. 141



(@)

SSC-A

(b)

88C-A

0 50K 100K 150K 200K

pp65 pentamer -

a2
0057%
@
o
o
<
w
o
g
s 0.057 %
03
0.00%
T
w0t 10’

Comp-APC-A": pentamer+

CcD8

Pp65 pentamer

Chapter 4

< .
8 Negative A2 sample
FITC-A HLA-A2
250K HLA-AZ¢
81.4%
200K
S0K 100K 150K 200K 250K § ..
FSCA @ Positive A2 sample
0 D § T T T
0 10° H)3 10‘ Io5
FITC-A- HLAA2
CD3+CD8+ cells
g
4
£
250K
FIoA Comp-PE-Cys-A- CO3
CD8+CD19- cells
mS_
; m‘-‘
1 AN
& 3 o
IR I+
W:%
0
0 W: |(lJ W‘ |D5
/ Comp-FITC-A: CO19 \
pp65 pentamer + MART pentamer - MART pentamer +
Q2 ] Q2 Q2
0317% 100.0% 0.030% 0.116%
® @ ?
8 8 8
£ < £
¢ : §
a a a
5 0.317 % H 0.03 % 5 0.116 %
2
10 3
Q3 Q3 0 =04 Q3
0.00% 0.00% 30.00% 0.00%
YT T T o e | L) T ™
10° TS 0 w00 100wt a0

Comp-APC-A": pentamer+

Comp-APC-A" pentamer+

CD8

MART pentamer

Comp-APC-A: MART pentamer

Figure 4.5 - Gating strategy used to identify A*02:01+ indiuvals. Initially HLA-A2 positive samples
were identified (a), and further stained with CMy63 or MART-1 pentamers to identify A*02:01+
individuals (b). Positive cells were CD3+CD8+CD@ntamer+.

142



Chapter 4

Interestingly, immature mDCs expressed low levelsco-stimulatory and maturation
markers (CD80, CD86 and CD83), while moDCs demaietr a negligible expression of
these markers. This has been seen before (Osabj 2002) and suggests mDCs are slightly
phenotypically activated, even in the immatureest@verall, the generated immature moDCs
and CD1c+ mDCs demonstrated the presence of aloteg markers, and purity of samples

was accepted as adequate for experiments to follow.

4.3.2 Identification of A*02:01-positive individusl

Donors with the HLA-type A*02:01 were identifieding flow cytometric analysis. Initially,
individuals were determined to be A2-positive usargHLA-A2-specific antibody (Figure
4.5a). The presence of CD3+ CD8+ CD19- T-cells thate CMV-positive (memory) and
MART-1 positive (naive) was then assessed in th@ositive donors, using A*02:01-
specific CMV pp65 or MART-1 pentamers (Figure 4.5bhe pentamers were designed to
bind directly to specific T cell receptors, basedtbe MHC allele and peptide combination,
and therefore allow the detection of antigen-spegbpulations (Proimmune, 2011). In
general, the detection of A*02:01-positive donommswiot as high as expected (40-60 % of
Caucasian population), with only about 1 positindividual per 9 donors. We were able to
identify at least 7 individuals for this study wivere A*02:01-positive.

4.3.3 Assessment of the use of agonists in moD@HTco-culture assays

To evaluate the ability of chosen adjuvants to maRCs, moDCs were stimulated overnight
with TLR agonists that bound to TLRs 3-8 and CD#Bese adjuvants were chosen given
their success in inducing DC maturation in previousrk within our laboratory (pers.

comm.: Dr Sai Duraisingham). Samples were analpyesssessing the level of expression of
CD83, CD80, CD86 and HLA-DR on stimulated DCs (Fey4.6). There was a notable
increase in the number of cells positively expregsLD83 and CD86 in samples stimulated
with agonists for TLR3, 4 and 7/8 (poly I:C, LPSdaGLO97 respectively), compared to
unstimulated moDCs and the isotype control (Figdtéa). The percentage of cells
expressing CD80 did not appear to increase aftgrvadt stimulations. This was also

observed after stimulation with TLR 5 and 6 agan({fiagellin and PAM2CSK4), in addition

to a low percentage of cells expressing CD86. Hanahese agonists did induce an increase
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in the number of cells expressing CD83 (Figure ¥.he mean fluorescence intensity (MFI)
data, which indicated the mean expression of tilpedive receptors per cell, showed a
marginal increase in levels of CD80, CD83 and HLR-Bxpression between unstimulated
DCs and stimulated DCs (Figure 4.6c). However, CBgpression levels were greater for
samples stimulated with LPS and poly I.C than ttieeosamples. Thus, these agonists were
able to fully activate DC maturation, while the ethagonists were perhaps only partially

inducing phenotypic maturation.

Further analysis of the stimulatory effects of thesjuvants was assessed using preliminary
moDC-T-cell co-culture assays. T cell proliferatiaxperiments using CFSE-stained
responders were conducted, in which immature DCs wellsed with model antigens or
infected with rAds, incubated overnight and thentured using selected adjuvants.
Autologous CFSE-stained T-cells were later addeti¢cstimulated, mature DCs at a ratio of
1:10 (DC: T-cell), and samples were incubated fatays before T-cell proliferation was

analysed.

Stimulations with CMV pp65 protein and rAdpp65 idd#&ion to any of the agonists
demonstrated higher proliferative responses thargusgimulus or agonist alone (Figure 4.7).
This confirms that all the agonists were able tdureaDCs sufficiently to activate T-cells.
Noticeably, while samples exhibited variation, LiR€reased proliferation of both CD4+ and
CD8+ T-cells to a greater extent than the othenesge, particularly for the rAdpp65 virus-
infected samples, where there was a significantijpdr proliferation compared to samples
stimulated with flagellin and CD40Llp(< 0.05). This was in agreement with the maturation
data illustrated in Figure 4.6, where flagellin #apPAM2CSK4 only partially matured DCs,
and therefore enhanced T-cell proliferation to ssée extent. Surprisingly, CD40L did not
demonstrate an ability to enhance T-cell respofsesnost samples, except CD4+ T-cell

samples stimulated with pp65.
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Figure 4.6 -Evaluation of moDC activation after TLR ligand stilation using surface receptor staining

and flow cytometry. (a) and (b) Representativereggion of activation markers, CD80, CD83, CD86
and the MHC class Il cell surface receptor, HLA-BiR shown after cells were incubated overnight with
the respective agonists. (a) Comparison of isogme DC only (designated none) to agonists actigatin
TLR 3, 4 and 7/8 (Polyl:C, LPS and CLO97 respetyive(b) Comparison of isotype and DC only

(designated no adj.) to agonists activating TLR8 & (flagellin and PAM2CSK4), and CD40L. (c) The

mean fluorescence intensity (MFI) of the respecti@eeptors on positively expressing cells is shown
using data from three independent experiments. Adgjuvant
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Figure 4.7 — Assessment of (a) CD4+ and (b) CD8+ T-cell peddition after stimulation with pp65-
pulsed or rAd-infected moDCs and co-stimulated veithected agonists. The cumulative data from 9
independent experiments are shown. Data depictsnddian with the range. * - denotps< 0.05; as
analysed by the non-parametric, paired Wilcoxoneifrank test, with a Bonferroni post-test.

146



Chapter 4

A
I
DC + T-cells + S ——— J*
—Th
[ -
| m—— |
g N
MART-1] e }
[ s c— *
e @ No adjuvant
e E— @ Poly IC
—_—1
rAdMART-14 -~ = LPs
i — Bl Flagellin
- - Bl PAM2CSK4
o 3 CLO97
[ s — ]
rAdGag4q == 1 CD40L
—Xh
L] L) L) L)
o o o o (=]
~N ™ b3

% CD8+ CFSE-low cells

Figure 4.8 — Assessment of CD8+ T-cell proliferation afteimstlation with MART-1-pulsed or rAd-
infected moDCs and co-stimulated with selected eg®nThe cumulative data from 4 independent
experiments are shown. Data depicts the median tivélrange. * - denotgs< 0.05; as analysed by the
non-parametric, paired Wilcoxon signed rank tegt) & Bonferroni post-test.

MART-1 stimulated samples also demonstrated theresponses when LPS was used as an
agonist (Figure 4.8). While CD40L induced some higgponses here, these were mainly for
virus-infected samples. Despite other studies laghihg the use of CD40L to improve cross
presentation of antigen (Bozzacco et al., 2008 résponses observed here rendered the use
of CD40L as a less attractive adjuvant option. W& favoured because of its ability to
stimulate consistent, enhanced T-cell proliferatresponses for protein samples. It was
therefore chosen as an adequate adjuvant for-alliitore experiments.

4.3.4 Immunogenicity of pp65 and MART-1

The stimulatory capacity of purified pp65 and MARTproteins was evaluated to confirm
their immunogenicity. Immunogenicity of the recomdmt adenoviruses carrying model
antigens was also included to provide a positivdifierative control, as well as to make

qualitative comparisons between protein- and vatirsulated responses.
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Co-culture experiments were set up as describedeabging both moDCs and CDl1c+
mDCs. Three concentrations of pp65 (1, 5 andu@lnl), MART-1 (0.1, 0.5, 1ug/ml),
rAdpp65 or rAdMART-1 (1000, 2500 and 5000 VP) wezealuated, and all samples
included a SEB stimulation as a positive controltfee autologous reaction. Examples of the
gating strategies used to identify T-cell prolitewa via CFSE-staining, T-cell phenotypes
and cytokine production is illustrated in Figure$ d4nd 4.2.

4.3.4.1 CMV pp65

Monocyte-derived DC samples stimulated with pp68 aeidpp65 (Figure 4.9a) displayed
widely varied responses, suggesting that although general population have memory
responses against CMV, the magnitude of these megsgovaries substantially. The T-cell
responses against SEB were much higher than adr adsponses (as much as 80-95 %
proliferation), confirming reactions to be autologo(data not shown). There were strong
proliferative responses detected for all rAdpp6&éeted samples, with the highest responses
demonstrated by 5000 VP of rAdpp65, showing medanes as high as 23.8 % and 18.5 %
of CD4+ and CD8+ T-cell responses respectively. AGag responses were indicative of
the adenovirus-stimulated responses and were foundoe significantly detectable,
accounting for approximately half of the responseduced by rAdpp65 of the same
concentration (5000 VP). Proliferation as a resfltpp65 protein stimulation was less
pronounced, although still strong, with 5 pg/mhsilating better responses than the other
two concentrations (mediarvalues of 16.2 % and 10.1 % for CD4+ and CD8+ IT-ce

responses respectively).

* Quantitative data quoted in the text can be asslito be median values unless otherwise stated.
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Figure 4.9 - Immunogenicity of pp65 as presented in the fayffull-length protein or using
recombinant adenovirus carrying pp65 gene. T-a@llifpration is shown after incubation for 7 days
with LPS-stimulated antigen-pulsed moDCs (a) andl€DmDCs (b). The cumulative data from 12
(&) and 4(b) independent experiments are showm edfteection for background responses to DCs
alone (DC background median and range: 1.4 % a3.0. % for (a); 1.0 % and 0.3-1.9 % for (b).
Horizontal lines depict median values, and circlgsares represent individual donor responses.
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Stimulations of CD1c+ mDCs demonstrated less variah responses and showed a robust
response to virus stimulations, with 5000 VP rAdppeducing as much as 33.03 % CD8+
T-cell proliferation, less than half of which wagedto Ad (Figure 4.9b). This is not entirely
surprising, given that the recombinant adenovirugesld have had access to the classical
MHC class-I and cross presentation pathways. Tégoreses to pp65 protein did not seem to
differ noticeably with an increase in concentratiand were more than two-fold lower than
what was obtained when moDCs were stimulated, Bpaity the CD8+ T-cell proliferative
responses. This suggests that moDCs were abl@tess and present pp65 protein epitopes

via the cross presentation pathway more efficiethigyy CD1c+ mDCs.

Proliferating T-cells stimulated by both moDCs a@Dlc+ mDCs were primarily
characteristic of terminally differentiated effectonemory T-cells (TEMRA) (CCR7-
CD45RA+) or effector memory T-cells (EM) (CCR7-CORIA-) (Figure 4.10). The ratio of
TEMRA: EM for induced CD4+ and CD8+ T-cells showea marked differences between
stimulating moDCs with protein or virus. CD1lc+ mDCD8+ T-cell phenotypes
demonstrated higher percentages of TEMRA cells dibrsamples (especially protein-

stimulated samples), compared to moDC-activatedllB-c

Cytokine production by samples co-cultured with n@sDinduced IFN¢ production by
CD4+ T-cell for all samples, although 10 pg/ml pp&Eemed to stimulate a marginally
greater percentage of cells producing WNFigure 4.11a). No IL-2 was produced, but 1
pag/ml pp65 was able to induce reasonable levelBN#-a-producing cells (2.01 %). There
were high percentages of CD8+ T-cells producing \When stimulated with 10 pg/ml
pp65 (10.2 %), and CD8+ T-cell-mediated IFFNsroduction elicited by both protein and
virus stimulations were generally better than CDé4¢ell production (Figure 4.11b). With
regard to multi-functional T-cells, 5 and 10 pg/mh65 induced the most prominent
responses, with a large proportion of CD4+ T cplisducing IL-2 and IFN- (16.18 and
24.28 % respectively) (Figure 4.11c). IL-2+ IRM-TNF-o production from CD8+ T-cells
was also high for 10 pg/ml pp65-stimulated sam(8@s32 %), with low levels of IL-2+IFN-
v+ production for the virus-infected samples (Figdirgld).

As seen with moDC samples, CD4+ and CD8+ T-cethgkated by CD1c+ mDCs mainly
produced IFNy, although lower percentages of positive cells wirtected in these samples

compared to moDC samples (Figure 4.12). Virus-igfg@csamples generally demonstrated
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better IFNy production by CD8+ T-cells, except in the casé& pfg/ml pp65, which induced
a percentage of cells expressing I1f#K£.2 %) (Figure 4.12b). A high percentage of CO4+
cells expressing IL-2 and IFiNwas observed when mDCs were stimulated with pp6teim
and rAdpp65 (Figure 4.12c). The percentages of CD&ells producing multiple cytokines
were overall higher compared to that produced by€D-cells, especially when cells were
stimulated with 1 ug/ml pp65, producing IL-2+ IRN; IFN-y+ TNF-a+, and IL-2+ IFNy+
TNF-a+ (3.78, 6.18 and 15.07 % respectively) (Figure2d)1 Hence, CD1ctmDCs
activated greater percentages of polyfunctionalellsc when stimulated with lower

concentrations of pp65.

4.3.4.2 Melan-A/IMART-1

For MART-1-stimulated samples, only the CD8+ T-a@sponses from HLA-A2 positive
individuals were analysed, as these individualgesgan unusually high frequency of naive
CD8+ T-cells (and not CD4+ T-cells) that recograseimmunodominant epitope of MART-
1 (Pittet et al., 1999). In general, there seenwdd little difference in the stimulated
responses obtained for different concentration8RT-1 protein, with only a two-fold
increase in proliferative response between 0.1 ny/ml MART-1 (Figure 4.13a). The
rAdMART-stimulated samples demonstrated an incr@ageoliferation as the number of VP
increased, with 5000 VP displaying better respong&&8 %) than the other two
concentrations of virus (16.8 and 19.6 % respelgiive

The ratio of TEMRA: EM CD8+ T-cells from MART-1 stulated samples was
approximately 60:40 for most samples, with TEMRAllxeagain demonstrating more
prominence than what was seen for T-cells co-cedtwyith pp65-stimulated moDCs (Figure
4.13b).

With regard to cytokine production, 0.5 pg/ml MARTprotein stimulated detectable
amounts of cytokine production from CD8+ T-cellspecially at the lower concentrations as
was seen with pp65-mDC samples (1.65 % #£12:1 % TNFe, and 1.8 % IL-2). As shown
with pp65, IFNy was prominently produced by all samples, with bighest percentage of
IFN-y-producing cells detected when cells were stimdlatgéh 5000 VP rAdMART (2.75
%). Polyfunctional T-cells were not activated way rAdMART, although IFNy+ TNF-o+
cells were elicited by MART-1 protein, with a medigercentage of 16.2 % for 1 pug/ml
MART-1 stimulation.
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Figure 4.10- Phenotypes of proliferated CD4+ (a and ¢) an@€[b and d) T-cells after incubation for 7 day$hmiiPS co-stimulated moDCs (pulsed or infected
with pp65 or rAdpp65 respectively) (a and b) or €6InDCs (¢ and d). The cumulative data from 5 @ l@nand 3(c and d) independent experiments anergho
where bars represent the median, and error barmssest the maximum values.
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Figure 4.11— Assessment of T-cell cytokine production aftercalture with stimulated moDCs, to evaluate imngeicity of pp65 (in the form of full-length
protein or via recombinant Adenovirus carrying ppfghe). CD4+ (a and c) and CD8+ (b and d) T-cefbkipe production (IL-2, TNFe and IFNy) is shown

after incubation for 7 days with LPS co-stimulatedDCs (previously incubated with respective prdigios for 24 hrs), followed by re-stimulation withMA,
ionomycin and BFA. (a) and (b) depict single cytakiproduction, while (c) and (d) depict multipleakine production by individual cells. The cumwiatidata

from 6 independent experiments are shown afterectian for background responses to DCs alone (ivegahlues were designated 0). Bars depict the amadi 153
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Figure 4.1Z - Assessment of T-cell cytokine production afterculture with stimulated CD1c+ mDCs, to evaluateniunogenicity of pp65 (in the form of full-
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shown after incubation for 7 days with LPS co-staed CD1c+ mDCs (previously incubated with respegprotein/virus for 24 hjs followed by re-stimulation
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4.3.4.3 CD8+ T-cell antigen-specific responses

Antigen-specific responses to CMV pp65 and MART-grev evaluated using pentamer-
staining specific to a given MHC class | pp65 andRT-1 epitope, and were detected after
7-day co-cultures as previously described. Givenlttw number of samples, no statistical
significance was observed for antigen specificitgwever the trend showed a general
increase in antigen-specific responses as protaicentration increased for both pp65 and
MART-1 (Figure 4.14). The responses to the virdedted cells were less pronounced for
rAdpp65 and rAdMART, with only marginal differencdaa antigen-specific response
between the three concentrations measured. Iniaddihere was no apparent correlation
between the levels of antigen-specific responsebk tha number of VP used. MART-1-
specific responses were lower in magnitude, arekpscted, responses to rAdGag were low.
In general, antigen-specific CD8+ T-cell responsese found to be substantially lower
when measured by pentamer staining compared to GEfing as previously illustrated in
Figures 4.9 and 4.13.

4.3.4.4 Immunogenic comparison of model antigens with their respective fusion antigens

To demonstrate that the presence of streptavidithénfusion proteins did not negatively
affect the immunogenicity of pp65 and MART-1, CD8+cell proliferation was briefly
examined after stimulating cells with three concatidns of model antigens, and respective
streptavidin-fusion antigens (Figure 4.15). Forppbe difference in proliferation was more
pronounced at low concentrations, with pp65 indgce four-fold lower proliferative
response compared to pp65-strep at a concentrafiod.l pg/ml (Figure 4.15a). This
difference decreased as concentration of protetneased, with very little difference in
immunogenicity at the higher concentrations (8.8 46.4 % for 1 pug/ml pp65 and pp65-

strep respectively).

For MART-1, the difference in immunogenicity wassde prominent at the different
concentrations, with MART-streptavidin (MART-strepdemonstrating slightly better
responses at the higher concentrations (11.1 arl %4 for MART-1 and MART-strep

respectively) (Figure 4.15b). Consequently, thetamdof the streptavidin core to the model
antigens did not adversely affect its immunogenicit
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phenotypes (b), and CD8+ T-cell single and multipfeokine production (c and d respectively) areictepl after T-cells were incubated for 7 days Wi

co-stimulated A*02:01+ moDCs (previously incubateith respective protein/virus for 24 hrs). Cytokisamples (¢ and d) also underwent a re-stimulation
with PMA, ionomycin and BFA before being harvest@limulative data of 7 (a), 3 (b, ¢ and d) indepaehdperiments are shown after correction fo
background responses to DCs alone in (a, ¢ an¢hdyative values were designated 0). DC backgrouedian and range for (a): 1.3 % and 0.9-3.7 %:

Horizontal lines (a) and bars (b, ¢, and d) depietian values while error bars show the maximurueal
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Figure 4.15— Comparison of CD8+ T-cell proliferative respande model antigens and streptavidin-
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4.4 Discussion

The complexity of the role DCs play in the innatel adaptive immune responses has yet to
be fully elucidated. There are now at least sixedé#nt human DC subsets that have been
identified in blood and peripheral tissue, all diieh differ in functionality. In this study we
looked at the immunogenicity of our model antige@@VV pp65 and MART-1, and
compared the ability of two DC subsets to elicitdll responses against these antigens. The
induced T-cell responses were characterised toigeaw broad picture of the cell-mediated
responses the antigens elicit, and were also cadparthose responses observed in other

studies, to verify the integrity of our produceddrebantigens.

Two DC subsets (moDCs and CD1c+ mDCs) were assessA®Cs in this study, evaluated
with respect to their ability to activate CD4+ &0B8+ T-cells when stimulated by the model
antigens, or their respective rAds. moDCs were ehdecause of their common useitro,
while CD1c+ mDCs were selected because they haavqusly demonstrated an ability to
elicit better T-cell proliferative and cytokine psmises than moDCs under autologous
conditions, as well as influence immune reactioma@s a Th1l response (Osugi et al., 2002).
Precursors for both moDCs and CD1c+ mDCs were ipdrifrom leukocyte cones using
immunomagnetic bead technology. Evaluation of thaurity through flow cytometry
confirmed that these cells were expressing theogpate markers, and that the majority of
other cell types had been successfully excludedis Maas further verified by the
characterisation of the cultured, immature CD1c+@sDand moDCs as based on their
surface markers. As expected, moDCs were foundetcCbla+ CD11lb+ CD1llc+ DC-
SIGN+ HLA-DR+, and CDlc+ mDCs showed a similar pitgpe of CDla+
CD11b+CD11c+ DC-SIGN+ HLA-DR+ in addition to beihg- CD123-.

Once DCs had been characterised, it was impormaexplore the effect of various adjuvants
on moDCs, to identify an appropriate adjuvant te msn vitro experiments. The need for an
adjuvant was two-fold. Firstly, adjuvants are ablactivate DC maturation which is required
to elicit immunogenic T-cell proliferation. If DQgmain immature, they induce tolerance to
the stimulatory antigens (Bonifaz et al., 2002)c@wlly, the presence of an adjuvant leads to
an augmentation of the initial response to an antighence increasing T-cell responses

further. This was well demonstrated here, wherentlst notable adjuvants (LPS, Poly I:C,
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CLO97 and CD40L) were able to induce phenotypicunsion of DCs, as well as enhance
proliferative responses against pp65, MART-1 arairthespective rAds. It was not entirely
surprising that these four adjuvants were mostceffe in enhancing responses, given that
they are known to encourage Thl responses (MazmhiSegal, 2004). Of the four, co-
stimulation with LPS in addition to stimulation Witeither protein or virus consistently
elicited strong proliferative responses, and leth® higher expression of the co-stimulatory
molecule, CD86. It was therefore favoured overdtier adjuvants for use in the co-culture
experiments. LPS was assumed to be a suitableadjdor CD1c+ mDC stimulations too,

based on the similar TLR expression profile of éheslls to moDCs.

The chosen model antigens have demonstrated aity abilinduce strong CD8+ T-cell
responses in past studies (Moss and Khan, 200t Rit al., 1999). In particular, pp65
previously induced CMV-specific T cells presenthah frequencies in clinical infections,
with a distinct pattern of phenotypes and cytolpneduction (Dunn et al., 2002, Sandberg et
al., 2001). We showed here that the variation ithi®D4+ and CD8+ T-cell proliferative
responses to pp65 was fairly high amongst donaitstdsponses were relatively strong, with
more robust responses against rAdpp65 than pp@®iprarhe rAdGag stimulations were
included as a control to allow for adenovirus resm@s and showed prominent CD4+ and
CD8+ T-cell responses against this virus; althodlbse were always lower than the
observed rAdpp65 responses. This showed that rAsippés inducing a pp65-specific
response in addition to the response to adenovirus.

Generally, there were stronger CD4+ and CD8+ T-cefiponses to moDC-stimulated
samples compared to CD1lc+ mDC samples. The exceptiothis was CD1c+ mDC-
stimulated CD8+ responses to rAdpp65, which was hmstonger than the observed
responses in moDC samples. This indicated thatMREC class-1 presentation pathway,
primarily used for endogenous antigens such astbbsiral infections, is more efficiently
targeted in CD1c+ mDCs compared to moDCs. Furthexnthe low CD8+ T-cell responses
induced by the pp65 protein in CD1c+ mDCs suggktitat access to the cross presentation
pathway in CD1c+ mDCs was poor for exogenous antigich as the model antigen
proteins). This was initially a surprising findingjven that past research had indicated
otherwise for autologous reactions (Osugi et &l02. However, recent data has shown that

it is CD141+ blood mDCs, and not CD1c+ mDCs whick able to demonstrate superior
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cross presentation (Jongbloed et al., 2010). CDIMDE€s have only recently been identified
as a different blood DC subset from CDlc+ mDCs, apgear to be functionally distinct.
Jongbloed et al (Jongbloed et al.,, 2010) showet @141+ mDCs elicit better T-cell
responses and produce significantly higher levelé-42 compared to CD1c+ mDCs in the
presence of poly I:C. Moreover, CD1c+ mDCs dematsth a close correlation to C8
DC in mice in that they showed a limited capacity groduce IL-12 and induce Thl
responses. In particular, CD1c+ mDCs showed pooamrement of cross presentation when
a TLR agonist such as poly I:C or LPS was admiresteThe observations in our study are in
agreement with this data, although there are ather@ossible explanations for the low
CD8+ T-cell responses we observed. These explarsatioe related to the adjuvant used,
DC:T-cell ratio and the type of antigen utilisedhieh require further investigation before

any conclusions can be made.

With respect to MART-1 stimulations, T-cell proliégive studies have been looked at fairly
extensively (Romero et al., 2002), showing strord8€ T-cell responses in response to
MART-1(Casado et al., 2009). It is still unclear aswhy A*02:01 positive individuals
uniquely possess a naive T-cell population thabgeze the immunodominant epitope of
MART-1; however the ability to activate these cegfieovides the opportunity to study
primary T-cell responses. Data in this study showed stimulation with MART-1 protein
and rAdMART were able to elicit high responses thapeared to be greater in magnitude
than those elicited by pp65, specifically the rAdRIA-1 responses. This was unexpected
given the strength of memory T-cell responses, iBpakly those demonstrated against CMV
pp65. The weaker pp65 median responses couldrifeuget] to the high levels of variation in
CMV memory responses, but a closer look at the gatgested that it is also possible that
some of the individuals assessed were either sgatime or displayed poor pre-existing
immunity. Thus, in hind sight, it would have beembficial to have screened individuals for
CMV seropositivity before undertaking these immuerigity experiments, especially given
that myeloid DCs and monocytes are sites of CM¥rey (Jahn et al., 1999) and thus CMV
reactivation from DCs could have contributed to Theell responses observed. This should
be considered more closely in future studies whieal with CMV pp65 as a model antigen.

The strong CD8+ T-cell responses to the rAds weteemtirely surprising, given that the

adenoviruses had access to both the classical M&&3-tpresentation pathway and the cross

161



Chapter 4

presentation pathway, and could therefore stimutataulative CD8+ T-cell responses. It
was not possible to make any direct comparisonsvdest protein and virus-induced
responses because we did not have any data thattifpth MART-1 or pp65
carried/produced from the respective viruses, butas obvious from both sets of data that
virus-induced responses were high compared torteip responses, even when accounting
for the response to adenovirus. Nonetheless, theiprstimulated T-cell responses induced
in MART-1 and pp65 were detectable and antigenifipe@ccording to the pentamer-

staining data.

The specificity of the proliferative responses w6p and MART-1 as demonstrated using
pentamer staining, was found to correspond to cthalies, with broader ranges depicted for
pp65 compared to MART-1 (Kern et al., 2002, Pigetal., 1999). These responses were
useful in allowing us to gauge the levels of antigpecificity induced due to different
stimuli, however, the pentamer responses appearkd much lower than the total CD8+ T-
cell proliferative responses observed. There areraéreasons why this could have occurred.
Firstly, as mentioned above, all the virus sampkes$ additional responses to adenovirus that
need to be accounted for. While rAdGag was used @mitrol for this, the presence of pp65
and adenovirus at the same time could produce ditivaa effect on the magnitude of the
response observed. Secondly, the pentamer stapedfic for one epitope of the respective
proteins, but there are more immunogenic epitopasoth pp65 and MART-1 which could
have contributed to the higher total proliferatresponses (Yang et al., 2008a). Furthermore,
the HLA-restriction of pentamer staining does raket into consideration the HLA genetic
diversity demonstrated in the human populations tother HLA-types may have produced

stronger responses than HLA*02:01 individuals.

This HLA restriction is also a limitation imposed MART-1 experiments where donors had
to be A*02:01-positive. Although this is a commonLAdtype amongst Caucasian
populations, it proved more difficult than expectedobtain leukocyte cone samples that
were A*02:01-positive, with only 7 donors identdian the entire study. Given that the
leukocyte cone donors were anonymous, it is likkbt many samples were not donated by
Caucasian individuals, and therefore the ethnigatian in the donor population possibly
contributed to the low number of A*02:01-positivengples obtained. It is also possible that
our method of detecting A*02:01 donors, while themally sound, may not have been
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sensitive enough to identify all positive individsialt will need to be assessed further in
future related work to confirm its use for this pase. Unfortunately, due to this limitation,
the number of MART-1 samples was limited, and MAR§timulations of CD1c+ mDCs

were not explored.

The well characterised responses to pp65 and MAR&E provided us with information
regarding many aspects related to their immunoggnimcluding the T-cell phenotypes
induced by these proteins. With regard to the ptygres of the pp65 proliferating T-cells, the
literature has described it as heterogeneous, tmripently made up of CD8+ terminal
effector memory T-cells (TEMRA) (CD27+CD28+CD45RA&hd effector memory (EM)
(CD45RA- CCR7-) T-cells (Inokuma et al., 2007, Haet al., 2004). This was confirmed
here, where T-cell proliferation responding to stiation with both pp65 protein and virus
demonstrated high percentages of the TEMRA and BBhptype, the TEMRA phenotype
being more dominant. Although we did not assesetayicity in this study, several other
studies have shown that TEMRA memory cells displdnygh capacity for cytotoxicity based
on °!Cr release assays and their expression of perémihgranzyme B (Tomiyama et al.,
2002, Casado et al., 2009). On the other hand, Evhony T-cells have a lower cytotoxic
capacity, and their lack of, or low expression ofriing receptors, CCR7 and CCR5, means
their potential to migrate is also low (Tomiyamaagf 2002). Given that the pp65 antigen is
virus-derived, it was not surprising that it waseato induce stronger TEMRA responses, as

CMV-infected cells would need to be eliminatedlfaquickly to avoid the virus spreading.

Similarly, with tumour-related cells, one would exp TEMRA T-cells to dominate the
response, as the destruction of these cells preveair proliferation. Thus, MART-1 T-cell
responses here correspondingly demonstrated higtslef TEMRA and EM phenotypes, as
has been shown previously (Casado et al., 2009)suaily, MART-1 T-cells also included a
small percentage of naive T-cells after stimulatioipon closer examination, these cells
appeared to be CD45RA-low. This suggested that these more likely to be TEMRA-
related rather than naive cells, although furtherestigation with a greater number of
samples is needed to verify the phenotype. Addaignit would be of interest to investigate
the expression of other receptors that define Tqmeénotypes, such as CD27 and CD28
(Tomiyama et al., 2002). The expression of thesept®rs by memory T-cells have indicated

that there are several intermediate memory T-ceflufations, suggesting that there is a
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greater complexity to the differentiation pathwayls memory T-cells than was initially
thought.

In relation to cytokine production, CMV responses asually Thl-biased, characterized by a
high frequency of IFN+ production and low IL-2 production, despite théerof pp65 in
inhibiting inflammatory cytokine production (Kerrt @l., 2002, Harari et al., 2004). In
moDC- and CD1c+ mDC-stimulated samples, productbriFN-y was fairly prominent,
with an absence of singly-produced IL-2, as hasiljméblished in the above studies. That
being said, polyfunctional CD4+ T-cells producing2 and IFNy were elicited by both cell
subsets stimulated with pp65 protein. There iglitt the literature describing the benefits of
CMV-specific polyfunctional T-cells, however it hégen noted in HIV-1 studies that the
induction of T-cells producing IL-2 and IFNhas been correlated with protection (Boaz et

al., 2002). Hence T-cell polyfunctionality is thdudo contribute to T-cell efficacy.

Interestingly, the breadth of the cytokine proélecited by MART-1 stimulations was greater
than that seen with pp65, with the MART-1 protetmslating production of all three
cytokines measured, although rAJMART induced pogokine production comparatively.
There was detectable production of Iflgroduced by almost all MART-stimulated samples,
consistent with previous data (Pittet et al., 199@)wever, there was also a large percentage
of cells producing IFN#+ TNF-o+, indicating the induction of polyfunctional T-telby
MART-1 as well. Previous studies have focussedFisrj production by MART-1-specific
T-cells, but given the efficacy of polyfunctionaic€lls in viral infections, they are likely to

be significant against tumour development too.

It is important to note that the specificity of tbgokine responses induced in this study was
unknown, in view of the non-specific nature of PMAd ionomycin stimulation. Ideally,
cytokine responses should have been measuredrefs&éimulation using pp65 or MART-1-
pulsed autologous DCs, as this would have providedwith specific responses to the
proteins in question. However, non-specific stirtioles were deemed acceptable for the
purposes of this study as in other studies (Hanenal., 1997), because we were mainly
interested in exploring basic information about #ied of cytokines that the respective
model antigens could elicit. To account for the -4specificity to some degree, the

appropriate negative controls were included in ¢kperiments. These were samples that
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evaluated the cytokine production of DC and T-calisne (used to normalise stimulated
samples), and cells that were exposed to BFA butRMA and ionomycin (for gating
purposes). Although it is difficult to be sure tthiae magnitude and breadth of the responses
observed were due to antigen stimulation, the d¢ywkepertoire induced by the model
antigens in this study agrees with data from otkerdies that have evaluated the
immunogenicity of these antigens. However, it Vol of interest to investigate the use of

specific re-stimulations in future studies to vatiglthe observations made here.

The array of cytokines assessed in this study waiged to Thl-related cytokines, based on
past research, which has shown pp65 and MART-Igamsi display a bias towards Th1l-
induced responses (Kern et al., 2002, Butterfi¢ldl.e 2008). That being said, stimulations
with these antigens could induce other cytokineshsas IL-17 and IL-6, given the

intertwined relations Th responses share. Moread&tia relating to the cytokine repertoire
produced by the DCs upon stimulation (eg. IL-1210, TGFg) has not been investigated,

and is likely to consolidate our knowledge of thpet of immune response these cells elicit.
Thus, these aspects would be of interest to inya&tiin a more detailed study at a later

stage.

For the purposes of this study, the broad evalnatiopp65 and MART-1 immunogenicity
provided sufficient detail about the induced immuegponses to allow for investigation into
how these responses can be enhanced in the DQingrgirategies in the chapter to follow.
Thus, easy comparisons can be made between figemmnmunogenicity (depicted in this
chapter) and DC-targeted antigen immunogenicitye (firimary focus of Chapter 5).
Similarity of the pp65 and MART-1 protein responseshose of published data verifies the
immunogenic integrity of the produced antigens.tfien, the addition of a streptavidin core
to the fusion proteins does not appear to affecirtimunogenicity of the model antigens to a
great extent. This data therefore confirms the peced, purified antigens are suitable for use
in future experiments, where they will be targespécifically to endocytic receptors on the

surface of DCs in order to access the cross prasamipathway.
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Chapter 5

In vitro assessment of T-cell responses to specific DC-neie
targeting

5.1 Background and aims

5.1.1 DC endocytic receptor targets

Research has highlighted the need to improve ttheéction of strong, antigen-specific CD8+
T-cell responses by HIV-1 vaccines (Boyer et al999, Andrieu and Lu, 2007).
Consequently, access to the cross presentationvgathas sparked the interest of vaccine
researchers, because it provides a way to diratitlyulate specific CD8+ T-cell responses
against vaccine antigens. Certain endocytic receptm the surface of DCs appear to
preferentially direct endocytosed antigens towalds cross presentation pathway, thereby
enhancing antigen-specific CD8+ T-cell responsesn{dz et al., 2004, Burgdorf et al.,
2006). As mentioned in Chapter 1, there are a numbeéDC receptors that have been
explored as potential targets for directing anti¢@mards the cross presentation pathway in
mice including DEC-205, DCIR-1 and MMR amongst eth@urgdorf et al., 2006, Nchinda
et al., 2008). Recently, Idoyaga et al (Idoyagalet2011) demonstrated that by targeting an
HIV-1 Gag p24 protein to Langerin, DEC-205 or CLEEC@ceptors on CD8+ DCsin vivo,
Gag-specific T-cell responses could be inducedfartder enhanced in the presence of anti-
CD40 antibody. While such mouse studies are veeyulisn allowing us to understand how
the immune system functions and what effects ceftaitors have on immune responses, the
information gained from mouse studies is not alwaiysctly translatable to humans. This is
particularly true for DC studies, because mouse hochan DC subsets differ quite
significantly in functionality and phenotype (Bamckau et al., 2000, Proudfoot et al., 2007,
Palucka et al., 2010). In view of thig, vitro human studies exploring DC receptor targeting
strategies for possible use in vaccine regimensanently of great interest. A recent study
by Klechevsky et al (Klechevsky et al., 2010) iradéd the success of such targeting
strategies in humans, where they found targetirtggem to DCIR on the surface of skin-
isolated LCs, BMDCs and pDCs mediated cross prasentand induced antigen specific T-

cells. In addition, Bozzacco et al (Bozzacco et2007) also demonstrated some promising
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research whereby an HIV-1 Gag protein targetedh® DEC-205 receptor on moDCs
stimulated proliferation and IFN-production by CD8+ T cells isolated from the bloofd

HIV-infected donors.

In this chapter, we look at targeting four seleatstkptors as potential targets to send antigen
towards the cross presentation pathway. ThesedadREC-205, MMR, DC-SIGN and/or
CD1la. Four different targeting strategies were stigated to discover the most efficacious
option to direct antigen towards the selected rersep and to determine which of these
receptors are best able to significantly enhanc&+«D-cell responses. There are some
similarities in the four methods chosen in thatytredl make use of receptor-specific
antibodies to target the DC receptors, and use MARdnd/or pp65 as the antigen
component. The differences lie in how the reagangsprepared for targeting purposes, and
this potentially affects which processing route #mtigen is targeted to, as well as how the
antigen is eventually presented on the surface@s.D

5.1.2 Aims of chapter

0] To determine if the produced targeting reagentsuaretional.

(i) To evaluate the ability of the targeting reagerit®n{ four receptor-targeting
strategies) to direct antigen towards the crosseuration pathway.

(i)  To compare CD8+ T-cell responses (based on pratiter and cytokine production)
stimulated by targeting various receptors to detgenthe optimal receptor to access

the cross presentation pathway.
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5.2 Materials and Methods

5.2.1 Assessment of targeting reagents to attabiCtsurface receptors

To verify that the commercially-obtained receptpedfic biotinylated antibodies (Table 5.1)
were able to attach to the intended surface recgplow cytometry was utilised. Immature
moDCs or CD1c+ mDCs (approximately 1xX@lls) were incubated with 1 pg/ml of the
chosen biotinylated anti-receptor antibodies fom#6 on ice. This was followed by washing
cells, and incubating with a streptavidin-fluoromme secondary antibody for a further 20
min on ice (Table 5.1). Cells were washed once naoik fixed with 2 % PFA. Respective

isotype antibodies were used as controls for allaftachment experiments described here.

To confirm that the pp65-streptavidin (pp65-streppd MART-streptavidin (MART-strep)
antigens were able to bind to DCs via the abovéryiated antibodies, a similar procedure
as described above was used. Briefly, immature nso®€re incubated with the biotinylated
anti-receptor antibodies, cells were then washedl farther incubated with the respective
streptavidin-antigens (0.5 nM) for 20 min on icdteA another wash, cells were stained with
a pp65-specific monoclonal antibody, followed biynal staining step with a goat anti-mouse
fluorochrome secondary antibody (Table 5.1). Ceftfsch were exposed to all the reagents
except the primary antibody against the streptavioteins were used as a negative control,
to account for any binding of the secondary antybtodthe initial receptor-specific antibodies

instead of the antigen-specific antibody. Afteastwash, cells were fixed with 2 % PFA.

Attachment of the pp65-chemical conjugates to serf®C receptors was assessed as
described for the fusion proteins, except thatfittseé incubation step was eliminated because
pp65 was already attached to the respective anéibodnd could therefore be incubated
directly with cells at a concentration of 0.5 pg/fihe final targeting strategy made use of a
commercially purchased reagent that consisted &b ppeptides, anti-biotin monoclonal
antibody, and a fluorescent tag (Fluorescein iscfanate (FITC)) attached to a polymer
scaffold (referred to as a dendrimer). The attactinoé pp65 dendrimers (Miltenyi, UK) to
DCs via the biotinylated antibodies was also evaldlaHowever, because the dendrimer was
conjugated to a FITC tag, cells underwent the firstibation step mentioned above with the
anti-receptor antibodies, and then a final incudrativith the dendrimer (10 min on ice),
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before they were fixed. Because the concentratioth® dendrimers was unknown, the
binding capacity of five dilutions of the reagerds\evaluated, ranging from 0.1 to 1.

Table 5.1- Antibodies used to target antigens to DC reasgad in flow cytometry staining procedures

Antibody Conjugation Clone Isotype Supplier
Endocytic receptor-specific antibodies
DEC-205 (CD205) Biotin MG32 Mouse 1gG2b eBiosciehte, UK
MMR (CD206) Biotin 15-2 Mouse IgG1 BioLegend UK d_t
DC-SIGN (CD209) Biotin eB-h209 Rat IgG2a eBiosciemtd, UK
CDla Biotin HI149 Mouse IgG1 eBioscience Ltd, UK

Staining antibodies for flow cytometry

Streptavidin PE - - eBioscience Ltd, UK

Pp65 None OBT0742 Mouse IgG1 AbD serotec (UK)
MART-1 None M2-7C10 Mouse IgG2b AbCam® (UK)
Goat anti-mouse PE Polyclonal Goat Ig BD PharmA4edK

5.2.2 DC-T-cell co-culture assays with the targgtiagents

5.2.2.1 DC pulsing using biotinylated pp65 reagents

This method made use of biotinylated pp65, theimyjtdted receptor-specific antibodies and
anti-biotin microbeads (Miltenyi, UK). A pilot DC-€ell co-culture assay was carried out to
determine the optimal quantities to use of eaclgeefito obtain T-cell enhancement. Only
DEC-205 targeting was examined at this stage. Tuemntifies evaluated were based on
similar molar ratios of antigen and antibodies,c#pmlly exploring 1:1, 1:5 and 1:10 of
antibody: antigen. First, biotinylated pp65 and tioglated DEC-205 antibody were
incubated with the anti-biotin micro-beads (in tlaying ratios) at room temperature for 10-
15 min. This allowed the reagents to form the ttingeconjugate of pp65-anti-biotin bead-
antibody. This was followed by the addition of 518" DCs to the mixture, which was
incubated for a further 30 min on ice. DCs werentlveashed using serum-free media,
resuspended in 10 % AB serum, added to 96-well ttbbed plates at a concentration of 10
cells/well, and incubated overnight at 37 °C ané65CQ,. After incubation, LPS (TLR4
agonist) (Sigma-Aldrich, UK) was added to DCs abacentration of 1 pg/ml, and cells were
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incubated for a further 3-4 hrs before the additdrautologous, CFSE-stained T-cells (see
section 4.2.5.3). As a positive control, SEB (5@nm) was used to pulse cells in all co-
culture assays, and the respective isotype coatribodies were used as negative controls.
Once the optimal ratios had been decided, all ohleviing DC-T-cell co-culture assays for
this targeting strategy were set up as describegteghusing the optimal quantities of beads,
antibodies and biotinylated pp65.

5.2.2.2 DC pulsing using chemically-conjugated reagents

An initial titration co-culture experiment was dad out to determine an appropriate
concentration of the chemical conjugate to useurthér experiments. Three concentrations
were assessed (0.1, 0.5 and 1 pg/ml), and CD8Hl padiferation was evaluated. The
optimal concentration was then used for furthereexpents. DC-T-cell co-culture assays
were set up where 5 x 4DCs were added to sterile FACS tubes, and thesepubr 1 hr at
37 °C with the pp65 chemical conjugates, namelg5pPEC-205, pp65-MMR and pp65-
DC-SIGN and their respective isotype controls. Ooomplete, pulsed DCs were added to
96-well U-bottomed plates and the remaining stdpbhe co-culture experiment were carried
out as described in section 5.2.2.1. An FcR blaglagent (Miltenyi, UK) was used in all

experiments to eliminate non-specific binding afgents to cells.

5.2.2.3 DC pulsing using streptavidin fusion reagents

As with the chemical conjugate experiment, an ahititration co-culture experiment was
carried out to determine an appropriate conceotrabtf pp65-strep to be used. Once
identified, this concentration was used for furtbeperiments with these reagents. DC-T-cell
co-culture assays were then set up where recepéaifie antibodies (5 pg/ml) were added to
sterile FACS tubes, followed by the addition of & DCs, and incubation on ice for 20
min. DC were washed, and further incubated on itd pp65-strep or MART-strep. The
pulsed DCs were then washed again, resuspende@l % human AB serum, and added to
96-well U-bottomed plates for overnight incubatian37 °C and 5 % COThe remaining
steps of the co-culture experiment were carried asitdescribed in section 5.2.2.1. All
MART-1-related stimulations were done using A*02:64ll samples. Controls for these
experiments included the use of SEB-pulsed DCstypso antibodies for each of the
respective biotinylated antibodies, as well as D@@sibated with and without the antigen

alone. In addition, an FcR blocking agent (MiltenidK) was used in experiments to
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eliminate non-specific binding of reagents to cellsecond FcR blocking agent (BioLegend,
UK) was employed for later experiments depicte#igure 5.10.

5.2.2.4 DC pulsing using CMV pp65 dendrimer reagent

This procedure was the same as that used for thptatidin-fusion reagents, with the
exception of the second incubation step. The Initiaubation involved the addition of a
commercially available pp65 dendrimer to cells (laé the recommended concentration of
manufacturer) (Miltenyi, UK) instead of the strepthn-fusion reagents. In this case, the
pp65 dendrimer was incubated at the recommendeckotnation with DCs for 15 min at 4
°C. In addition, an FcR blocking agent (MiltenyiKlwas used in experiments to eliminate

non-specific binding of reagents to cells.

5.2.3.5 CFSE staining of T-cells

Done as described in section 4.2.5.3.

5.2.3 Titration of reagents

5.2.3.1 Lymphocyte proliferation assay
These assays were performed using the pp65-stegeme and pp65 dendrimer reagent to

stimulate DCs (Miltenyi Biotec, UK). DC-T-cell caitture assays were carried out for 5
days, and were performed as described in secti@®.5 and 5.2.2.4 respectively. After this,
the cultured T-cells were pulsed for 16 hrs at & wWith 2.5 pCl/well {H]-thymidine
(PerkinElmer LAS Ltd, UK). Thymidine incorporatiamas halted by freezing samples at -20
°C. Cells were then thawed at 37 °C for 1 hr, aad/ésted onto filter mats. These were left
overnight to dry, after which, mats were coatedhwieta-emitting scintillation liquid and
sealed in plastic covers. Thymidine incorporaticaswead as counts per minute on a Beta-

plate liquid scintillation counter (Wallac, Turkiinland).

5.2.4 Phenotypic and functional analysis of T-cellso-culture assays

As described in section 4.2.6

5.2.5 Data acquisition, gating strategy and stesisainalysis
As described in section 4.2.7 and 4.2.8
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5.3 Results

Initial assessment of the efficacy of the targetieggents began with a functional analysis of
their binding capacity to the surface DC receptdiise attachment of the commercially
purchased biotinylated receptor-specific antibodoetheir respective receptors on DCs was
first examined (Figure 5.1 and 5.2). On moDCs, aitibodies bound to the respective
receptors (Figure 5.1a), although there were vanatin the expression of the chosen
receptors, which is why some receptors seemed tdebected better than others (Figure
5.1b). DC-SIGN and CDla were most prominently esped (67.9 and 66.5 % on average
respectively), while DEC-205 and MMR were expresteed lesser extent (31.3 and 39.3 %).
The CD1¢ mDCs demonstrated high levels of expression of 2B8 and CD1la (55.7 %
and 78.2 % respectively), with moderate levels @-SIGN (35.9 %) and no detection of
MMR. The lower levels of DC-SIGN on CD1anDCs compared to moDCs has been
reported previously, and the absence of MMR on CIDCs has also been noted (Kato et
al., 2000). Overall, all receptor antibodies seeitwedttach as expected to the surface of the

chosen DCs and proved to be adequately biotinylaté@ utilised in the targeting strategies.

5.3.1 Targeting DC receptors using biotinylated5p6

The first method of directing pp65 antigen towatlitls chosen receptors on moDCs, was to
use a mixture of biotinylated pp65 (bio-pp65) andtibylated receptor-specific antibody
with anti-biotin magnetic beads. The premise behihd strategy was that by adding
different molar ratios of the antigen and antibady the anti-biotin beads, we would
maximise the binding of both reagents to individbehds (as shown in Figure 5.3a), and
therefore create an antibody-pp65-bead conjugdtes. Would therefore allow antigen to be
targeted to the selected receptors. Using varyamgentrations and amounts of bio-pp65 and
beads, and keeping the DEC-205 concentration aongth pg/ml), a pilot titration
experiment was set up to determine an appropretie of the three reagents that would
induce strong T-cell proliferation after targetitgDEC-205 and its isotype control, 1gG2b
(Figure 5.3Db).

172



Chapter 5

CD1la DEC-20t DC-SIGN
i 4
! A f
| l‘. i
{1 89.8% i | { \
( k} : ‘f,; E 55.8%
[ I [
J ‘ ‘I | II ]
f i
[
'.‘ l IR | \
| A A | A
¥ | 1
/) N /74
0l £ NI/

TN T T T T TR S T TreT yreT TrOT
0 10 10 10 10 0 10-\ 103 10 105 ‘105
Streptavidin-PE Streptavidin-PE Streptavidin-PE

MMR
o
— { 67.3%
Isotype |

L i e —— R
5
0 10° 103 104 105
(b) Streptavidin-PE
1001
.
© 4
3 80
2
5 604
>
S
5 40-
[
e
-
ﬁ 204
&
0-

Figure 5.1 — Assessment of the binding of receptor-specifitbadies to endocytic receptors on moDC
surface. (a) Attachment of biotinylated receptogesfic antibodies to the respective receptors (3HG;
MMR, CD1a, DC-SIGN) on moDCs. Histograms are gaindespective isotypes, and moDCs alone were
used as a negative control. (b) Percentage of ¢spective receptors detected on moDCs. Data is
representative of 3 independent experiments, amdtan and SD is depicted in (b). Ab = antibody.
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Figure 5.2 — Assessment of the binding of receptor-specifitbadies to endocytic receptors on CD1c+
mDC surface. (a) Attachment of biotinylated recejsjeecific antibodies to the respective receptbisE-
205, MMR, CD1a, DC-SIGN) on CD1c+ mDCs. Histograans gated on respective isotypes, and CD1c+
mDCs alone was used as a negative control. (beR&ge of the respective receptors detected on €D1c
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The use of 0.1 pg/ml of bio-pp65 and 30 ul of maignkeads (unknown concentration)
stimulated the best CD4+ and CD8+ T-cell prolifematresponses, demonstrating values
almost four times greater than using bio-pp65 algingure 5.3b). This ratio (1:1 of antibody:

antigen) was thus used for further experiments.

While the responses varied quite considerablyetarg receptors to induce enhanced CD8+
T-cell responses using this method was not prompisinth all targeted receptors depicting
similar proliferative responses to each other i isotypes (Figure 5.3c). There were also
no significant differences between these respoasdsio-pp65 + beads with no antibody, or
antibody + beads with no bio-pp65. Similarly, cytak production reflected only marginal
differences between targeted and non-targeted samgéspite the high percentage of cells
producing IFNy and TNFe (Figure 5.4a). These responses can possibly bleustd to the
presence of the beads rather than pp65, as theypreminent in all samples including those
that lacked antigen. Interestingly, there was aérigoroduction of multiple cytokines by
receptor-targeted bio-pp65, specifically IFN-NF-o-IL-2 production by bio-pp65 targeted
to DEC-205. MMR and DC-SIGN targets also induceddypolyfunctional CD8+ T-cell
responses, although these did not appear to beedigriifferent from their isotype controls
(Figure 5.4b). An Fc blocking agent was not incida these experiments, but would
probably have been useful to dampen the responsesbgerved for the isotype controls.
That being said, the similarity between targeted man-targeted responses depicted high
non-specific responses, and implied that the targetf DC receptors with biotinylated pp65
was not effective in enhancing CD8+ T-cell prokftton. Optimisation for this targeting
approach was difficult due to limited knowledgepded by the manufacturer about the anti-
biotin beads. Therefore, this approach was notogggl any further, and MART-1 targeting

was not attempted for this strategy.

5.3.2 Targeting DC receptors using chemical coripga

The second targeting strategy made use of pp65 ichynconjugated to receptor-specific
antibodies using a stable thioether bond. Thetgloh the purified chemical conjugates and
their isotypes to bind to the respective receptorghe surface of moDCs was tested using
flow cytometry (Figure 5.5a). DEC-205-pp65 was alolebind most effectively, with pp65

175



Chapter 5

being detected on the majority of cells. MMR and-BIGN conjugates seemed to bind less
effectively, with almost three-fold lower percengagof pp65-positive cells. This was
surprising considering the high expression of DGI$lon moDCs, however, as stated in
Chapter 3, the presence of other components imptindied aliquots of these conjugates
means that these could potentially affect the bigdiffinity of the conjugates. Thus, while
all three conjugates did successfully demonstratdifmg to moDC receptors compared to
their isotype controls, the weaker binding affindf the MMR and DC-SIGN conjugates
indicated that a fair comparison of the abilitytoése receptors to direct antigen to the cross

presentation pathway is difficult with this targegistrategy.

With that in mind, a titration experiment was sptta determine the optimal concentrations
of the chemical conjugates to use (Figure 5.5beXpectedly, the isotype control data was
higher than expected, even though an FcR blockyegtawas included in these experiments.
DEC-205-pp65 had moderately better responses tigin isotype controls at the different

concentrations, with almost double the proliferativesponses at low concentrations.
However, it was only at 0.5 pg/ml that MMR-pp65 aB€-SIGN-pp65 stimulated a

marginally better response than its isotype con€ohsequently, this concentration was used

for further experimentation.

DEC-205-pp65 induced significantly better CD8+ Thgeoliferation in moDC-T-cell co-
culture experiments (12.1 %), with a four-fold iease in CD8+ T-cell responses compared
to free pp65, and a three-fold increase compardéd teotype (Figure 5.6a). MMR-pp65 was
also able to significantly enhance CD8+ prolifamtresponses by more than two times that
elicited by its isotype control, IgG1l (7.4 % comgrhrto 3.1 % respectively), while DC-
SIGN-pp65 induced responses that were more tharbleloaf the free pp65-induced
responses (6.7 % and 2.9 % respectively), but airtolits isotype.

Data from stimulations with CD1ctnDCs was less encouraging. Although all targeting

conjugates produced better responses than free gpb8ifference in responses compared to
their isotypes was small, even in the presence éicR blocking agent (Figure 5.6b).
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Figure 5.3— Targeting DC receptors with biotinylated pp6f,gsanti-biotin magnetic beads. (a) Schematic
diagram of the binding of biotinylated pp65, bigtated antibodies and anti-biotin beads to form the
targeted conjugate used in these experiments. {lof Bxperiment targeting DEC-205 to evaluate
appropriate ratio of biotinylated pp65 (bio-pp65paanti-biotin beads to be used in further expenitsieT -
cell proliferation is shown after incubation fod@ys with LPS-stimulated, autologous moDCs (pulsih
respective targeting agent for 1 hr before 24 bulation at 37 °C). Three concentrations of bi65pere
evaluated, namely, 0.1, 0.5, 1.0 pg/ml. (c) Usimg targeting agents at an optimal ratio (0.1 pgfiio-
pp65, 1 pg/ml receptor-specific antibody and 3@ipti-biotin beads), CD8+ T-cell proliferation resges
were further evaluated. The cumulative data frofb)2or 5 (c) independent experiments are shownyevhe
correction for background responses to DCs alor ijBckground median and range: 2.4 % and 1.2-3.6 %
for (c). Bars or horizontal lines depict the median
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Figure 5.4 — CD8+ T-cell cytokine production after targetiagdocytic receptors with biotinylated pp65
using anti-biotin magnetic beads. CD8+ T-cell cynekproduction (IL-2, TNFe and IFNy) is assessed,
shown after incubation for 7 days with LPS-stimethtnoDCs (pulsed with respective targeting agent fo

hr before 24 hr incubation at 37 °C). (a) depidtg)le cytokine production, while (b) depicts mulép
cytokine production by individual cells. The cuntita data from 5 independent experiments are shown
after correction for background responses to DGsea(negative values were designated 0). Bars digc
medians whereas error Is represent the maximum valt
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The magnitude of moDC responses compared to CDIR€E mesponses were alike, except
for DEC-205-pp65 responses which induced almostfodeb better responses than free pp65
and its isotype (8.17 % and 4.13 % and 5.65 % otisedy). Cytokine data also indicated
that moDCs were better at inducing functional atton of CD8+ T-cells, with DEC-205-
pp65 and MMR-pp65 producing IL-2, IFN-and TNFe, and targeting to DC-SIGN
producing high amounts of IFN-and TNFe (Figure 5.7a). All three conjugates
demonstrated better cytokine production than tisgitype controls, with MMR-pp65 and
DC-SIGN-pp65 also producing 2-3-fold more IFNsnd TNFe than pp65 alone.

IFN-y production was most prominent in CD1c+ mDC-stinedasamples (Figure 5.7b),
although DC-SIGN-pp65 also produced small amouhth-@ and TNFe (1.6 and 4.7 %
respectively). DC-SIGN-pp65 elicited the highedtl{response in moDC and CD1c+ mDC
samples (7.4 and 19.7 % respectively), with a nespdhat was 13 times greater than free
pp65 and 2-fold greater than its isotype induce@ilc+ mDC samples. This suggests that
despite the similar proliferative responses that&IGN induced to its isotype, targeting to
this receptor was able to successfully enhancefuhetional activation of CD8+ T-cell
responses. This highlights the importance of assgssiore than one variable when
exploring the effect of a targeting strategy witthie immune system.

The production of multiple cytokines from individwzells showed that CD1c+ mDC samples
had a variety of responses, some of which wereeqghigh for the isotype controls,
specifically production of IL-2 and IFMfrom the sample stimulated with the isotype cdntro
for DC-SIGN (lgG2a-pp65) (15.5 %) (Figure 5.7d).rFmoDCs, multiple cytokine
production was most notable from samples targeidd MMR-pp65, with strong IL-2-TNF-

a responses and IFNTNF-o responses (13.7 and 19.2 % respectively) (Figure)5
Responses from DEC-205-pp65 were also high for-IINEF-a (12.2 %), and all conjugates
demonstrated greater stimulation of polyfunctioG&)8+ T-cells than free pp65 and their

isotype controls.

Overall, targeting pp65 to the respective receptsiag the chemical conjugates showed an
enhancement in both proliferative CD8+ T-cell resges and cytokine production. While the
responses were not considerably higher than fré&,ppse of the chemical conjugates to

target pp65 to the cross presentation pathway wetige in enhancing responses.
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Figure 5.5 — Use of chemical conjugates to target moDC rexept(a) Binding capacity of pp65
chemical conjugates (DEC-205-pp65, MMR-pp65 and $IGN-pp65) to moDC receptors. (b) Pilot
titration experiment to measure CD8+ T-cell prolifion after 7-day co-culture with LPS-stimulated
moDCs pulsed with pp65 chemical conjugates (atimgrgoncentrations). Histograms are gated on
respective isotypes, and moDCs alone was usechagative control. Data shown is representative of 3
independent experiments after correction for bamkgd responses to DCs alone (DC background
median and range: 1.4 % and 0.2-1.7 %). Bars id€p)ct the median with upper range.
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Figure 5.6 — Proliferative CD8+ T-cell responses after targetDCs with chemical conjugates.
Assessment done after a 7 day co-culture with Lit@itated moDCs (a) or CD1c+ mDCs (b) that were
stimulated with pp65 chemical conjugates (DEC-2p65 MMR-pp65, and DC-SIGN-pp65). The
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parametric, paired Wilcoxon signed rank test, witRonferroni post-test.
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5.3.3 Targeting DC receptors using streptavidineiugroteins

To demonstrate that the streptavidin proteins werectionally capable of attaching to
biotinylated proteinsn vitro, moDCs were initially incubated with the respeetbiotinylated
receptor-specific antibodies, followed by a wastpsand incubation with the streptavidin-
fusion proteins. Cells were then washed and staimeetect pp65 or MART-1 on the surface
of cells (Figure 5.8a). A negative control includsamples that were incubated with the
receptor-specific antibodies but not the primaryikendly against the strep-fusion proteins.
This was done to account for any residual attachnoérthe secondary antibody to the
receptor-specific antibodies. Attachment of theosdary antibody to these cells was always
under 5 % (data not shown). pp65-strep was deteutest prominently on those cells that
had the antigen targeted to DEC-205 and CD1l1a @R8d787.9 % respectively). Percentages
of pp65-strep directed towards MMR and DC-SIGN weimilar (58.3 and 68.5 %
respectively), and far better detected on thesigflace than free pp65 or any of the isotype
controls. Analogous binding capacities were obskrfee MART-strep to MMR and DC-
SIGN (54.9 and 44.7 % respectively), although DES-®inding capacity was lower than
what was seen for pp65 (51.4 %) (Figure 5.8b). Nwaless, this confirmed that the system
of targeting receptors on the surface of DC usipgbpstrep or MART-strep worked well.

A pilot titration experiment was then performeddetermine an optimal concentration of
pp65-strep to use in further experiments (FiguBe)s.The lowest concentration tested (0.05
pg/ml) stimulated poor CD8+ T-cell proliferationhile a 10-fold increase in concentration
seemed to increase responses by two-fold. Althahghe was no significant differences
between targeting to the three receptors choseng u®.5 pg/ml pp65-strep showed DC-
SIGN to induce slightly better proliferative resges. At a 10-fold higher concentration,
proliferation as a result of free antigen stimwatwas greater than pp65-strep targeted to
DEC-205 and DC-SIGN, and only slightly less tha®®strep when targeted to MMR. This
suggests that at 5 pg/ml, the system was satuvdatbdantigen, and the effects of targeting
became negligible. Thus, a concentration of 0.5mlgp65-strep was utilised for further

experiments.

Surprisingly, using the optimal concentration frdme pilot titration experiment did not show

a similar trend when DC-T-cell co-culture experinsewere set-up to examine the effects of
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targeting in more detail. As can be seen in Figu8a, targeting pp65-strep to receptors on
moDCs induced poorer CD8+ T-cell proliferative r@sgpes overall, than exposing moDCs to
free pp65-strep. Even more unusual, was that titgge control responses were similar if not
slightly better than responses obtained by targepip65-strep to the endocytic receptors,
with MMR showing a noticeably lower response coregao its isotype (2.89 % and 5.5 %
respectively). Considering that an FcR blockingrageas used, this was unexpected.

The data was more promising with the targeting éfRM-strep to receptors (using the same
concentrations as pp65-strep) (Figure 5.9b), wrthhpnent responses from both DEC-205
(8.5 %) and MMR (7.3 %), which was almost 6 and tlnGes greater than their isotype
controls, and about two-fold greater than the fieggen (4.63 %). DC-SIGN did not differ

from its isotype control or the free antigen.

From this initial data, further optimisation of thergeting strategy using pp65-strep seemed
necessary to improve enhancement of CD8+ T-cghlomeses. The first attempt at optimising
these experiments was to explore mixing the reagesfiore adding them to DCs, instead of
adding antibody and pp65-strep separately to DQ3u(€ 5.10a). Although only a small
number of experiments were done, the trend seemeaddicate that using the reagents
separately was more effective than mixing them teefbe addition of cells. In theory this
seemed logical, as by mixing the reagents first gneth adding it to cells, there was no
certainty that unbound antibodies would not bindhi® DC surface receptors and block the

attachment of pp65-strep-bound antibodies.

CD4+ T-cell proliferative responses were then eatd, in the hope that the targeted
reagents were enhancing CD4+ T-cell responsesaithsie CD8+ T-cell responses, because
the chosen receptors were possibly directing amtigere effectively to the MHC class I

pathway. Figure 5.10b indicated that this was het ¢ase, as the profile of CD4+ T-cell
proliferation was analogous to that of the CD8+€ll-profile. It was also surprising to see
here that the isotype control for MMR (IgG1) wasnstlating almost a four-fold increased

response compared to targeting towards MMR. DEC&@5DC-SIGN targeting seemed to
elicit similar responses to their isotype contrig&2b and 1gG2a respectively, despite the
presence of the FCcR blocking agent. All responsesevonce again lower than what was

elicited by free pp65-strep.
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Figure 5.8 — Use of streptavidin-fusion protein to target niEeceptors. (a) Binding capacity of pp65-
streptavidin (pp65-strep) to receptor-specific lamdiies (DEC-205, MMR, DC-SIGN, CD1a) to moDCs.
(b) Binding capacity of MART-streptavidin (MART-gfp) to receptor-specific antibodies (DEC-205,
MMR and DC-SIGN) to moDCs. (c) Pilot titration expaent to measure CD8+ T-cell proliferation after
7-day co-culture with LPS-stimulated moDCs pulsethvwwp65-strep (at varying concentrations) and
receptor-specific antibodies. Histograms are gatedespective isotypes, and moDCs alone were used a
a negative control. Cumulative data from 3(a apam5(c) independent experiments are shown after
correction for background responses to DCs alor l§Rckground median and range:1.4 % and 1.3-2.2
% for (c)). Bars and error bars in (c) depict thedian and maximum value respectively.
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Figure 5.9 — Assessment of CD8+ T-cell proliferation aftei7 aday co-culture with LPS-stimulated

moDCs that underwent a receptor-targeting stratefih pp65-strep (a) or MART-strep (b), and

antibodies specific for DEC-205, MMR, and DC-SIGRumulative data from 10 (a) or 5 (b)

independent experiments are shown after corrediionbackground responses to DCs alone (DC
background median and range: 2.1 % and 1.2-4.6r%ajp 1.7 % and 0.7-1.8 % for (b)). Horizontal

lines depict the median.
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Figure 5.10— Troubleshooting pp65-strep targeting. (a) CD8¢ell responses after stimulation with
targeted moDCs pulsed with receptor-specific antib® and pp65-streptavidin that were either mixed
before the addition of cells (blue bars), or sefgdyaadded to cells as done before (pink bars)CD}+
T-cell proliferation responses to complement theB€DI-cell proliferative responses observed in Fégur
5.9. Cumulative data from 3 (a) or 10 (b) independexperiments are shown after correction for
background responses to DCs alone (DC backgroumtiamand range: 1.7 % and 1.2-3.4 % for (a);4.7
% and 2.4-9.6 % for (b)). Bars and horizontal lidepict the median, while error bars depict maximum
values.
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The last aspect that was examined in some detasl tva concentration of antigen and
antibody used. A more extensive titration experitnems set up usingH-Thymidine
incorporation assay to determine the optimal antigied antibody concentration to stimulate
enhanced T-cell proliferation (Figure 5.11 a and}-T-cell co-culture experiments were
set up with pp65-strep targeted to DEC-205 andsi$ype control, 1IgG2b, using various
concentrations of pp65-strep and the respectivibaties. DEC-205 was chosen over the
other receptors given its moderately better prdiige responses. The results of the titration
assay indicated that as concentration of pp65-sirap increased, the T-cell proliferation
increased proportionally, as depicted for targetomboth DEC-205 and IgG2b (Figure 5.11a
and b). Although the highest concentration of pptBp (2500 pM or 207.5 pg/ml) induced
the best proliferative responses, 500 pM respowses moderate and demonstrated more of
a difference in response between DEC-205 and dg/ps, specifically at 0.5 pg/ml of
antibody (47444.8 CPM and 36546.5 CPM respectivel{owever, the most striking
observation of this assay was the general simjlamitresponses elicited by targeting DEC-
205 and IgG2b in the absence of an FcR blockingtadiesuggested that the majority of the
responses observed for DEC-205 targeting were peais. Given that the isotype controls
shown in Figure 5.1 and 5.2 did not attach to thdase of moDCs, or encourage the
attachment of pp65-strep to the surface, the highferative responses to IgG2b are difficult

to explain.

It was interesting to note the effect of antibo@yneentration on the proliferative responses,
as this was not initially considered as an influegdactor. The results indicated that, while
there were no marked effects of antibody conceptrat low antigen concentrations, there
was an obvious increase in proliferative respoifigean antigen concentration of 2500 pM,
where antibody concentration increased to 2.5 pygand proliferation increased to a
maximum. Proliferation then decreased at higheibady concentrations, implying that that

2.5 pg/ml of antibody is optimal to stimulate higcell responses.
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Figure 5.11 — Optimisation of pp65-streptavidin targeting &gy. (a) Pilot titration DC-T-cell co-culture

experiment usingH-Thymidine incorporation assay to assess the efféantibody concentration and
pp65-streptavidin concentration on T-cell proliteya. The DEC-205 receptor was targeted (a), 3f';u;d it

complementary isotype antibody, IgG2b was used esn&ol (b). After 5-day co-culture incubatioty

was added to cells overnight, an@-aell counter was used to measure counts per m{i@R). (c) and

(d) represent T-cell proliferation from co-cultuexperiments using optimized amounts of pp65-
streptavidin and antibodies to stimulate moDC ¢(dEB1c+ mDC (d). Data shown is from 3(a, b, andd)

4(c) independent experiments. Data depicts the méhrstandard deviation (a and b) or the mediaan@

d). Data in (c) and (d) have been corrected fok@pamnd responses to DCs alori2(Q background
median and range for (c): 1.4 % and 0.8-2.7 %(dyr1.6 % and 0.8-1.8 %). 189
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The difference between the responses at 0.5 anddg2mbdl for the DEC-205 antibody samples
was quite small, and there was more of a distinciitoresponse between the isotype and
DEC-205 samples at 0.5 pg/ml. In view of this, prefce was given to using 500 pM of
pp65-strep and 0.5 pg/ml of the respective antdmébir further experiments. An assumption
was made that these optimal concentrations werguatie for use in the targeting of the two
other receptors as well, given that targeting imdusimilar responses in the last set of

experiments.

In addition to using the optimal concentrationslifferent FCR blocking agent was included
in the optimised assays, as it appeared as thdwglprevious agent was not functioning
efficiently. Also, one other receptor (CD1a) wagyeded which had not been included in past
experiments. CD1a is not an endocytic receptortlieeother targeted receptors, and is rather
recognized as having a similar role on the surféficAPCs as MHC class | molecules (La
Rocca et al., 2004). However, we chose to inclide these experiments as an additional
surface receptor of interest, because of its widgildution on DCs and its role in antigen
presentation. Unfortunately, even with the optirdiz®ncentrations and new FcR blocking
agent, the pp65-strep targeting strategy was stiible to induce strong CD8+ T-cell
responses (Figure 5.11c and d). Receptor targatimgoDCs (Figure 5.11c) displayed poor
responses overall, with only slight increases irgated responses, compared to their
respective isotypes and pp65-strep. The responseggeting the MMR was particularly low
as seen before (1.9 %), while DEC-205 and CD1lalalisd a moderately better response
compared to other responses (4.6 and 3.9 %). SinalanoDC data, targeting to CD1c+
mDCs did not improve the targeting strategy (Figbrgéld). Free pp65-strep appeared to
induce marginally better responses than the talgepé5-strep, except for targeting to DC-
SIGN, which was slightly better (6.7 % versus 6.0i¢ free pp65-strep). Isotype control
responses were still too similar to the targetegpeor responses, indicating that the targeting

in this strategy was not enhancing responses agxyssted.

With regard to the production of cytokines by taegecells, moDCs targeted with pp65-strep
produced an array of cytokines, where If¥Mmas produced to a greater extent than IL-2 and
TNF-o (Figure 5.12a). As with the proliferative dataspenses were quite similar for the

different targeting agents, including the isotypatcols.
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Figure 5.12— CD8+ T-cell cytokine production (IL-2, TNé&-and IFNy) after pp65-strep targeting optimisation. 7 daycatiures were set up with T-cells and LPS-
stimulated moDCs (a and c) or CD1c+ mDCs (b anthalf) underwent a receptor-targeting strategy wétteptor-specific antibodies (DEC-205, MMR, DC-SIGitid

the pp65-streptavidin fusion protein. (a) and (bpidt single cytokine production, while (c) and ¢@pict multiple cytokine productionThe cumulative data frod (a
and c) or 3 (b and dhdependent experiments is shown after correctiwrbfickground responses to DC alone (negative sakeze designated 0). Bars depict the medians
whereas error bars represent the maximum values.
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This was true for stimulated CD1anDCs as well, where DEC-205 IFNand TNFe
responses were higher than the other responsesnbumarginally better than free pp65-
strep (Figure 5.12b). Multiple cytokine productioricated that production of IFN-and
TNF-a from single cells was quite prominent from the n@sCbut not CD1cmDCs (Figure
5.12c and d). Cytokine production from CD1c+ mD@mslated with pp65-strep was low
for multiple cytokine production.

Attempts to further optimise this targeting strategcluded using rAdpp65-pre-stimulated
PBMCs instead of mixed T-cells in the co-culturee wf different FCR blocking agents
(including heat-aggregated human AB serum), angeasing incubation of culture from 7 to
10 days (Data not shown). Unfortunately, none ef @bove changes were able to enhance
the T-cell proliferation of the targeted pp65-stogpnpared to free pp65-strep and its isotype

control.

5.3.4 Targeting DC receptors using a commerciabpghdrimer

The final method to target antigen to the crosssemtation pathway made use of a
commercially available pp65 dendrimer. This denering a scaffold for covalently-coupled
pp65 peptides and a monoclonal, anti-biotin-FIT@jagate. Using a biotinylated primary
antibody, the dendrimer specifically targets anfesie molecule on the selected cell-type. In
this case, it was used in a similar way as pp6&psiv target selected receptors on the surface

of moDCs, and was applied to experiments as adge¢lde manufacturer’s instructions.

Initially, the ability of the dendrimer to attach biotinylated antibodies on the surface of
moDCs was assessed at different dilutions, as duatte reagents before (Figure 5.13).

Attachment of the pp65 dendrimer to all selectezkpéors was observed, with DC- SIGN
and MMR depicting as much as 95 % attachment atdoncentrations of the dendrimer
(Figure 5.13b). CDla and DEC-205 demonstrated mbedttachment at the higher

concentrations, and all isotype controls showedigibte attachment of the dendrimer to the
cell surface. As before, co-culture experimentsensst up to evaluate the ability of targeted
pp65 dendrimer to elicit CD8+ T-cell proliferatiand cytokine responses. When moDCs

were stimulated with the dendrimer, responses wereerally much lower than seen with
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other targeting strategies, despite the use of toR8ature DCs before the addition of the T-
cells (Figure 5.14a). Also, targeted responses wendar to free pp65 dendrimer and the
respective isotypes, with only CD1a displaying fol@-increase in response compared to free
dendrimer and its isotype, IgG1l (3.2 % and 1.3 %peetively). Analogous data was

observed for the stimulation of CD1c+ mDCs, whe&sponses were also low but targeting to
CDla and DC-SIGN elicited moderately better respsn@-igure 5.14b). Initially, it was

assumed that perhaps responses to the dendrirefrntay be masking the responses to
pp65, and that perhaps if pp65-specific response wxplored, a more distinct difference
between samples could be determined. Thus, pentstaging was done on a set of co-
culture samples (Figure 5.14c), only to reveal thaile CDla did seem to have better
responses compared to its isotype, all elicitedaolrses were lower than stimulating with free
pp65 dendrimer alone. Additionally, the antigenesfie responses were generally much
lower than what was observed in Chapter 4, but ithigossibly because the dendrimer is
attached to a range of pp65 peptides, the collecibmposition of which may not include the

epitope that the pentamer is selective for, odetidrimer molecules.

Cytokine data revealed CDla-targeted moDC samptehale better IFN- (15.5 %) and
TNF-o responses (12.6 %), and IRNFNF-o-IL-2 responses (10.7 %) compared to its
isotype control (0.05, 0.2 and 1.4 % respectivaly) free pp65 dendrimer (0.2, 0 and 0.2 %
respectively) (Figure 5.15a and c), while other gi@s were not considerably different. The
cytokine data from CDl1lc+ mDC samples displayed igdxdé differences in cytokine
production between samples, although DEC-205-teng@duced moderate levels of IRN-
TNF-o and IL-2, while CDla-targeting was able to eligiiod polyfunctional responses
(Figure 5.15b and d).

It was suspected that LPS may not have been aruameqdjuvant for these experiments,
given the generally low responses. The absencdjo¥ant or the use of two other adjuvants
was therefore assessed, namely poly I:C (TLR3 dyamd CLO97 (TLR7/8 ligand). This

was done in the hope that these adjuvants wouldodsirate better enhancement of
responses compared to LPS responses. The datatedlithat without any adjuvant, all

targeted samples had 3-6 fold greater responsedridw pp65 dendrimer alone (CD1a being
the best targeted receptor with a response of %8&mpared to 0.3 %), but that these

responses were not significantly different from idetype controls (Figure 5.16a).
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Figure 5.13 — Binding capacity of pp65-conjugated dendrimer Himtinylated receptor-specific
antibodies attached to moDCs. (a) Binding of pp6ébjegated dendrimer (at different concentrations) t
biotinylated receptor-specific antibodies that wattached to the respective receptors (DEC-205, MMR
CD1a, DC-SIGN) on moDCs. Histograms are gated speetive isotypes, and moDCs alone were used
as a negative control. (b) Trend of binding capagiroportional to increasing concentration) of pp6
dendrimer to receptor-specific antibodies on molaSsshown by percentage of pp65-positive cellsaDat
is representative of 3 independent experiments.
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Figure 5.14— Assessment of T-cell proliferation after targgtDCs with pp65 dendrimers. A 7 day co-
culture was set up with T-cells and LPS-stimulaid that underwent a receptor-targeting strategy wit
receptor-specific antibodies (DEC-205, MMR, DC-SIGNd CD1a) and the pp65 dendrimer (mpp65).
CD8+ T-cell proliferative responses were measufieel atimulation with targeted moDCs (a) or CD1c+
mDCs (b). (c) pp65-specific CD8+ T-cell responsfterastimulation with targeted moDCs determined by
pentamer stainingfthe cumulative daté (a and b) or 3(chdependent experiments are shown after correction
for background responses to DC alob&(backgroundnedian and range: 1.7 % and 0.9-2.1 % in (a); 1&nelo
1.1-2.9 % in (b); 0.3% and 0-0.8 % in (c)). Bargl dworizontal lines depict the medians whereas dreos
represent the maximum values.
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Figure 5.15— CD8 T-cell cytokine production (IL-2, TN&-and IFNy) after targeting DCs with pp65 dendrimers. A ¥ da-culture was set up with T-cells a LPS-
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With Poly I:C stimulation, isotype responses insezh further, while targeted responses
remained low, except in the case of MMR and CD1&ickvdemonstrated more than a two-
fold increase in response compared to the IgGliferative response (2.9 and 2.6 %
respectively, compared to 1.1 %) (Figure 5.16lmnil&r data was observed for stimulation
with CLO97, where CD1la displayed a response siegimgreater than its isotype (Figure
5.16c). Although the magnitude of responses waghttyi better with these adjuvants,
responses were still low, and the difference igdtegd responses compared to their isotypes

was minimal (aside from CD1a).

Thus, as a final attempt to optimize this targetitigitegy, a’H-Thymidine incorporation
assay was performed to evaluate the effect of mgriie concentrations of pp65 dendrimer
and antibody (Figure 5.17). A moDC-T-cell co-cuftiassay was set up as done before, but
only exploring targeting to DEC-205 and IgG2b affading concentrations. The data
suggested that although there was some variatiorregponse at different antibody
concentrations, it was not significant or consistdiine best responses were for the highest
concentration of pp65 dendrimer (which was usedlirabove assays). Unexpectedly, and
similarly to what was seen with the pp65-strep dta IgG2b data was only marginally

lower in magnitude than the DEC-205 data.

Although an FcR agent was not included in theseeexpents, they were included in all the
above dendrimer experiments, suggesting that wdulae of the isotype control responses
could be accounted for by non-specific endocytasiseems unlikely that it was all due to
this. In view of the data here, more extensiveagseneeds to go into the molecular basis of
this targeting strategy to determine what is behinel trend of high isotype responses

amongst all the targeting strategies explored.
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Figure 5.16— Evaluation of the effect of different TLR agdsisn T-cell proliferation after targeting

DCs with pp65 dendrimers. A 7 day co-culture wasupewith T-cells with moDCs that underwent a
receptor-targeting strategy with receptor-sped@ifitibodies (DEC-205, MMR, DC-SIGN and CD1a)

and the pp65 dendrimer (mpp65). CD8 T-cell resperadter stimulation with targeted moDC that
were not exposed to any agonists (a), or were aetiv with poly I1:C (TLR 3 agonist) (b), or
activated with CLO97 (TLR 7/8 agonist) (c). Cumidatdata from 5 independent experiments are
shownafter correction for background responses to @alPC background median and randes % 198
and 0.5-3.1 %)Horizontal lines depict the median.
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Figure 5.17— Pilot titration experiment usirt-Thymidine incorporation assay to assess the effec
of antibody concentration and pp65 dendrimer coma&on on T-cell proliferation. Co-culture
experiments were set up as described before, usoigCs stimulated with different amounts of
pp65 dendrimer that had been pre-incubated for 15 abt room temperature with varying
concentrations of DEC-205antibody (a), or its ipetycontrol, IgG2b (b). After 5-day co-culture
incubation,®H was added to cells overnight, an@-aell counter was used to measure counts per
minute (CPM). Data shown is from 2 independent exrpents, where each point depicts the mean
for the given stimuli.
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5.4 Discussion

Directing antigens to specific receptors on thefasmgr of DCs in order to target the cross
presentation pathway has emerged as a novel wayhance CD8+ T-cell responses, which
is particularly useful in HIV-1 and tumour vaccisgategies. In this study we explored four
ways to target selected model antigens to a numbBxC surface receptors in the hope of
amplifying CD8+ T-cell responses, and specificdthpking at targeting two human DC

subsets.

In Chapter 4 myeloid blood DCs (CD1c+ mDCs) werecded as a good comparative DC
subset to moDCs because they are easily isolatadequate quantities from blood samples,
and have demonstrated better migratory (Luft et28l02) and CTL—inducing capacity
vitro than moDCs (Osugi et al., 2002). In the presemtlystmDCs were found to elicit
similar if not slightly lower CD8+ T-cell responstdsgan moDCs, and this is consistent with
previous work conducted by Radford et al (Radfaréle 2006), who showed that mDCs
induced allogeneic CD8+ T-cell responses comparablethat of moDCs, but not
significantly better. Additionally, a recent stutly Jongbloed et al (Jongbloed et al., 2010)
has clearly shown that it is CD141+ mDCs whichramge potent stimulators of CD8+ T-cell
responses, and not CD1c+ mDCs in the blood. In wkthe observations here, moDCs were
a better option for targeting purposes in this gtdthough the superior cross presentation
capacity of CD141+ mDCs suggests that future wdrkukl evaluate this subset as a

potential target.

Of the targeting approaches examined, targetingliosen receptors using antibody-antigen
chemical conjugates demonstrated the most promisiegns of enhancing CD8+ T-cell
responses. This method was inspired by studies hwhiade use of receptor-specific
antibodies chemically bound to an antigen of irgete target specific receptors on the cell
surface (Bonifaz et al., 2004, Tacken et al., 2005particular, Bonifaz et al (Bonifaz et al.,
2004) demonstrated that antigen targeting to th€ 285 receptor was able to enhance T-
cell responses by almost 100-fold in mice. Conststgth these data, we also observed better

proliferative responses when antigen was targetedEC-205 compared to the other
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receptors, although the augmentation in respongensaas pronounced as seen in mouse
studies. A possible reason for this is the distthifferences between mouse and human DEC-
205 distribution on immune cells, where DEC-20prigminently and primarily produced on
DCs in mice, while in humans it is more sparselypregssed on DCs, with a broader
distribution on other immune cells, such as macagels (Proudfoot et al., 2007). This
disparity in distribution suggests a prominent apecific DC receptor such as CLEC9A,
may be a more promising target for these strategies is a receptor to consider for further

studies.

Another possible explanation for the lower enhare@nof responses in this study compared
to in vivo studies is related to the heterogeneous natutieeothemical conjugates used (as
depicted in Chapter 3). Even though we attemptectitmove unconjugated antibody in the
purification process, traces of it remained in theified samples. These antibodies could
have attached to the respective receptors, blockinty of the chemical conjugates as has
been implied in previous research (Sapinoro et28lQ7, Molnar et al., 2003). In further
agreement with this explanation is the poorer lnigdiapacity of the chemical conjugates to
DCs compared to free antibody. DC-SIGN-pp65 did se¢m to bind optimally to cells
compared to the DC-SIGN antibody alone, which wetected at much higher levels on the
surface of cells. This suggests that there was sotaderence or blocking of the conjugate
binding to the receptor, possibly affecting the amyosis of the antigen. Confocal
microscopy using fluorescent markers for the awlybas well as the antigen could be used to
verify this, however little can be done with therremt conjugate samples to prevent this
interference, because of the difficulty involved@moving the contaminating antibodies.

It is therefore necessary to consider alternatiagsnto create the antigen-antibody conjugate,
as has been proposed in other DC targeting stesté€Biozzacco et al., 2007, Idoyaga et al.,
2011, Klechevsky et al., 2010). Our reagent washemical conjugate of a fully, intact
antibody and antigen, while other more succesdfateggies have used genetically-fused
conjugates between single chain Fv (ScFv) antilsodied antigens of interest. Although it
requires a somewhat drastic change to use of SpE%-ponjugates instead of chemically-

linked conjugates, it may improve current resporesem further. The ScFv antibodies are
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genetically engineered molecules that consist eflittht and heavy-chain variable region of
the antibody, joined by a linker sequence (Molrtaale 2003). Although they appear to have
a slightly lower affinity than intact antibody, théack the Fc component, making them more
compact (which possibly aids in more efficient erydosis), and allows the avoidance of
non-specific binding to cells. Additionally, use afenetically-fused antibody-antigen
conjugates would mean that simpler purificationcpaures could be used that would result
in lower loss of yield, and eliminate the problefcontaminating unbound antibody in the
final preparations of the conjugates. Finally,isitlg ScFv reagents instead of chemically
conjugated reagents means we could make sevegdmnsafairly inexpensively and simply,
by creating genetic clones that each contains fardiit targeting antibody component or
differing antigen component. The economic bendfithis allows us to explore the use of
MART-1 candidates in the future, and determine Wweethe antigen itself has an effect on

which pathway a given receptor will direct the gati to for processing and presentation.

On the opposite end of the spectrum, the targetiathod that seemed least promising was
the use of biotinylated pp65 and anti-biotin betmdirect antigen to the cross presentation
pathway, with no obvious differences amongst t&deind non-targeted samples. In theory,
this method, while slightly convoluted, seemed édm interesting concept for a targeting
method. It is very likely that unbound antibodyaaisterfered with the binding of conjugates
to the specific receptors in this approach, gives danalogous responses we observed in all
samples. In addition, the lack of Fc blocking agarnthese experiments possibly contributed
to the higher isotype control responses observedt Being said, attempts to further optimise
this strategy were problematic because we coulccooftirm to what extent the biotinylated
antibody and biotinylated antigen was attachinthtobeads, and were not provided with any
guantitative data from the manufacturer about thecentration or size of the beads being
used. In addition, the anti-biotin beads alone apx to be quite immunogenic, initiating
proliferative CD8+ T-cell responses as well as cletde cytokine production in the absence
of antigen. While this non-specific activation o€B may have had an adjuvant-like effect, it
could also have been masking the antigen-speefipanses to the targeted pp65. In view of
these limitations, this approach was not pursuedhéu, nor was MART-1 targeting

evaluated using this approach.
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The use of streptavidin-fusion proteins to direatigen to the selected receptors was
expected to be the most efficacious method evaluataugment T-cell responses because of
its flexibility and ease of production. Unfortunigtethe data from moDC and CD1c+ mDC
stimulations depicted isotype and targeted resorieebe alike, and both lower than
responses to free antigen. This was highly unerpedhdicative of a flaw in the approach,

but it was difficult to ascertain why.

One explanation for the similar isotype and recefdogeted responses is that the isotype
controls were targeting the antigen to Fc recepborshe surface. The selected receptors for
targeting were all endocytic receptors, and shdwdsle ideally focussed antigen uptake,
thereby enhancing antigen processing and presemttdia much greater extent than non-
specific antigen uptakeHowever, it has been shown that low affinity yFoeceptors
preferentially bind IgG in immunocomplexes, enhaggphagocytosis (Molnar et al., 2003).
Moreover, past research has explored directingem to Fc receptors on moDCs, depicting
favourable induction of CD8+ T-cell responses, antticating that these receptors are able to
target antigen to the cross presentation pathwaly fefficiently (Kawamura et al., 2006,
Wallace et al., 2001)Nevertheless, if this was a major occurrence, walevbave expected
to see that all proliferative responses were highan that of free antigen, which was
contradictory to what we observed. Thus, the sinolahigher free antigen responses in the
biotinylated pp65-, streptavidin fusion proteinadapp65 dendrimer experiments imply that
no antigen was being specifically targeted to ttess presentation pathway by the chosen

receptors, when these modes of targeting were gmeghlo

Other studies involving the use of streptavidirefilisantigens to target receptors showed
successful attachment of the reagents to the cédlisiterest, as well as an ability to
functionally stimulate the expected cellular or larat responses. In addition to being used to
target DC with biotinylated vaccine antigeimsvivo (Wang et al., 2009), ScFv-streptavidin
antibodies have also been used efficiently in prgdted radio immunotherapy, where ScFv-
anti-CD20-streptavidin antibodies directed radidmeschelate/biotin molecules towards B-
cell lymphomas (Pagel et al., 2006). As with thagents in the above studies, both fusion

proteins in this study contained streptavidin coognponents that successfully bound to
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biotin in ELISAs (Chapter 3) and to DCs via theagtor-specific antibodies. This confirmed

that the streptavidin-fused antigens were functioaad should theoretically deliver the

antigen to the receptors of interest without probléiowever, steric hindrance may have
prevented endocytosis from happening efficientlytta cell surface. Perhaps too many
streptavidin-pp65 molecules bound to a single reregpecific antibody on the surface of
DCs, and the resulting conjugate was too large @o elmdocytosed efficiently. This

explanation seems likely, given that the naturehef biotinylation process is non-specific,
and usually results in more than one biotin moleduihding to the protein, which in this case
was the receptor-specific antibody. Hence, if thveas more than one site for the streptavidin
core to bind to on the antibody, it is possiblet tmare than one streptavidin-pp65 molecule
attached to the antibodies, given the strong affibetween biotin and streptavidin. This
reasoning would agree with the higher than expertegdonses elicited by free antigen and
the isotype controls, because these samples waildhave had large structures blocking
entry of the antigen into the cell via the endacygceptors, and could therefore afford to
take up more antigen, be it non-specifically. Ifstlis indeed the cause of the lack of
enhancement by the streptavidin-targeting strateégyould be verified using confocal

microscopy, which would allow us to visualise whats occurring at the cell surface. This

requires further investigation in future studies.

The enhanced response that was demonstrated wheRTMtkep was directed towards

DEC-205 suggests that using a smaller targetedieantin this strategy may overcome the
possible steric hindrance issue. MART-strep wasiiggntly smaller than pp65-strep

according to the western blot analysis in Chapteso3even with multiple attachments of this
antigen onto a receptor-specific antibody, it sedmshave been small enough to be
endocytosed efficiently. This implies that not onlgs the targeting strategy successful when
a different, smaller antigen was used, but thajetamg to the DEC-205 receptor directed
antigen more efficiently to the cross presentapathway than the other two receptors. This
is consistent with data from the study conductedBbyzacco et al (Bozzacco et al., 2007)
and the data from our chemical conjugate targetixygeriments above, where targeting to
DEC-205 was found to be more potent at enhancin@+CD-cell responses compared to

MMR and DC-SIGN. Unfortunately, given our limitedcess to A*02:01 samples during this
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study and the problematic nature of this strategiggistreptavidin-pp65, we did not evaluate
the induced cytokine production by MART-strep-stiated cells, nor did we assess the
effect of targeting MART-strep towards the CDlaemor. However, these are potential

areas of interest for further development in futsixedies.

The use of the pp65 dendrimer as a targeting agest a similar strategy to using
streptavidin-pp65 fusion proteins, but differedthmee ways. The first was that the pp65
antigens used were peptide-based and not intatgiprd he use of peptides instead of intact
protein can be limiting because of restrictionsHifA-types in humans, and is one of the
reasons that proteins were chosen as the sourastigen in our other methods. Secondly,
the targeting reagent was produced industrially thedefore, any potential problems that we
observed with the other strategies relating to rthgioduction and purification were
eliminated in this strategy (unbound antibody comtetions). Thirdly, pp65 and the anti-
biotin components in this reagent were attachedrtaacromolecular structure referred to as a
dendrimer. Dendrimers have been used quite extygdivchemistry and biochemistry as an
alternative to polymers, in addition to being usediomedical applications such as tissue
engineering and drug delivery (Mintzer and Grirfsta011). However, the size of these
molecules can potentially render them too large dfficient endocytosis when they are
attached to other components. Thus, the stericrdumog issue that we believe to have been
the problem with the streptavidin-fusion proteiratggy is applicable here as well, and may
explain the low/negligible enhancement in CD8+ T-oesponses after stimulation with the
dendrimer and LPS, with the exception of CD1a, Whida display a 2-fold enhancement in
both moDCs and CD1c+ mDCs. Alternatively, the dmapting results from both the pp65-
streptavidin and pp65 dendrimer suggest that itoisthe strategy, and perhaps the antigen
itself which may be hindering an enhanced CD8+ IT-t&sponse. Pp65 has a known
function of interfering with the production of pnelammatory cytokines at a transcriptional
level (Abate et al., 2004). This would functiona#jfect T-cells to produce cytokines, and
potentially affect their ability to proliferate. &his another factor to consider in future studies

when choosing the model antigen.
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The inclusion of CD1a as a targeted receptor irfitted two strategies was decided upon for
two reasons. Firstly, the final two strategiesad more flexibility in terms of the number
of receptors that could be targeted. Secondlyhtpgk level of expression of CD1a on DCs
and its role in antigen presentation made it aer@sting and novel target, specifically
because there is currently no literature exploiirag a potential targeting option. Dickgreber
et al (Dickgreber et al., 2009) detailed the targebf MHC class Il molecules with some
success in eliciting CD8+ T-cell responses. In vigwhe similar functionality of CD1a to
MHC class |, it was of interest to determine if @ptors other than those with endocytic
functions have the ability to target antigen toveattte cross presentation pathway. Targeting
antigen to CD1a induced relatively high CD8+ T-ceponses compared to targeting of the
other receptors, specifically when the pp65 dendrimas used. This data suggests that if
CDla was targeted using a more successful appr@aah as the use of a chemical
conjugate) it may elicit more promising CD8+ T-celisponses, which is something to

explore in the future.

Interestingly, changing the adjuvant used in cociigm with the dendrimer appeared to
strongly influence the ability of CD1a as wellthgs other receptors to induce CD8+ T-cell
responses. The use of no adjuvant, Poly I.C or @ @elded quite different data, with DC-
SIGN-targeting enhancing responses in the absenceadpjvant, MMR-targeting
demonstrating enhanced responses with poly [:Ctionikation, and strong CD8+ T-cell
proliferation observed after targeting CD1a in giesence of CLO97. Also of interest was
data that showed that, even in the presence of IfloBking agents, there were strong
responses induced by the isotype controls when W€re co-stimulated with polyl:C and
CLO97, specifically IgG2b. This alludes to the idd#athe isotype controls targeting the Fc
receptors unintentionally, and could possibly beniglated in future experiments by using
specific anti-Fc (anti-CD16, CD32 and CD64) antilesdprior to pulsing, as has been done in
some studies (Idoyaga et al., 2008).

The TLR agonist data for dendrimer targeting isrgfrevidence towards the varying effects
that TLR agonists have on the induction of immuasponses, and suggests that further

analysis into the choice of adjuvant to use with thher targeting methods may affect the
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outcome. Studies have described a close relatipristtween TLRs and CLRs in terms of
their roles in T-cell activation and instructionafv Kooyk, 2008). This indicates that
optimizing the combination of targeting strategyd arLR agonist could potentially be the
key to improving CD8+ T-cell responses even furthEnus, future work will need to

empirically determine the best combination to useifduction of an optimally enhanced

pro-inflammatory response.

In general, the cytokine data from the differerpra@aches prominently showed the induction
of IFN-y, produced singularly or in addition to other cytws from individual cells. This
confirms what has been seen in other pp65 and MARTudies and what we observed in
Chapter 4, where pro-inflammatory cytokines areorgily induced by these antigens
(Butterfield et al., 2008, Kern et al., 2002). Téleitation of broader cytokine production by
the biotinylated pp65 and pp65 dendrimer strategmost likely due to the presence of an
additional component in the targeting reagent, twvhoould be beneficial, but also be
potentially masking the true response to the antigéis is something to keep in mind when
designing targeting strategies in the future. Adddlly, if antigen-specific re-stimulations of
the T-cells were administered before cytokines petidn was measured (as has been
suggested in Chapter 4), this would provide a begpieture of the level of cytokine
production enhancement when antigens are targeiedifisally to endocytic receptors.
Nonetheless, from the data of the targeting styatesing chemical conjugates, there is a
marked increase in cytokine production induced &ngdted antigen, specifically in the
production of IFNy. The other strategies do not appear to displagifszgnt differences
amongst samples, although a limited number of ¢yaskwere evaluated in this study, and it
is unknown to what extent these targeting strategféected production of other cytokines
such as IL-4, IL-10 and IL-17.

On that note, it is important to acknowledge thet assumption behind this study was that
the targeting strategies would enhance Thl-typeoreses, specifically targeting the antigen
of interest to the cross presentation pathway d&wedeby eliciting enhanced CD8+ T-cell
responses along with Thl-biased cytokines. In vawthis, the effect of the targeting

strategies on other immune cells such as CD4+ [§;cBIK cells and B cells, were not
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assessed. Thus, although many of the targetiradegtes did not render the expected
enhancement of proliferative CD8+ T-cell responsss, do not know if they had an
enhancing or inhibitory effect on other cells, bthie effects that it had on the CD8+ T-cell
activation were not evaluated here. The pp65-DCNS@gtokine data suggests the latter is
possible, given that this conjugate induced pooB€D-cell proliferation but higher levels
of cytokine production compared to the other chameonjugates. Furthermore, the MMR
and DC-SIGN receptors have shown an involvemeenimnced CD4+ T-cell responses and
Th2 bias under certain circumstances (Aarnoudsé,e2008, Royer et al., 2010), suggesting
that perhaps targeting to MMR and DC-SIGN may hbeen more efficient at directing
antigen to the MHC class Il pathway, and thus irdu€D4+ T-cells, which were not
evaluated here.

From this study, we do know that at least two méshtested in this study were moderately
effective at augmenting CD8+ T-cell responses (& cross presentation pathway), and
have highlighted ways in which we can perhaps imprinese methods in future work. The
DEC-205 receptor was identified as the best catelidh those evaluated in terms of its
ability to target antigen to the cross presentapathway, although data from the pp65
dendrimer targeting approach does loosely sugbasthe targeting of an antigen to the cross
presentation pathway can be manipulated by thecehof adjuvant, irrespective of the
targeted receptor. Collectively, these studiesesgnt preliminary work and require further
investigation and optimisation in future studiesonder to be able to successfully utilise the
favoured approaches for more substantial resebrtithey have provided useful insight into
different ways in which dendritic cell receptorsndae targeted, and the polarising effects

TLR agonists can have on the induction of CD8+ lIsce
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Chapter 6

Final discussion and future work

HIV-1vaccine research has primarily emphasiseditiy@ortance of eliciting CD8+ T-cell
responses in order to combat an infection. In paldr, several HIV-1 vaccines have been
designed to attempt to induce strong, broad, pabtional CD8+ T-cells systemically as
well as at the mucosal level, as this has beenifahas a correlate of protection against the
virus (Kim et al., 2010, Makedonas and Betts, 201d9nsequently, there is a growing
interest in strategies that are able to enhance+CD8ell responses. Such strategies have
included the utilisation of adjuvants, design ofntheric vaccines that consist of several
immunogenic viral proteins, and the use of primediovaccine regimens. A promising
approach that has emerged in the last decade itatheting of vaccines towards specific
receptors on DCs. This approach is able to augmaraigen-specific CD8+ T-cell responses
by providing vaccine antigens with direct accesshi cross presentation pathway. Several
mouse studies have documented the efficacy ofstrasegy; however there has been limited
research regarding which receptors on human DCst raficiently target the cross

presentation pathway, and if their capabilitie$edifmongst DC subsets.

Thus, the primary aim of this study was to investigwhich of four DC receptors optimally
targeted antigens to the cross presentation pathavalyto evaluate their targeting abilities in
two human DC subsets. To do this, model antigens weoduced and purified in large
guantities, and were used in four DC-receptor targestrategies. DC-T-cell co-culture
assays were then performed to assess the induc8a Tizell proliferative responses and

cytokine production.

6.1 Production and purification of reagents

Large scale production of the model antigens, p@&® MART-1, was performed using an

adenovirus expression system (AES) instead of ldysexpressing cell line, as this system
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produced superior yields. The AES was optimisedhbyitoring the effects of the influential
factors, MOI and time post infection, on recombinarotein production. Optimal conditions
differed for each of the proteins expressed, butentban adequate quantities of the model
antigens and their respective streptavidin-fusiaiotgins were produced. Even after
optimisation, there was also significant variation yields of the recombinant proteins,
probably due to the nature of the different antggerhese differences in yields and optimal
production conditions underscore the importancesrapirical research in determining the
best conditions for recombinant protein producti@md highlight the significance of
identifying factors that influence the recombingmtotein production within a given

expression system, before one attempts large poatiein production.

His-tag purification of the recombinant protein®oyed to be an efficient means to purify
proteins, resulting in the isolation of relativgdyre protein samples with yields of between
2.9-8.2 mg in total. There did appear to be a logfciency of purification detected with the

smaller proteins, MART-1 and MART-strep, but whettles is a size-related issue or due to
protein-folding blocking accessibility to the Higgt remains unclear. Additionally, the issue
of His tag accessibility may have also contribui@dhe lower yields obtained for chemical
conjugate purifications. It will be necessary ie flature to further optimise the purification

process for the chemical conjugates, and perhapasrpetwo purification steps to ensure that
the final product is not a heterogeneous mixturavas observed in this study. This will,

however, probably be at the expense of yields,sdnwdild be taken into consideration when

producing these chemical conjugates in the future.

6.2 DC targeting strategies

Of the chosen DC targeting strategies, the moshisiag strategy was the use of chemically
conjugated antigen-antibodies. This method was &bkgnificantly enhance CD8+ T-cell
responses, specifically when targeted to DEC-20% MIMR. Nevertheless, this targeting
strategy can possibly be further improved by rdptacthe chemical conjugates with

genetically-fused, single-chained antibody-antigenteins. Such conjugates would be a
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better means to target the DC receptors in a sinnky as the chemical conjugates, but
without the disadvantage of contaminating unbounttbady and yield limitations.

With respect to the streptavidin-fusion proteinattgy, the results of the MART-strep
experiments indicate that this method is an adgmuas way to direct antigen towards the
receptors, but it requires further optimisationdsefit can be useful. The pp65-strep targeting
did not appear to enhance CD8+ T-cell responsesiipgy due to steric hindrance preventing
effective targeting. A study that used a similaigéding strategy to direct drugs towards
tumour cells, fused streptavidin to the receptaesir antibody and biotinylated the drug to
be targeted (Wang et al., 2007). Biotinylating #migen instead of the antibody in future
work could potentially eliminate the steric hindcanssue that is suspected to have hindered
targeting in this study, as this allows the numbgkrantigen molecules that attach to the

receptor-specific antibody to be limited.

The anti-biotin-bead-biotinylated-pp65 approach weasrisky strategy, as there were
numerous factors affecting the success of targdhiegantigen to the receptor that was not
accounted for. It was unfortunately unsuccessfutnhancing CD8+ T-cell responses, and
could not be optimised due to lack of informatioboat the anti-biotin bead reagent.
Similarly with the pp65 dendrimer, optimisation tble approach was limited by the lack of
information provided to us by the manufacturer. dlbeless, both strategies provided an
interesting means to target pp65 to the receptoirgerest. Although CD8+ T-cell responses
were not augmented using these targeting approattiesscould potentially have enhanced
aspects of the immune response that were not atglgsich as CD4+ T-cell responses, and
IL-4 and IL-5 production. Thus, it is important tmte that while these targeting strategies
were not successful in eliciting enhanced CD8+ [T-pesponses and are therefore not
suitable for the purpose of this study, we canm&ings the possibility that these approaches

may have affected other immune responses.
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6.3 Differences observed between DC subsets

There are currently four blood DC subsets, inclgdihree distinct populations of mDCs
(MacDonald et al., 2002). Of the three mDC popalai the BDCA-3+ (CD141+) mDCs
demonstrate a superior ability to direct antigewgards the cross-presentation pathway in the
presence of poly I:C, and thus activate CD8+ T-dponses (Jongbloed et al., 2010). Thus,
while CD1c+ mDCs display a moderate ability to icelCD8+ T-cells, it has recently been
found to be the less favoured DC subset for croeesemtation. This is consistent with the
observations of this study, where the inductionC@f8+ T-cell responses by moDCs was
stronger compared to CD1c+ mDCs in all experimeet$ormed. However, this contradicts
older studies such as those of Osugi et al (Osugil.e 2002), which demonstrated the
induction of stronger CD8+ T-cell responses by stated CD1c+ mDCs compared to
moDCs. This difference may be attributed to thelearcdistinction between CD1c+ mDCs
and CD141+ mDCs at the time of Osugi’s study, ama probable inclusion of CD141+
mDCs in the preparation of BMDCs used. Alternagiyéhe use of a different TLR agonist in
our experiments may have contributed to the pooress presentation capabilities of the
CD1c+ mDCs. Many mDC studies, including the abowntioned, appear to favour the use
of poly I:C as an adjuvant (Radford et al., 200fhgbloed et al., 2010), however we used
LPS, as it was determined to be the optimal TLRh&jon moDC stimulations. In hindsight,
the assumption in our study that the preferred md@RR agonist would also be the preferred
CD1c+ mDC adjuvant was perhaps too presumptuowgngihe variable distributions of
TLRs on different DC subsets. Thus, it is possitilat the CD1lc+ mDCs may have
responded differently to the range of TLR agonigtat were investigated with moDC

stimulations and this should be considered in fitudies.

Future work should also explore the use of CD14DXO% as potential vaccine targets, given
the evidence of their superior capability to indie8+ T-cells via the cross presentation
pathway, and the specificity of CLEC9A expressigntliese cells (Caminschi et al., 2008).
In addition, it will be of interest to investigatbe targeting of skin DC subsets with the
chemical conjugate strategy, as this would be atjoed and effective approach to maximise
DC utilization at the mucosa. Lisziewicz et al @ieswicz et al., 2005) explored applying a
212



Chapter 6

HIV-1 DNA vaccine to the skin, and showed thatatgeted the superficial LCs and deeper
dDCs to induce strong viral-specific CD4and CD8 memory T cells. Furthermore, it is
reported that LCs induce a more potent autologoldd @sponse to foreign antigen
compared to other DC subsets (Ratzinger et al4R2dhus, these DC subsets are potentially

useful targets for the activation of HIV-specifimoosal immune responses.

6.4 Use of TLR agonists

TLRs are integrally involved in the initiation asdstainability of immune responses, taking
part in several stages of the induction and regufgbrocesses. As was shown in Chapters 4
and 5, TLR agonists have varying abilities to emeacellular immune responses. LPS was
determined to be the preferred agonist for moDCsppimulations, however, the pp65
dendrimer data strongly suggest that the type amdnitude of the cellular immune
responses elicited is a result of a collective affef several factors including the receptor
targeted, the TLR agonist used, and the naturéh@fantigen. Thus, future work should
consider utilising different TLR agonists with ttergeting strategy of choice, as this could
further improve CD8+ T-cell responses. Moreovegvus research has demonstrated the
potential advantage of the synergistic effects tleatlt from using multiple TLR agonists
(Napolitani et al., 2005, Raman et al., 2010). Thumight be of interest to investigate the
augmentation of CD8+ T-cell responses when syngrgigonists are used in conjunction

with a targeting strategy.

6.5 Favoured receptor for cross presentation

A number of DC endocytic receptors have been stuttienvestigate their potential use as
vaccine targets, although many of these studies baen done in mice. The differences in
distribution and the phenotypic and functional aspef mouse and human DCs indicate that
while these studies are useful in providing insigtid the interactions of DCs with their
natural environment and other immune cells, itifBctdilt to directly infer similar outcomes
in human studies without empirical evidence. Thusyitro human studies such as ours

provide the opportunity to explore how human DCGxtéo receptor targeting strategies, be it
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in an artificial environment. Interestingly, theerhical conjugate and MART-strep targeting
data concluded that targeting antigen to DEC-2bbusated the strongest proliferative CD8+
T-cell responses compared to MMR and DC-SIGN, whics in agreement with other
studies that showed DEC-205 as the endocytic recepbst likely to target antigens to the
cross-presentation pathway (Bonifaz et al., 20@¥%zBcco et al., 2007, Flacher et al., 2010).
This is not to say that the other receptors faitethrget the antigen for presentation, as it is
possible that the antigens targeted to the otheapters were targeted to the MHC class I
pathway, and enhanced CD4+ T-cell responses. Iticpir, DC-SIGN preferably target
antigen towards late, acidic endosomes/lysosomespfesentation on MHC class |l
molecules (Burgdorf and Kurts, 2008), suggestingt teven though murine studies have
shown targeting to DC-SIGN can enhance CD8+ T4msponses (Singh et al., 2009), this

does not appear to be the case in humans.

Interestingly, targeting pp65 to CDla using the diemer yielded some promising

proliferative CD8+ T-cell responses, indicating ttHaC receptors other than endocytic
receptors have the potential to direct antigen tdwahe cross presentation pathway. This
opens the door to the exploration of other DC remspas potential targeting options, some
of which are more specific to DCs and expresseatdeeater extent on the surface than DEC-
205. Thus, despite the promising potential of DEIG- to elicit enhanced CD8+ T-cell

responses, other potential receptors that mightnbee useful in a human setting include
receptors such as CLEC9A and langerin. Future warkuld therefore explore these

receptors as vaccine targets, once the targetiagpgies have been further optimised.

In summary, this study has detailed the succesdsfign and production of targeting reagents
that directed antigens towards specific endocytl€ 2ceptors, in the hope of eliciting

enhanced CD8+ T-cell responses. Of the four targedirategies evaluated, two strategies
showed promise, namely the chemical conjugateegtyabnd the MART-strep strategy.

However, both strategies can be further improvearder to enhance CD8+ T-cell responses,
as well as eliminate the current drawbacks. Tésearch has highlighted the complexity of
influencing a cellular immune response by demotisyahat a number of factors can affect

to what extent a CD8+ T-cell response is eliciied|uding DC subset, receptor targeted,
214



Chapter 6

adjuvant utilised and the nature of the antigenngequently, this study provides a sound
foundation for future work involving DC receptordating, which can potentially explore

several avenues, examining each of these influgnciactors more extensively.
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