Understanding vaccine induced protective immunity ¢
Mycobacterium tuberculosis

Edward Owen Ronan
Linacre College, University of Oxford
Thesis submitted for the degree of Doctor of Ploifitgy, Trinity Term 2011

Abstract

The current worldwide epidemic dflycobacterium tuberculosis infection is a huge global health
problem. Widespread BCG vaccination remains a lisefliin combating this epidemic; however, its
variable efficacy requires urgent development ofahvaccines againdflycobacterium tuberculosis.
Such a candidate vaccine is a serotype 5 adenogkpiessing antigen 85A fromd. tuberculosis
(Ad85A). In animal models Ad85A confers significgarbtection when administered intra-nasally. The
work in this thesis demonstrates that intra-nasahinisation with Ad85A results in inhibition ®4.
tuberculosis growth in the lung early after infection, in cat to the late inhibition induced by
parenterally administered vaccines. Early inhilitemrrelates with the presence in the lung of alkig
activated population of antigen-specific CD8 T selmaintained for at least 6 months post-
immunisation by persistent antigen. For intra-na&dB5A to be effective, the vaccine must be
delivered into the lower respiratory tract, as inmisation targeting only the nasal-associated lyrigbho
tissue (NALT) does not result in protection. Follogra change of animal facility, the lung immune
response to intra-dermal immunisation with Ad85Araased and this route of immunisation now
induced protection, though growth M. tuberculosis was inhibited only late after infection. However,
this response and protection can be altered by sexpoto environmental mycobacteria. Further
experiments showed that simultaneous respiratadypanenteral immunisations (SIM) act additively,
where local lung immunity inhibits the growth Bf. tuberculosis early after infection and systemic
immunity protects later. SIM regimes generate dydatproved protection over either immunisation

alone and do not depend on priming and boosting.
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Chapter 1

Introduction

1.1 The tuberculosis burden

Epidemiology

Tuberculosis (TB) has been part of the human déséasden for thousands of years. Although the
causative agenvlycobacterium tuberculosis (Mtb) was only identified by Robert Koch in the late
1800s, traces of mycobacterial DNA have been fanndummified remains from around the world,
dating to before the start of the Common Era (1 MY)reover, the association bdftb with humans
extends considerably further (3), as evidencedheyapparent tracking dflitb evolution to ancient

human migrations (4).

Today the tuberculosis burden has reached pandamportions with approximately one third of the
global population infected. The most recent avédldigures (2009) show as many as 9 million new
cases and 1.8 million deaths due to TB per yedh thie majority of cases occurring in sub-Saharan
Africa and Asia (5). Once infected willith, an individual has a 10% lifetime risk of developgive
disease. However, this becomes a 10% annual rigke ifndividual is co-infected with HIV (6), thus

making the co-pandemics of TB and HIV a huge gldieallth crisis.

This extent of tuberculosis infection and diseasm ispite of the availability of a vaccine, BC@®da
effective antibiotic therapy. However, these ingtions are clearly not sufficient; despite beihg t
most widely used vaccine in history, with over Bidm doses administered, BCG has considerable
failings in preventing TB disease in adults, a peob discussed further in section 1.4. Antibiotic
therapy of patients infected wittitb is also problematic. Althoughltb is susceptible to a number of
antibiotics (rifampicin, isoniazid, pyrazinamidejost treatment regimes require these to be taken

together and for a number of months. Thus, thenregs expensive and patient compliance can be
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low. In an attempt to improve compliance, Directpserved Treatment and Short Course Drug
Therapy (DOTS) was developed by the World Healthabisation (WHO), but despite this initiative
there has been a rise in the incidence of multirdasistant tuberculosis (MDR-TB), resistant to at
least 2 of the first line antibiotics (7). Of evgreater concern is the rise of extremely drug tasis
TB, or XDR-TB, resistant to even second line awfilbs. Infection with XDR-TB is almost

untreatable and has mortality rates of greater &4 in some patients (8).

Disease stages and diagnosis

Traditionally TB infection has been considered phbkic disease; presenting as either chronic but
largely asymptomatic latent tuberculosis infect{omBI) or active disease, leading to the classic TB
symptoms of a persistent cough, blood in the expats and cachexia. Latent infection is thought to
be caused wheMtb-infected macrophages in the lung fail to clear itifection, thus inducing an
adaptive immune response and the development ouimlngical memory. This immune response
leads to the formation of one or more granulomatéhe lung; distinct foci at the site of infection
consisting of infected macrophages surrounded bhgrdtost cells including T and B cells, dendritic
cells and endothelial cells (9, 10). Granuloma fation is thought to wall off the bacilli and proeid

an environment in which the immune system is ableptevent replication and dissemination.
However, recent work has implied that granulomanttion may in fact aid mycobacterial expansion

(11).

Of patients with LTBI, 90% go through life remaigiim the latent stage. However, 10% progress to
active disease. This is characterised by disruptibthe granuloma, an increase in mycobacterial
replication and up-regulation of the pro-inflammstoesponse. A rise in cell death in the granuloma
leads to necrosis and caseation, followed by cémitaand dissemination dfitb into the airway or

periphery. Dissemination into the airway causessimptoms of active disease and makes the patient
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highly infectious, whereas systemic disseminatian ead to a range of pathologies throughout the

body, including milliary TB or tuberculous menirigit

However, rather than this binary, latent or actiiev of TB disease, the current consensus ishtiat
infection may exist as a continuous spectrum otdséd replication and clinical symptoms (10, 12).
Latent TB infection is often defined by the preserie an otherwise asymptomatic patient of an
immune recall response to innoculation with myctob@dal antigens — a test known as the tuberculin
skin test (TST). However this definition is merslyfficient to distinguish individuals who have made
an adaptive immune response upon encounter of ragtefia and gives no indication as to the extent
of disease control. As such, a “latently” infectadividual could have entirely cleared the infentio
have controlledMitb replication to a dormant, quiescent state or remtively replicating bacteria but
not yet developed symptoms (12). Factors determimvhich of these phases of infection occurs
within an individual are ill understood. Furtherrapiit is becoming more evident that a range of

disease stages and granuloma types can be foundvithén an individual patient (12).

This more complex and less defined disease steictgans that accurate identification and diagnosis
of TB infection becomes all the more important addallenging. As mentioned above, the
conventional test for mycobacterial infection hastothe use of the tuberculin skin test. However, t
TST uses a range of mycobacterial proteins, knosvpuaified protein derivative (PPD), containing
peptides common to other mycobacterial speciejdimgy the BCG vaccine. Consequently, a positive
TST is unable to accurately distinguish betweemmrpBCG immunisation anditb infection, or
whether that infection is active or latent. Recgntiterferon gamma (IFN release assays (IGRAS),
such as T-SPOT.TB and QFT-G-IT, have been develogidthe aim to diagnoskltb infection by
assaying the responses to thébMpecific proteins early secreted antigenic ta®&€ESAT6) and
culture filtrate protein 10 (CFP-10)(13). Thesetpinas are encoded by the region of difference 1
(RD1) genomic segment, a region present in allleimMtb strains but absent from BCG. Therefore,

these assays are able to differenttb infection from prior BCG immunisation. Howeversiarly
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to the TST, IGRAs are unable to distinguish whetther patient has latent or active disease. A
prospective solution to this problem may be thelyasigm of multiple cytokines in similain vitro
stimulation assays, an approach that has showmtiten some studies (14, 15). Intriguingly, reten
work on transcriptional biomarkers appears to héreepotential for identifying not only individuals
who are latently infected witMtb but also those whom are more likely to progresacdtive disease
(16), which, if validated, could improve the way mitoring and treatments are targeted. However, all
these assays require significant processing timerder to truly improve the speed and accuracy of
diagnosis, and so treatment, a test able to rapieliyer a result at the bedside or during oneiclin
visit is necessary. A diagnostic tool with this gmtfal has recently been developed: the GeneXpert
MTB/RIF test is a nucleaic acid amplification tésat has shown sensitivity greater than conventiona
smear tests at identifying active TB cases (17,, ¥ well as determining their rifampicin
susceptibility/resistance status, in a 15 minusagsSuch an assay could greatly improve diagnosis
and time to treatment, although the major publialthehurdle of distributing such technology would

still need to be overcome.

1.2 Tuberculosis and the immune response

Innate immunity

Mtb is spread through the exhalation of aerosol dtsp@®ntaining the mycobacteria that are
subsequently inhaled by another individual. Whea Ntb reaches the alveoli of the lung, it is
phagocytosed by alveolar macrophages and dendeiie Phagocytosis is triggered by the binding of
Mtb antigens to pattern recognition receptors (PRRghe surface of the phagocytes, such as C-type
lectins. The ligands for these receptors are thobughbe motifs found on the lipoproteins and
glycolipids of the mycobacterial cell wall (9, 19he binding of polysaccharide mannose motifs & th
mannose receptor (MR) expressed on alveolar maaggshis known to induce phagocytosis, as is the

binding of opsonisetiitb to complement receptor 3 (CR3) (19, 20).
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Other important PRRs expressed on innate cellgtereoll like recpetors (TLRs) and the C-type
lectins Mincle and DC-SIGN. TLRs are a family oteptors expressed on the cell membrane or in
intra-cellular vesicles of which 10 have been diseed in humans and 12 in mice (21). Each type of
TLR detects specific motifs from micro-organismsgts as double stranded RNA, lipoprotein or other
structural motifs. The TLRs involved in the recdgmi of Mtb are thought to be TLR2, TLR4 and
TLR9, although, as TLR2 forms heterodimers with TL&d TLR6, these may also play a role (19).
Binding of TLRs leads to the activation of myelaitifferentiation primary response protein 88
(MyD88) and a signaling cascade resulting in ativaand nuclear translocation of the transcription
factor NFkB (19, 21). NF«B activation induces a pro-inflammatory immune mse in the innate
cells, primarily consisting of production of intedkin (IL)-12, IL-6, IL-18, tumour necrosis factor
(TNF)a and nitric oxide. The importance of this MyD88-umed pro-inflammatory response is
demonstrated by the highly increased susceptibdityMyD88-knockout mice toMtb infection,
corresponding with a reduction in inflammatory dyte production (21, 22). However, although this
would suggest that TLR signalling is vital for hagfenses againdith, knockout studies have shown
conflicting results, some indicating that mice digfint in TLR 2, 4 or 9 are no more susceptible than
controls, whereas others show an increase in mytetia load (23, 24). This could indicate some
redundancy between the TLR responses to TB, althadmgn mice deficient for all of TLR 2, 4 and 9
were challenged witiMtb they were able to control the infection (25). he tsame study MyD88-
knockout mice showed highly increased suscepthititlicating that other signalling pathways using

this adaptor molecule may be able to induce maagpleffector mechanisms.

Mincle and DC-SIGN are C-type lectins expressed@manantly on macrophages and dendritic cells
respectively. Mincle, or macrophage inducible Cetyiectin, has recently been described as the
essential receptor for trehalose-6,6’-dimycolat®NT), otherwise known as cord factor. Binding of
TDM to Mincle activates macrophages to secreteipifammatory cytokines and produce nitric oxide.

Notably, these anti-mycobacterial responses areitom Mincle-deficient mice, as is the ability to
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form granulomata (26). DC-SIGN, or dendritic cgiksific intercellular adhesion molecule-3
grabbing nonintegrin recognises the mannose cantpiMan-LAM glycolipid. Unlike the pro-
inflammatory response induced by TLR signallingyding of Man-LAM to DC-SIGN is thought to
induce an anti-inflammatory response, includingremnease in expression of IL-10 (19). Notably, this
regulatory signal may moderate the pro-inflammatesponse induced by TLR signalling by altering

the activation state of NkB (27).

Following phagocytosisMtb is able to reside in the phagosome, where it gisrsind replicates.
However, upon engulfing the mycobacteria, an irfdanacrophage has a number of defences. As
discussed above, binding of TLRs by mycobacterigdnds induces the production of reactive
nitrogen intermediates such as nitric oxide byhbst macrophage. Furthermore, the acidification of
the phagosome disrupts mycobacterial growth anénpiates the actions of microbicidal effector
molecules (9). Upon activation by IFNr TNFa signalling, the infected phagosome fuses with the
lysosome, resulting in destruction of the mycob@a&tand presentation of antigens to T cells through
major histocompatibility complex (MHC) class Il necules. Activation by IFMW and nitric oxide
production is also thought to induce apoptosis rdédted macrophages, leading to death of the
mycobacteria (28). Apoptosis also allows the uptakel cross-presentation dfitb antigens by

dendritic cells, furthering the activation of T lsehrough MHC class | presentation.

Although activated macrophages have these mecharfindestroying infecting mycobacterhtb is

an intra-cellular organism and, as such, has dpedistrategies to subvert this response in order to
persist and replicate in resting macrophages. tticpdar, Mtb is adept at preventing the fusion of the
phagosome and lysosome, thus avoiding the primatignrobial defence. The exact mechanism by
which Mtb manipulates the host machinery to avoid fusiomnisnown, although it appears to involve
the hydrolysis of phosphatidylinositol 3-phosph@&P), a host molecule necessary for maturation of
the phagosome/lysosome fusion process (@®).is then able to replicate in the phagosome uingil t

point that it escapes into the host cell cytoplaEhis escape is mediated by a secretion systemrknow
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as the ESX-1secretion system. The ESX-1 secrefisters is encoded by RD-1, similarly to ESAT6
and CFP-10 (see above), both of which are sechst&sX-1. Whilst ESAT6 and CFP-10 are known
to be essential for phagosomal escape by mycolmdfg®d), the exact mechanism is unknown,
although it may involve the ubiquitination or diption of the lipid membrane leading to lysis and
mycobacterial escape (31). Once in the cytoktih induces necrosis of the infected macrophage,
causing the release of multiplying mycobacteria alfmving further infection and destruction of athe

macrophages (9).

As well as dendritic cells and macrophages, oth#s of the innate system play important roleshia t
host response thitb infection. Natural killer (NK) cells are able tdlknfected cells through direct
cytolysis and also produce pro-inflammatory cytein particularly IFN, capable of activating
infected macrophages to induce the microbicidal hmaisms outlined above. It has also been
hypothesised that IL-22 production by NK cells potes phagosome-lysosome fusion, inhibiting the
growth of Mtb (32). However, other work has indicated that thi€ M:sponse to mycobacterial
infection has little effect on bacterial load (3B)eutrophils are another host cell subset imporiant
the response thitb infection. However, whether this role is predomithaprotective or pathological

is unclear. Recent work has demonstrated that eptdkinfected neutrophils by dendritic cells
accelerates the adaptive immune response thusasiageprotection (34) and others have shown that
neutrophils are able to partially compensate flaick of IFNy production (35). Conversely, other work
has shown that neutrophils do not restrict mycaly@dt growth (36). Whatever tha vivo role of
neutrophils, recent transcriptional analysis haswhthat a neutrophil driven signature may be &ble

differentiate active and latent disease, althowmgthér validation is necessary (16).

Adaptive immunity

Although the above innate immune responses plagréfisant role in controllingMitb infection, and

may in some case be able to clear the infectioimedntthe adaptive immune system remains a vital
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component of the host defenses. The adaptive immesgonse is dependent on infected antigen
presenting cells (APCs), such as macrophages ardtitie cells, migrating to the draining mediastina
lymph node and presenting to circulating naive lIscklowever, as discussed abolitb has evolved

a number of immune-modulatory mechanisms with withictisrupt this process. In the course of most
respiratory infections, activation of CD4 and CD8c@&lls occurs approximately 3 days following
infection. However, in the case Bltb infection, the response is delayed in mice umdraximately 9
days post-infection and activated T cells are maected in the lungs until 14 days (37-39). Whether
the delay in activation is due to the low infecialose or active inhibition of the innate systenivily

is unclear. This delay in activation becomes sigaift when the importance of adaptive immunity in

protection fromMtb is understood.

CD4 T cells are a subset of T cells that responartiigen peptides presented by MHC class I
molecules on the surface of APCs, recognised byithding of a specifief T cell receptor and CD4
co-receptor. The importance of CD4 cells in med@iprotection during/itb infection is highlighted
by the greatly increased susceptibility of HIV+ipats, an increase in risk that inversely corralate
with the patient’s peripheral blood CD4 count (48)rthermore, depletion and adoptive transfer ef th
CD4 subset in mice infected witkitb highlights their importance in protection (41, 42)pon
recognition of their cognate peptide, CD4 cellsdmee activated and can differentiate into a number o
subclasses, as defined by cytokine expressionranddription factor activation. INtb infection the
major protective CD4 phenotype is the T helper A1JTCD4 T cell. Thl cells are characterised by
IFNy production and the translocation of the transinipffactor signal transducer and activator of
transcription 4 (STAT4) (43). It is thought thatN¥ production by CD4 Th1l cells upon recognition of
infected macrophages activates the phagocytes rahetes the protective antimicrobial responses
outlined above. The importance of lfFNn mediating protection is highlighted by the ased
susceptibility to mycobacterial disease of patigtfcient in components of the IFMeceptor (44), as

well as those deficient in IL-12 mediated signalipgthways, a critical factor in promoting Thl

~16 ~



differentiation and IFM production by CD4 cells (45). However, other wbds demonstrated IFN
mediated protection independent of CD4 cells (4&)well as CD4 mediated protection in the absence
of IFNy (46), indicating that other protective mechanisane capable of inhibiting mycobacterial

growth.

Another cytokine thought to play a significant ratethe immune response ktb infection is tumour
necrosis factor alpha (TNl As well as being produced as part of the inn@sponse, this cytokine is

a significant product of the adaptive immune resgoto TB. Similarly to IFN, TNFa signalling
activates macrophages, inducing the protective ratidin of the phagosome and also appears to be
necessary for formation of organised granulomath @mevention of subsequent caseation (47, 48).
Mice deficient in the TNF receptor or depleted diF show an enhanced susceptibility Nib
infection, further highlighting its importance (49)he use of TN&-blockade in the treatment of
rheumatoid arthritis allows investigation of whatle facto depletion in humans. These investigations
have shown an increase in reactivation of latentim Batients receiving anti- TNfFtreatment (50),

indicating the importance of TNFn host defence againsitb infection across species.

As well as which effector cytokines are producedent investigation has highlighted the signifi@anc
of so-called multifunctional T cells. These areiwdblial cells producing multiple different cytokine
Work on another intra-cellular pathogdreishmania sp, showed that vaccine induced CD4 cells
producing IFN, IL-2 and TNF simultaneously correlated with protection (51)rtRer work has gone

on to describe the importance of multifunctionatdlls in other infections, including TB (15, 52).
However, the data are contradictory, with only sowmrk indicating a correlation with vaccine
induced protection (53, 54). Importantly, recentestigation into BCG induced responses indicates
that induction of multifunctional T cells gives madication of future susceptibility to TB (55). It
should be noted that this paper also indicatesrtiegtsurement of T cell cytokine responses does not

predict the ultimate risk of TB disease.
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As well as the Thl subset, other sets of CD4 Tsqalhy important roles in TB immunity. These
include the Th17 and T-reg cells. Th1l7 cells arecently described subset of cells characterised by
the production of IL-17, IL-23 and activation oftfRAR-related orphan receptor gamma T (ROR
transcription factor. Thl7 cells were initially defd as potent pro-inflammatory cells causing
autoimmune diseases such as experimental autoimenagephalomyelitis and human demyelinating
diseases (56). However, as such potent pro-inflammyeacells, their role in infection was soon
investigated, particularly in TB where the balarmetween a protective response and immuno-
pathology is so important. Although IL-17 was showm be required for protection against
extracellular bacterial pathogens, the effect vess bronounced for intracellular pathogens, althoug
the small effects observed were associated withcestineutrophil recruitment (57). In a mouse model
of Mtb infection, IL-17 is produced early after challengkhough in this case production is dominated
by vé T cells (58). Th17 cells have been shown to playnaportant part in the recall response in the
lungs of vaccinated mice followingtb challenge, aiding the recruitment of protectivel Tells (59).
However, mice deficient in IL-23 signalling do n@roduce IL-17 but show no increase in
susceptibility (60), indicating the exact role ohIl7 cells in Mtb infection requires futher

investigation.

T-reg cells are another subset of CD4 cells, ddfimeexpression of CD25 and the transcription fiacto
forkhead box p3 (FoxP3), although other markerssaraetimes used. Expression of IL-10 by T-regs
has the effect of moderating the Thl (and possibly7) response, reducing the production of{FN
(61). In Mtb infection, inhibition of IL-10 increases the Thé&sponse and leads to a reduction in
mycobacterial load (62). Furthermore, when T-relisare depleted prior to TB challenge, mice also
show a reduction in colony forming units (CFU)Mfb in the lung (63). However, although T-regs
appear to be detrimental to the host in allowingcomacteria to persist at higher levels, it must be
remembered that they play an important part in dikgi immuno-pathology. The importance of

regulation of the immune response is evident inegashen that regulation has been removed.
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Programmed death-1 (PD-1) is a molecule known tendcegulate the CD4 immune response and
blockade of PD-1 has been shown to benefit the inosbme viral infections (64). However, if PD-1
deficient mice are infected witMtb they demonstrate a significant increase in priainfmatory
cytokines, lung bacterial load, immuno-pathologgd alie considerably earlier than controls (65).
Furthermore, this increase in pathology and sugubfygtis driven by the CD4 response (66). At this
juncture it is worth noting that, although a prlammatory response is required for destruction of
Mtb, the mycobacterium itself needs the immuno-pathpland granuloma caseation driven by the
same response before it can spread to anotherTimsefore both host and mycobacteria are fighting

to shift the balance of inflammatory and regulatonynune responses in their favour.

Although classically it has been thought that a QD4 response is the mediator of protection, recent
work has shown the importance Mtb-specific CD8 T cell responses during infection.8&D cells
recognise antigenic peptides derived from the ojtaad presented on the MHC class | molecules of
host cells. Upon recognition of their cognate pimtiactivated CD8 cells have a range of potential
effector functions, including cytokine productiamgar to CD4 cells or direct killing of cells thogh
cytotoxic mechanisms. Initial work into the role @8 T cells in protection from TB showed mice
depleted of CD8 cells exhibited no change in myctdréal growth (67). Equally, adoptive transfer of
memory CD8 T cells conferred no increase in pratadf68). In both cases, the equivalent procedure
with CD4 cells did affect the course of infectidthowever, recent work has demonstrated that CD8
cells are an important component of a protectigpaoase, particularly following vaccination. In mice
CFP-10-specific vaccine-induced CD8 T cells ardicgeht to confer protection (69) and in non-
human primates depletion of CD8 cells following B&@ccination led to increase pathology and
mycobacterial load (70). However, it should alsonogéed that, similarly to CD4 T cells, CD8 cells
have been reported to contribute to immuno-patholagcows through increased IfNoroduction
(71). CD8 cells are also present in significant bars in granulomata (12), involved in the activatio

of macrophages through cytokine secretion alongdieé cytotoxic role. Increasingly, therefore,
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CD8 T cells are being recognised as an importabsetuin immune responses Idtb infection,

although their precise role and mechanism of adtesyet to be fully elucidated.

As well as classical T cells, non-conventional Tiscare now coming to be recognised as important
subsets irMtb infection. As mentioned aboved T cells have been identified as a source of IL-17
production early after infection, possibly a reguient for mature granuloma formation (72). Direct
cytolysis of mycobacterially infected phagocytes Wy T cells has been reported (73) and mice
deficient inyd T cells exhibit increased susceptibilityNtib infection (74). Another recently described
subset of non-conventional T cells is the mucosalbgociated invariant T cells (MAIT cells).
Restricted to MR-1, these cells are enriched inlihgs of active TB patients, where they have been
detected within the lesions (75, 76). In particuMAIT cells have been shown to produce ToNiR
response tditb-infected lung epithelial cells (75). However, fhrecise role of these newly described

cells inMtb infection remains to be elucidated.

1.3 Animal models of tuberculosis infection

In order to further understand the immune respas&itb infection as well as determine the
importance and function of different subsets witthiat response, accurate animal models are needed.
As well as aiding the understanding of the primaogt immune response, these models are just as
important for the analysis of potential vaccine didates and therapeutic interventions. However, as
described above, TB is a complex disease with gerari disease stages characterised by different
types of granulomatous lesions involving variougele of necrosis, fibrosis and cell infiltration.
Therefore, developing an animal model that is dbleeproduce these conditions whilst remaining
manageable for laboratory work, both in terms aft@nd available techniques, is a major challenge

for TB research.
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Mice

The laboratory mouse is a well used animal modelszca range of immunological and genetic fields.
As a result a wide range of tools are availabletii@ investigation and manipulation of mice as a
model, thus further potentiating their common usddech of the work discussed above investigating
the roles of various immune cell subsets was peddrin the mouse model, whether by generating
specific gene knockout strains or by otherwise elipy or enhancing the presence or effect of each
subset. This has allowed high resolution analybigadous aspects of the host immune response to
Mtb infection. However, the mouse model does presestilgms. Unlike humans, mice exposed to
pulmonaryMtb infection all become infected and if left untrehteill control the mycobacterial
burden after approximately 2-3 weeks, at which pMtb load will remain at a high but maintained
set point for approximately 1 year until mice sunbuto infection and die (77). This is contrary to
human disease, where the majority of individuafedted contairMtb in latent disease, often to the
point that few or no mycobacteria can be detecaed, only a small proportion progress to active
disease. The type of lesions developed in micendurifection is also different. The classical human
lesion, found in active and latent disease, comsidta central hypoxic caseous/necrotic region
surrounded by macrophages and neutrophils withffaofuymphocytes (12). In mice, however, the
granuloma structure is less organised, more celhda non-necrotic. It is therefore argued that the
mouse model is not comparable to human infectiartjqularly latent disease, but rather that infacti

in mice is a chronic disease. One attempt to cikannthis problem is the Cornell model of infection
In this model, infected mice are treated with &dotibs 12 weeks post-infection. As a result,
mycobacterial load can be reduced to levels atlwtliey can no longer be cultured or isolated from
the infected mice. However, if the mice are thénvéthout further treatment, approximately onerdhi

of these mice spontaneously develop TB diseas¢hétamnore, if the other two thirds of the antibiotic

treated mice are immuno-suppressed almost all g afevelop TB disease (78). It has thus been
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argued that antibiotic treatment induces a fornlatént infection in the mice that is comparable to

human latency, although the true validity of thigdal is still debated.

Guinea pigs

The other major small animal model for modellitp infection is the guinea pig. This model differs
from the mouse model in the type of lesion thdbised following infection withMtb. Rather than

the disorganised, non-necrotic lesion seen in tloe,nguinea pig granulomata more closely resemble
those observed in humans, developing into caseaw#tating lesions in late stage disease. As such,
the guinea pig model is often seen as a more nigoamd relevant small animal model for the testing
of human vaccine candidates and therapeutics.i$lparticularly the case for agents designed tat tre
latent infection, once granulomata have formed,(@Bhough true latent TB does not occur in guinea
pigs. However, the guinea pig model lacks the e&seanipulation available in the mouse model, with
far fewer immunological reagents and no geneticckoats or transgenics available. Thus, although
guinea pig lesions may be more comparable to hudizmase, the processes behind their formation are
more difficult to elucidate. However, the validity the guinea pig model has been questioned. Guinea
pigs are highly susceptible tdtb, with only one or two mycobacteria sufficient tstablish lethal
infection. This increased susceptibility has bessoeiated with increased eosinophil recruitment and
degranulation in guinea pig granulomata leadingady necrosis (79). Hence, the high susceptibility
of guinea pigs tditb may be due to an immunological deficit of sorsist questioning the legitimacy

of the model (79).

Cows

Rather than being a bespoke model of huidam infection, bovine tuberculosis represents a dieseas
burden in its own right, with a huge impact on egftural economies. Caused Mycobacterium
bovis rather tharMtb, bovine TB is a natural host-pathogen infectiather than an experimental

model per se. The immunological responses in cows followilg bovis infection show many
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similarities to the responses seen in human irdfactoth in terms of innate pathogen recognitioth an
cell mediated immunity (80). Granuloma formatiom atructure follow similar patterns to that seen in
humans, with a range of heterogeneous caseouslgnzata detectable in the lungs and lymph nodes
of individual cows. Furthermore, as the granulormega some progress to liquefaction, as seen in
humans, although this appears only to occur in ke disease (81). In terms of latent infection,
exposed but skin test negative cows have develapgcbbacterial reactivity many years after
exposure, despite no further contact with infetidgndividuals, implying that latent infection can
occur naturally if not experimentally (81). As welé being a useful model for examining primary
responses to infection, the experimental bovine syBtem can be used to assess human vaccine
candidates. As discussed below, BCG vaccinationctifdren shows variable efficacy across
individuals and populations, a problem that, as lyas no definitive explanation. BCG vaccination of
neonatal calves has similar variability in effica@tthough the cause of this variation is equally
unknown (82). A further parallel between cow andnan responses to BCG vaccination is that skin
test responses following BCG do not correlate \pitbtective immunity (83, 84). These similarities in
response to BCG indicate that the bovine model pragent a realistic model for other candidate
human vaccines, as well as highlighting the pot¢ntalue of vaccine research in either species to
those working on the other (84, 85). A small caweith assessing human vaccine efficacy in cows is
that a different challenge organism is being usedhie bovine system. Althoughl. bovis has
considerable similarity toMth, the two organisms are known to have phenotypiferdinces. For
example, althougiM. bovis and Mtb cause similar pathologies in their own host speaesis and
humans respectively, each is significantly lesslgimt when infecting the opposing species (80, 86).
This may particularly affect the assessment ineatt human vaccines based on attenuated strains of
Mtb, where the immunogenicity may be somewhat dimedsh cattle compared to humans (80).
However, the other similarities of the catie-bovis model to human disease, alongside the

availability of a wide range of immunological reate with which to manipulate and study the
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response, means that it is a valuable experimembalel for human TB, as well as for bovine TB

disease itself.

Non-human primates (NHPS)

The closest experimental model to human TB disé&asétb infection in primates. Upon low dose
pulmonary infection, outbred cynomolgus macaquegldg a range of disease similar to that seen for
a human population, with some developing activealie and other TST positive animals remaining
free of clinical symptoms (87). The pattern of ¢es and granulomata also resemble the range
observed in human TB patients (88), with granulofeamation showing similar cytokine
dependencies as observed in humans (89). Primadelsalso have the advantage of being able to
assess concurrent infection withtb and simian immunodeficiency virus (SIV), the simi@nalogue

of HIV, allowing the elucidation of one infectionsffect on the other (90). As these models are
deemed so similar to human disease, analysis mapes is often the final stage of assessment of any
therapeutic or vaccine against human TB before fegress into clinical trials, particularly as raor
immunological reagents for macaques become availadbwever, although a rigorous model,
significant problems remain with the NHP model,liging the possibility of transmission between

individuals in a colony, ethical considerations &me almost prohibitive cost (87).

Of the models discussed above, as well as otheesphe chosen by any particular investigator is
dependent on a number of variables, including ¢bsthypothesis being investigated and the readout
desired. Although primates allow the most accurapgesentation of TB disease on the scale of an
individual or group, if cellular dynamics are beimyestigated then the imaging advantages of the
zebrafishM. marinum model would probably be preferred. Equally, theejie and immunological

manipulability of the mouse model may make that el of choice. As said elsewhere, a good
model should restrict the variables of a systenhghat the overall context remains but hypothesis

testing becomes clearer (91).
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1.4 Vaccines against TB

BCG

As mentioned above, the current global TB burderdespite the availability of a vaccine: the
attenuatedV. bovis Bacille Calmette-Guérin, or BCG. BCG is the oribehsed TB vaccine and has
been given to over 3 billion people. It is givenoatsoon after birth in countries with endemic TB
disease. However, although BCG vaccination proiefasits from severe disseminated disease as well
as lung disease, this protection falls over timtl iy late adolescence much of the effect has @ane
(92). The efficacy of BCG vaccination across pafiohs is also variable, ranging from 80-90% in
Northern America and Europe, to 0% efficacy in paftAsia and sub-Saharan Africa (93). The cause
of this variation is as yet unknown, although thare a number of hypotheses, of which any or all
could be playing a part. One hypothesis is thatnéetions with other microorganisms may be
affecting the response following BCG immunisatiospecifically co-infection with helminths.
Helminth infection is thought to bias the immunesteyn to a T helper 2 (Th2) type response, away
from the Thl response thought to protective agdiBstAs helminth infection is common in regions in
which BCG efficacy is poor (94) and chemotherapyhelminth infection has been shown to lead to
improved responses to subsequent BCG (95) it isilplesthat co-infections with helminths may be
playing a part in the variable efficacy of BCG. Hmwer, this requires further investigation,

particularly as no work has been done on the effebelminth infection on prior BCG vaccination.

Another explanation or contributing factor to thariation in the efficacy of BCG vaccination is the
degree of exposure of the individual to other sge@f Mycobacteria. Largely non-pathogenic in
immuno-competent individuals, non-tuberculous myaeria (NTM) exist in soil or water and are
more common at the lower latitudes and around tbgeids where BCG efficacy is most variable.
Furthermore, children from these regions show greéatmune responses to NTM compared to those

in Britain, where BCG is highly effective (96). Eogure to NTM could increase variation in two
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ways: by conferring a greater degree of natural umity to Mtb infection, thus making it more
difficult to observe an improvement in protectianterred by BCG — an effect termed “masking” — or
by inducing an immune response that kills or irtsitihe growth of BCG, thus reducing its efficacy as
a vaccine — termed “blocking”. Studies have showthlthat blocking can occur, with NTM-specific
responses inversely correlating with BCG respo@3g, put equally that pre-existing NTM immunity
has no effect on the magnitude of response to B&Bk However, both these studies measured the
IFNy response following BCG, a response that has bbewrs not to correlate with future risk of
acquiringMtb infection (55). Equally, as BCG is often givenoatsoon after birth, prior exposure to
NTM would be limited. Further investigation intoetleffect of maternal exposure to NTM or other
infections is needed (98), as well as the effectNGiMM exposure on pre-existing BCG induced

responses.

It is widely recognised that improvement is neededr the current BCG vaccine. As BCG provides
protection against more severe forms of TB dis@aggants and the infrastructure and logisticsiter
distribution are well established, it is likely thany improvement will involve BCG or a modified
version. Boosting BCG with a further homologous Bd@nunisation shows no improvement in risk
of acquiring infection (99, 100) and induces onlyadest increase in response (101), possibly due to
inhibitory effects of the primary vaccination. Agch, other strategies for improving over BCG are
needed. These fall generally into one of two cafego boosting prior BCG vaccination with a
heterologous subunit immunisation or developing s&ains of attenuated mycobacteria which could

replace BCG.
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Subunit vaccines

Subunit vaccines are designed to boost the immumityced by a prior BCG priming immunisation

by delivering antigens common to BCG amltb in a heterologous prime-boost regime. By
potentiating the response to a particular antigemntigens, as well as by modulating the type of
response induced, these vaccines hope to impraveddlyree of protection conferred against TB
disease. Subunit vaccines can be administeredr eith@rotein plus adjuvant or delivered within a

viral vector.

Protein subunit vaccines can consist of whole iidldizl mycobacterial proteins, individual peptides o
fusions of multiple antigens. These are then foatad with an adjuvant designed to act either as a
vehicle, as a depot for the antigen or as an imamadulatory agent, or a combination of all three
(102). Currently alum (and its derivatives) and anild emulsion are the only adjuvants licensed for
human use but a range of others are in developrinent,cytokines to bacterial components to particle
delivery systems (102). At the time of writing, tl8& vaccine using protein plus adjuvant furthest
through the clinical trial process is M72 plus A80Zhis fusion protein consists of tvitb antigens,
Mtb32 and Mtbh39, formulated with a proprietary a@jot containing a detergent QS-21 and
monophosphoryl lipid A (MPL), a bacterial derivaiknown to induce TLR4 signalling (94, 103).
M72 conferred an increase in protection over BC&mvhdministered as a boost in animal models

(104, 105) and has completed Phase lla trials uttSafrica and the Philippines (94).

Two other protein based vaccine candidates that batered clinical trials are Hybrid 1 and HyVac4.
Hybrid 1 is a fusion protein consisting of antifgsB and ESAT6, and HyVac4 is a fusion of 85B and
TB10.4 (106, 107). HyVac4 was developed from Hykkith an attempt to avoid conflict with TB
diagnostic assays based on immune responses to E&&E section 1.1). In animal models both
vaccines have shown efficacy when adjuvanted wiBiLMlong with cationic lipid vesicles (106, 108,

109). Both vaccines have also been used with thesak IC31, a proprietary adjuvant containing a
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TLR9 nucleotide agonist and a cationic peptide, hade shown protection in animal models (107,
110). Currently, these formulations of Hybrid 1 adglac4 with IC31 have either recently finished or
are undergoing early clinical trials (94). A furthigeration of these hybrid fusion vaccines ha® als
recently begun development. H56 is similar to Hgbti, containing 85B and ESAT6 but it also
includes Rv2660c, a latency-associated antigen)(14%6, formulated with a cationic liposome
adjuvant CAF01, has shown protection as a propliglaaccine when given alone and or as a boost to
BCG, with increased efficacy over Hybrid 1 obserlate after challenge (111). Interestingly, when
administered post-antibiotic treatment in an adag@®rnell model of infection, H56 also showed

efficacy as a therapeutic vaccine, indicating dteptial as a post-exposure intervention (111).

Other subunit vaccines in development use recombiieal vectors to deliver antigens. Viral vectors
have become an increasingly popular method forimaatelivery for a number of diseases as they are
capable of inducing potent cell mediated respomsegctored antigens as well as generating high
antibody titres (112). In terms of TB vaccine deyshent, the most common vectors used are
recombinant adenoviruses and modified vacciniasvikokara (MVA). These vectors allow delivery
of a particular antigen or antigens whilst utilgsithe natural tropism and adjvanticity of the viral

vector.

Of the adenovirus based viral vector vaccines otlsrén development, the furthest advanced is the
Aeras-402 vaccine. This is a serotype 35 adenowamsaining 3Mtb antigens as a fusion protein,
85A, 85B and TB10.4. This vaccine was protectiveemlgiven intra-nasally or intra-muscularly to
mice (113) and is currently being evaluated in BHBslinical trials in Kenya and South Africa, wiee

it has induced significant CD4 and CD8 T cell rasges detectable in the blood up to 6 months post-
immunisation (94, 114). Interestingly, by basings thaccine on serotype 35 the investigators hope to

avoid potential problems with anti-vector immunigmmon in the human population (see below).
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Another adenovirus based TB subunit vaccine is Ad8bhis is based on a human serotype 5
replication deficient adenovirus containing anti@&f. Ad85A will be further discussed below but it
should be noted here that is currently undergoiRtpase | first-in-man study in Canada to evaluate i

safety and immunogenicity in humans.

Of the current viral vector based vaccines in chhtrials, the most advanced is MVA85A, consisting
of the replication deficient vaccinia virus confag antigen 85A. MVAS85A effectively boosts

antigen-specific T cell responses when given asranteral boost to BCG in animals and humans
(115-118). In mice, MVA85A improved protection oMBCG alone when both immunisations were
administered to the respiratory tract (119). Howewvenen administered parenterally as a boost to
parenteral BCG to mice no improvement in protecti@as detected (120). In cattle and non-human
primates any improvement in protection has beerkweabsent (116-118). Extensive trials have been
performed using MVAB5A administered parenterallyboth the UK and Africa and a Phase Ilb

efficacy study is currently underway in South Afi(94).

Mycobacterial vaccines

Rather than boosting the response to BCG antigsimg) lsubunit vaccines, another strategy for
improving vaccine efficacy has been to use recomttiBCG or attenuated strainsMfb. The initial
attenuation oM. bovis to BCG was not targeted to particular virulencgtdes, so re-introduction of
antigens lost during this attenuation may enhaheeirnmunogenicity of BCG without increasing
virulence. Likewise, BCG was not designed to indacspecific profile of response, opening the
possibility that recombinant strains could imprafe balance of vaccine induced immunity. For
similar reasons, targeted attenuationMtb also has the potential to generate vaccine stithiais

induce responses to a broader range of infectimaiss, thus conferring greater protection.

rBCGAureC:Hly, one of the recombinant BCG strains, hashrad any mycobacterial antigens re-

introduced but rather has been designed to imptioeetype of response induced by BCG. Hly, or
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listeriolysin from Listeria monocytogenes, enablesListeria to escape the host phagosome. When
included in recombinant BCG, Hly promotes the tlacetion of BCG antigens to the cytoplasm, thus
increasing the presentation of these antigens t8 TRells (121). Furthermore, by upregulating the
rate of apoptosis of infected macrophages, Hlfaagight to increase the cross-priming of CD8 cefis b

dendritic cells (121). By improving the CD8 resperie BCG, it was expected that this recombinant
BCG would confer greater protection than the paleBCG strain, a hypothesis borne out in mouse
models (120, 121). This vaccine is currently pregieg through Phase | safety trials in South Africa

(94).

Similar phagosome-disrupting recombinant BCG strdilave also been developed. The AFRO-1
recombinant BCG expresses perfringolysin rathen tHb to potentiate endosomal escape (122). As
well as perfringolysin, this strain over expresie®e mycobacterial antigens common to BCG and
Mtb, 85A, 85B and TB10.4 (122). By over expressing¢hantigens and improving cross-priming this
vaccine has demonstrated improved immunogenicitsnice and guinea pigs; however this did not
result in improved protection over the parental B§fain in mice (122). A Phase | clinical trialtbfs

vaccine will soon be starting in healthy subjentthe USA (94).

Rather than re-introducing antigens to BCG, anott@tegy has been to attenultid so that it can
replace BCG. This has advantages in possibly confegreater protection due to greater similarity
between vaccine and pathogen, and attenuated pathdgve been used successfully as vaccines for
other diseases. However, attenuated strains mesemtr no risk of spontaneous reversion to virulence
and therefore should contain at least two attengatiutations (92). The SO2 strain of attenuéiitil

is PhoP deficient, a transcription factor thoughbe required for virulence factor expression (123)
This strain is more attenuated than BCG in immueficgent mice and is highly immunogenic (116,
123). However, although a further attenuated marais in development (92), SO2 is no more

protective than the parental BCG strain in micénea pigs or monkeys (116, 123).
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A further strategy has been to use inactivated ingcteria as a therapeutic vaccine and adjunct to
chemotherapy. Immunisation of newly diagnosed TBepé& with inactivatedM. vaccae aimed to
boost the host mycobacteria-specific response gluchemotherapy, thus accelerating the time to
effective treatment (124). Initial trials demonsth that a singlévl. vaccae immunisation had no
effect on the time to negative culture (124). Hogrewn a recently completed Phase Il trial muéipl
immunisations of HIV-positive patients led to impement in definite TB disease diagnosis rates,

although no effect was seen on disseminated oapielI B disease rates (125).

Although using recombinant BCG or attenuatdtb strains in place of the current BCG vaccine
presents some interesting possibilities, some ¢tas@a needed. Any new live mycobacterial vaccine
would need to be safe in HIV positive and immunaipoomised individuals, a quality not displayed
by BCG. It is possible that strains more attenudbesh BCG but equivalent in terms of protection,
such as SO2 or rBC&ureC:Hly, may be useful in allowing a greater pmbijpa of people to receive
vaccination. However, the costs of developing a maecine that did not improve an individual's
protection would need to be justified. The use éraiatedMtb strains as potential vaccines has
further problems, as ensuring spontaneous reveofiattenuating mutations cannot occur would need
to be conclusively proven. Furthermore, until maecurate diagnostics fovtb infection are
available, inclusion ofMtbh variants as part of the vaccine program will mistly hinder the
differentiation of vaccinated and infected indivadisl Despite this however, recombinant mycobacteria
technology presents exciting possibilities for depement of improved vaccines, particularly if these

are used alongside the candidate subunit vaccesesitded above.

1.5 Adenoviruses and Ad85A

Adenoviruses as viral vectors

Adenoviruses are double stranded DNA viruses tlat cause mild upper respiratory or gastro-

intestinal infections, although more serious infatd can occur in immuno-compromised individuals.

~ 371~



In humans there are 6 subclasses (A-F) into whiehvarious serotypes are divided based on sequence
homology (126). The viral genome is split into anter of early and late units expressed over the
course of infection. Of these, the early 1 (EL1} ismmhecessary for replication as it initiates VD&IA
synthesis, as well as inhibiting the immune respdnsadenoviral infection. Adenovirus entry is most
commonly mediated by binding of the viral fiber knto the coxsackie-adenovirus receptor (CAR)
expressed on host cells, followed by interactionthaf penton base with host integrins leading to
internalisation (127). Upon host cell entry, adenses escape the endosome and locate to the

nucleus, where replication begins (127).

Adenoviruses were initially developed as potergi@he therapy vectors, particularly for diseases of
the lung due to the natural tropism of adenovirusethe respiratory tract. Deletion of the E1 unit
ensured replication deficiency and further deletidie3 in subsequent generations of vectors allowed
large transgenes to be inserted. Treatment ofacfibtiosis using adenoviral transfer of the funetib
cystic fibrosis transmembrane regulator (CFTR) gmiteally showed promise in restoring function,
although ultimately problems arose due to increasdimmation and lack of persistent gene
expression (128). However, these qualities wera seepotentially beneficial for effective vaccine

delivery and consequently adenoviruses have beocoone popular for this purpose.

Adenoviruses are highly immunogenic, able to indmnzguration of dendritic cells as well as induce
pro-inflammatory cytokine secretion through a MyD&Rpendent signalling pathway (129).
Replication deficient adenoviral vectors have hadakd often E3 deleted, both of which are important
for virus immune evasion. As such, these vectdebréhe highly immunogenic characteristics of wild
type viruses. The E3 unit actively interferes witle MHC class | presentation pathway as well as
preventing apoptosis of infected cells (126), hattwletion of this element in viral vectors showe e
enhance immunogenicity. Adenoviral vectors induc¢hbantibody and cellular responses to the
transgene more effectively than other viral vectarish the cellular response dominated by CD8 T

cells (130). Although wild type adenovirus DNA iadwn to persist in mucosal lymphocytes long
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after infection, this persistence is thought todependent on E3 mediated inhibition of apoptosis
(131). Hence, adenoviral vectors lack the persisgame expression required for gene therapy.
However, in terms of vaccination, lifelong transgesxpression is not necessarily required, although
the persistence of antigen may be important indimduthe most effective phenotype of response. The
rate of viral clearance appears to vary betweesudis. Antigen can be detected following up to 40
days following intra-muscular immunisation, witlartisgene sequences detectable up to 1 year (132,
133). However, if administered intra-nasally, adéra clearance has been reported to occur within

10-14 days (134, 135).

As a result of these qualities, adenoviral vectoage become a popular and useful base for the
development of a number of vaccine candidates aga&arious pathogens. These include vaccines
against Ebola (136), rabies (137), HIV (138), nmialg139) and tuberculosis (54, 114, 140) amongst
others (126). Of these vaccines, the farthest dpeel is a human serotype 5 adenovirus expressing th
Gag, Pol and Nef proteins from HIV. This vaccinalerwent a Phase lll trial in which the effect of
vaccination on rate of HIV acquisition and subsequellV viral load was measured (141).
Unfortunately, no reduction in either measuremeas wonferred by the vaccine. Furthermore, the rate
of infection was raised amongst men with high sitoé adenovirus serotype 5 specific antibodiesrprio
to vaccination (138). Whilst the cause behind thisease is unclear, it raises concerns aboutgbke u
of serotype 5 adenoviruses as viral vectors; morgigen anti-adenovirus serotype 5 antibodies are
common in the human population and many of theetirvaccine candidates are based upon it.
Whether or not it has an effect on disease ac@unsipre-existing anti-vector immunity has been
shown to limit the efficacy of a vaccine (130). &woid these potential problems, other serotypes of
adenovirus have been investigated as potentiabrsechs discussed above, the Aeras-402 vaccine
uses human serotype 35, although antibodies t@sén@atype are also present in the human population.
Others have investigated the use of adenoviruges Ghimpanzees as these do not circulate in the

human population but have similar immunologicalgaies (126).
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Ad85A

In this thesis, much of the work reported was penéd using Ad85A — a human serotype 5 E1/E3
deleted adenovirus containing the 85A antigen fidith. 85A is a 31kDa protein and part of the
antigen 85 complex, a group of mycolyl transferasegiired for synthesis of the mycobacterial cell
wall (142). 85A is one of the major products semdeby Mtb and BCG as well as other species of
Mycobacteria (143), with epitopes recognised in both animald lammans (144, 145). As the antigen
85 complex is essential for mycobacterial growttl highly immunogenic iMtb infected individuals

(145), it represents a promising vaccine target.

In BALB/c mice, Ad85A immunisation has demonstrapedent immunogenicity, inducing significant
CD4 and CD8 cell cytokine responses in the lungnvddministered either intra-muscularly (i.m.) or
intra-nasally (i.n.) (140). Furthermore, upon chafe with virulentMtb, i.n. immunised mice show a
reduction in lung mycobacterial load. However, altgh i.m. immunised mice are partially protected,
this protection is only transient (140). Similarpyrevious work in our lab demonstrated that AA85A
administered intra-dermally (i.d.), conferred nmtpction to mice despite strong systemic immune
responses (52). However, i.n. immunisation with B&l&onsistently protects fromltb challenge in
animals, whether administered alone or as a booBCG (52, 140, 146-148). Ad85A has also been
assessed in the catfié-bovis challenge model (118), where it was administerddbis a boost to BCG
and demonstrated significant immunogenicity. Updn bovis challenge these animals showed
decreased lung pathology compared to naive contiolaever, no statistical difference was observed
between Ad85A boosted animals and BCG immuniseg¢ oahtrols, although there was a trend
towards reduced total lung and lymph node patholdgy). These data indicate that Ad85A shows
promise as a TB vaccine candidate and, as mentaneee, is currently undergoing a Phase | clinical

trial assessing safety.
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1.6 Respiratory immunisation

Although many effective vaccines are currently adstered systemically, the concept of mucosally
targeted vaccination against mucosal pathogensaiisingg momentum. As well as the practical
advantages of needle free, non-invasive immunisatiespiratory immunisation has immunological
benefits. It is becoming clearer that a common meacimmune system (CMIS) connects mucosal
tissues around the body, such as the gastro-ima¢dtact, the skin, the genito-urinary tract ahd t
respiratory tract. The degree to which one tissueonnected to another remains unclear, as does the
extent of separation between the CMIS and systemimune system. However, mucosal
immunisation has been shown to induce mucosal @hiland cellular immune responses both at the
site of immunisation and in distal mucosa (149,)18Y inducing immune responses at the site of
infection, mucosal vaccines hope to improve pradectompared to systemic vaccines, which are
reliant on recruitment from the periphery. Respiratmucosal immunisation is particularly effective
against a number of respiratory pathogens. Eauljie$ demonstrated that respiratory immunisation of
humans was as effective as systemic vaccinatiomstgalague, tularaemia and anthrax (150) and i.n.
immunisation with live attenuated influenza virdsA[V) induces more effective homologous and
cross-reactive immunity than i.m. immunisation withctivated influenza virus (151). Furthermore, a
respiratory immunisation regime against measlesokas widely administered to children in Mexico.
Here, aerosol immunisation with attenuated virus ware effective than systemic immunisation with

the same vaccine (152, 153), demonstrating thehplitysof widespread respiratory immunisation.

Similarly to measles and influenzdtb is primarily a respiratory pathogen, indicatingtthespiratory
immunisation may be an effective strategy againisétculosis. Intra-nasal immunisation of BALB/c
mice with BCG induced systemic cellular responsgsivalent to parenteral immunisation and is
highly immunogenic in the lungs. This led to comesable protection after challenge, particularl if
i.n. doses of BCG were given (119). Respiratory imigation regimes using subunit vaccines against

TB are also being developed. The Ag85B-ESAT6 fugivotein administered i.n. with adjuvant
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effectively boosted systemic responses following@&hd conferred an increase in protection (154).
As mentioned previously, adenoviral vectors havetaral tropism for the lung, lending them to use
as in respiratory vaccines. Ad85A and Aeras-4020fgpe 35 adenovirus) both confer significant
protection when administered i.n. in mice (113,)1@®well as guinea pigs (Ad85A) (148). Aeras-402
is currently being formulated into a dry powder farther aerosol delivery to NHPs and humans
(155). Respiratory immunisation is particularly adiageous for adenoviruses as, unlike other
immunisation routes, it appears to bypass any postexisting anti-vector immunity (156), an

important consideration for any vaccine based ootgee 5 adenovirus (Section 1.5).

A number of mechanisms exist for delivery of phazengtical agents to the human respiratory tract,
whether intra-nasally, by aerosol or by spray. Caodf delivery mechanism is vital in terms of
delivering the agent to the desired region of thepiratory tract, an important consideration when
attempting to induce the correct immune responskstadvoiding unnecessary side effects. A number
of variables, including particle size, density anspiratory flow rate are known to affect whethiee t
majority of a respiratory agent is deposited in tlasopharynx, the bronchial airways or the alveoli
(157). Whilst a number of proprietary nebulisersd @nhalers are available, the choice for any
particular drug or vaccine will depend on the téedeegion of delivery, as well as the agent’sifitgb

under formulation (150).

In terms of vaccines, respiratory immunisation WifkiV is performed using the AccuSpraydevice,
primarily targeting the nasopharynx and upper respiy tract, whereas the Mexican measles vaccine
was administered by nebuliser, thought to targetenioto the lower respiratory tract. The lower
respiratory tract is obviously a tissue highly séves to damage and perturbation. Although no side
effects were reported following the respiratory silea vaccine, there may be some concern about
delivery of a vaccine to this site. In the casetgiro vaccines, the development of safe mucosal
adjuvants is necessary before they can becometieéfdn humans. There is also concern over the

administration of viruses, as translocation of sita the central nervous system has been repated f

~ 36 ~



adenoviruses in mice (158) and for influenza in hom (159). However, other respiratory
immunisations have proved to be safe, includinthexcase of TB, where BCG has been given by the
respiratory route to humans without harmful eff€80). Thus the development of the respiratory
route as an effective administration strategy aidiftb infection remains a potential improvement

over current approaches.

1.7 Aims of thesis

When starting this project, previous work on theBBA vaccine had established that it was protective
when administered by one route (i.n.) but not whgnother (i.d.) (52). The aims of this thesisave
therefore: 1) to establish the durability of themiome response following Ad85A i.n. immunisation
and whether protection was maintained to time golahg after immunisation; 2) to ascertain the
mechanism by which intra-nasal immunisation confaxstection; 3) to learn whether immunisation
restricted to the upper respiratory tract was sigffit to induce protection or if delivery to thentpwas
required; 3) to investigate why the immune respoimskiced by i.d. immunisation was altered
following a change in animal facility and what effehis had on protection; 4) if i.n. immunisation
protected by a distinct mechanism to systemicaliyiaistered vaccines, to determine if the two could

be combined to generate a more efficacious immtioiseegime.

~ 37~



CHAPTER 2

Materials and Methods



2. Materials and Methods

A list of standard solutions and their compositi®igiven in Section 2.7.

2.1 Mice

These studies used mice 6-8 week old female BAIB/€%) or C57BL/6 (H-3) mice, as indicated
(Harlan, Blackthorn, UK). All the work was approvbd the animal use ethical committee of Oxford

University and complied with Home Office guidelines

2.2 Mtb challenges

2.2.1 Mtb stock

Mycobacterium tuberculosis, Erdman strain was kindly provided by Dr. Amy YafEDA Centre for

Biologics Evaluation and Research, Bethesda, UBA)veas stored frozen at &R

2.2.2 Challenge methodology

Aerosol challenge

Aerosol challenges were performed using a modifledderson apparatus, described in Phillpsitss
(1997). Briefly, mice were restrained and placedinealed chamber. The chamber was then filled
with an aerosol of a dilutedtb mixture for 20 minutes, before the chamber washiéa with air for a

further 10 minutesMtb deposition in the lungs was measured at 24 hasgsghallenge.

Intra-nasal challenge

Intra-nasal (i.n.) challenges were performed bwtifij the Mtb stock in PBS to the empirically

determined concentrations for the desired challeluge. Mice were anaesthetised with isoflurane and
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allowed to inhale 40-50ul of tHdtb suspension placed drop-wise on alternate nodtfils.deposition

in the lungs was measured 24 hours post-challenge.

Intra-tracheal challenge

Intra-tracheal (i.t.) challenges were performeddiyting the Mtb stock in PBS to the empirically
determined concentrations for the desired challergsse. Mice were anaesthetised with
Ketaset/Domitor and positioned vertically with werhtside facing the operator and the mouth open. A
gel loading pipette tip was inserted into the teschuntil the bronchial bifurcation was reached (in
order to confirm that the tip was inserted in tlaelhea rather than the oesophagous), the tip vaithrdr

partially and 40ul of thditb challenge dose ejected into the trachea.

Comparison of challenge route

All routes of challenge were found to give compéabsults in terms of mycobacterial load in naive

and immunised mice (Table 1) (54).

Aerosol +SD in. +SD iit. £+SD
Naive 6.36 +0.22 6.45 +0.33 6.58 +0.41
BCG 5.75 +0.32 5.53 +0.39 5.36 +0.60
B-Ad i.d. 5.35 +0.63 5.41 +0.36 5.07 +0.23
B-Ad i.n. 495 +0.48 4.62 +0.14 3.20 +0.57

Table 1: Comparison of protection after different methods of Mtb infection. BALB/c mice were
immunised with BCG, or primed with BCG and 8 weé&kter boosted with AA85A given intra-dermally (B-Ad
i.d.) or intra-nasally (B-Ad i.n.). Naive mice warsed as controls. Mice were challenged with 4 weeks after

the last immunisation either by aerosol, intra-fipgan.) or intra-tracheally (i.t.). Depositiomithe lungs was
measured 24 h after challenge and was 880 CFU adreisol, 1000 CFU per lung after i.n. and 620 Gifier

i.t. Mtb challenge. Mice were sacrificed 4 weeks laterlang CFU enumerated. Data represent the mean +/- SD
from 6-8 mice per group. Adapted from Romhal (54).
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2.2.3 Mtb colony forming unit (CFU) quantification

Tissue homogenisation

At the desired time point post-challenge, mice weutted and the lungs and spleen removed. The
tissues were then disrupted in order to releaséviithyEach individual tissue was placed in a conical
vial containing borosilicate beads (Sigma Aldrith) and 1ml PBS and beaten for 1 minute using a

Mini Beadbeater (Stratech Scientific Ltd, UK).

Plating of homogenate

Ten-fold serial dilutions of the individual tisshemogenates were made and a known volume plated
on 7H11 Middlebrook agar plates (E&O laboratoriédik). The plates were incubated for

approximately 3 weeks at 87 and 5% CQ after which the number of colonies was counted.

2.3 Immunisation

2.3.1 Anaesthesia

Mice were anaesthetised in one of two ways depgmairthe period of anaesthesia required:

Intra-peritoneal ketamine

Intra-peritoneal (i.p.) injection with 100ul of axture of 100mg/ml Ketaset (ketamine hydrochloride)
and 1mg/ml Domitor (medetomidine hydrochloride) feadiluted 1:10 in endotoxin free water.
Following anaesthesia by this method, mice wereadwith an intra-peritoneal injection of 100ul of

Antisedan (atipamezole hydrochloride), diluted 1:10
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Inhalation of isofluorane

Inhalation of a mixture of isofluorane (3-5%) and/gen (0.8-1L/min) in air. Mice were placed in an
anaesthesia box until cessation of body movemedt amoticeable increase in respiratory rate

occurred.

Although there was a concern that inhalation ofeatigetic would affect the response after delivéry o
vaccines to the lungs, direct comparison of inhadefluorane with intra-peritoneal Ketaset/Domitor

anaesthetised mice immunised i.n. showed no affaeto method of anaesthesia.

2.3.2 Routes of Immunisation

Intra-nasal

Intra-nasal immunisation was performed by holdimgesthetised mice on their back and allowing
them to inhale 40 or 50ul of the vaccine (unlesentise indicated) pipetted drop-wise onto alternat
nostrils. Initially i.n. immunisations were given 50ul but following unexpected deaths of mice
immunised with this volume, it was reduced to 40pdler veterinary advice. For the small volume

immunisations (5-6ul) half the total volume wasaqtipd directly into each nostril using a P2 pipette

tip.

Intra-dermal

Intra-dermal (i.d.) immunisation was performed hjecting 25ul of the vaccine into the dermis of the
upper side of each ear of an anaesthetised mousie,tisat a distinct bolus could be seen. Injection

was done using a narrow gauge (29G) insulin syringe

~42 ~



I ntra-muscular

Intra-muscular (i.m.) immunisation was performeditjgcting 25ul of the vaccine into the quadriceps

of each leg of an anaesthetised mouse.

Subcutaneous

Subcutaneous (s.c.) immunisations of BCG were padd either by injecting 100ul of the vaccine

into the flank or scruff of the neck, or by injexi30ul into the hind foot pad of anaesthetisedemic

2.3.3 Oral administration of mycobacteria

In experiments where mycobacteria were introducatlyoto the mice, this was done in a manner that
would closely resemble environmental exposure. Mgcterial speciedl. abscessus and M.
smegmatis were cultured for 48 hours in 25ml LB broth af@#vith shaking. The resulting culture
was spun at 1100xg for 10 mins and the pelletsspnded in 500ml of autoclaved DI water in the
cage water bottles. For BCG administration, 10sviaf BCG (SSI) were dissolved in 500ml of
autoclaved DI water in the cage water bottles. filted concentration of all species was betweeh 10
and 10 CFU/mI. After 1 weekM. abscessus andM. smegmatis could be recovered from the water at

the same concentration; however no BCG growth cbeldetected.

2.4 Vaccines

241 BCG

BCG (SSI strain) was kindly provided by Dr. Amy ¥grn(FDA). For each mouse, one vial of BCG
was resuspended in 50ul of sterile, endotoxin-flRBS (Sigma Aldrich) and administered
subcutaneously, unless otherwise indicated, resyiti an immunisation of approximately 2XX0FU

per mouse.
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2.4.2 Ad85A

The human tissue plasminogen activator leader seque&as fused to the coding regionMitb 85A

(nt 99797 to nt 98910, lacking the leader sequer(@)neart) (Appendix [), subcloned into
pDONR221 vector, then recombined into E1/E3 deletedtiu5 (pAd/CMV/V5-Dest) (Invitrogen)
following the manufacturer’s instructions. A replfion-deficient AdHuU5-85A recombinant virus clone
was amplified in E.coli, digested with Pacl andchsfected into 293A cells to produce an adenoviral
stock. Bulk virus was produced by infecting 293All<enith the stock, and purified with the
AdenoPure kit (Puresyn, USA) according to the maciufrer's instructions (54). Concentration of
purified virus was determined by Nanodrop spectodgmetry (Thermo Scientific, USA) and

validated by serial dilution of cytopathic effeet 293A cells.

Each vaccination was given at 2X30p. per mouse, diluted in endotoxin-free PBS ig&igAldrich). If

the virus was given simultaneously by more than e, the total dose remained the same. When
Ad85A was administered along with cholera toxin J&Bigma Aldrich), CT was dissolved in the
vaccination mixture such that the desired immuiasavolume contained 2ug CT and 2%X1p. of

Ad85A.
243 r85A

The recombinant antigen 85A protein was kindly juted by Professor Tom Ottenhoff (Leiden
University Medical Centre, Leiden, The Netherlanaisii was produced as described in (161). For s.c.
immunisations, 4ug of protein was dissolved in 208pnophosphoryl lipid A Sigma adjuvant system
(MPL) (Sigma Aldrich) according to the manufactisanstructions. 100ul was then injected into the
flank s.c. and 100ul intra-muscularly. For i.n. iomisations, 4ug of protein and 2ug of cholera toxin
(Sigma Aldrich) was dissolved in 40ul PBS. The eimtwas administered 3 times at 2 weekly

intervals.
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244 ESATG6

The ESAT6 antigen was a synthetic peptide congistihthe first 20 amino acids of the ESAT6
protein (ESAT6.,0 MTEQQWNFAGIEAAASAIQG) (Peptide Protein SythetiddK). Sub-cutaneous
and intra-nasal immunisations were performed asréoB5A, but using 20ug of the peptide per

immunisation. The peptide was administered 3 tiaiesweekly intervals.
2.5 Assay of immune responses

2.5.1 Cellisolation

All cell isolation was done under sterile condisogxcept where indicated.
Lung cells

Mice were killed by cervical dislocation at the ded time point post-immunisation and the thorax
opened. The lungs were perfused by injecting 2-6fPBS into the right ventricle until the lungs
inflated. The lungs were then removed, cut to ~fnmieces, and incubated in 5ml Dulbecco’s
Modified Eagle Mediunu (DMEM) containing 0.7mg/ml collagenase type 1 (8i&gAldrich) and 30
pug/ml DNase (Sigma Aldrich) for 40 min at °€7and 5% C@ The tissue suspension was then
mashed through a 70um cell strainer using the pluippm a 5ml syringe. The resulting cell
suspension was centrifuged at 400xg for 7 mindtks. supernatant was discarded and the cell pellet
resuspended in 10ml complete DMEM. In order to reenerythrocytes, this suspension was layered
onto 5ml of Lympholyte (VH Bio Ltd, UK) and centnifed at 1100xg for 30 minutes with the brake
off. After density separation, the cell-containinterface was removed with a Pasteur pipette, etllut
to 10ml in complete DMEM and centrifuged at 400rg ¥ minutes. The supernatant was discarded
and the cells resuspended in the residual meditioells were counted, a sample of the suspension
was diluted 1:10 in complete DMEM and then 1:1ryp&n blue (Invitrogen) and counted on the

Countess Automated Cell Counter (Invitrogen).
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Folenocytes

Mice were killed by cervical dislocation at the ided time point post-immunisation, the abdomen and
peritoneum opened and the spleen removed. Thensplae then mashed in PBS using the plunger of
a 5ml syringe and passed through a 70um cell straithe cell suspension was centrifuged at 400xg
for 7 minutes and the supernatant discarded. Thepeket was then resuspended in 5ml Red Blood
Cell Lysis Solution (Qiagen/Gibco, UK) and inculzhtg room temperature for 5 minutes to lyse the
erythrocytes. This suspension was diluted to 50ith WBS and centrifuged at 400xg for 7 minutes.
The supernatant was discarded and the cell pelistresuspended in 2ml complete DMEM. If cells

were counted, a sample of the suspension was dilufd in complete DMEM and then 1:1 in trypan

blue (Invitrogen,) and counted on the Countess dated Cell Counter (Invitrogen).

NALT

At the desired time point post-immunisation, theenivere sacrificed by cervical dislocation and the
head removed from the body. The lower jaw, tongue eonnective tissue were then removed to
expose the soft palette of the upper jaw. The fiocisors were then removed to expose the anterior
end of the soft palette. The palette was peeled frmen the nose towards the rear of the head,
removing the palette as well as the paired NALTicdtires at the posterior end. Using a needle, the
NALT structures were mashed into complete DMEM ndes to release the cells. The resulting

suspension was then rested upright for 10 minutesder for any pieces of large debris to settle ou

After this debris was removed, the cell suspensias centrifuged at 400xg for 10 minutes. The

supernatant was then discarded and the cell pelispended in the residual medium. For all
experiments, the NALT cells from all mice in a goowere pooled. If cells were counted, a sample of
the suspension was diluted 1:10 and counted oG dlatess Automated Cell Counter (Invitrogen) and

averaged over the number of mice per group.
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2.5.2 Flow Cytometry

Surface staining

If staining cells immediately after isolation, 130pf the required cell suspensions, approximately
1x1@ cells, were transferred to a V-bottomed plate eemtrifuged for 5 minutes at 400xg. Cells were
then resuspended in 100ul of PBS 1% BSA (FACS bhuffentaining Fg block (anti-mouse anti-
CD16/CD32 antibody, eBioscience, UK) diluted 1:5ka@ding to manufacturer’s instructions and
incubated at %€ for 15 minutes. 100ul of FACS buffer was thenextldnd the plate centrifuged at
400xg for 5 minutes and the supernatant discai&ig. of a cocktail of the desired antibodies, ditut

to the correct concentration in FACS buffer, wadeamtland the plate incubated for 20 minutes’@t 4
in the dark. 150ul of FACS buffer was then addedithe plate centrifuged at 400xg for 5 minutes, the
supernatant discarded and the cells resuspend&@Djnl of FACS buffer for analysis. The antibodies
used were as follows: CD4 (clone RM4-5); CD27 (LER); CD127 (A7R34); CD62L (MEL-14) (all
eBioscience, UK); CD8 (53-6.7) (BD Biosciences, UWJI the preceding antibodies were used at

1:100 dilution of the stock solution.

Tetramer staining

Some BALB/c derived samples were stained with a MtSs | tetramer specific for the dominant
CD8 epitope of 85A, MPVGGQSSF (NIH tetramer faygiliBethesda, USA). If cells were stained with
the tetramer, this was done after the Btock step but prior to staining for other surfanarkers
described above. 50ul of tetramer, diluted 1.5¢ACS buffer, was added to each sample and the
plate incubated in the dark for 20 minutes at raemperature. It should be noted that the dilutiod a

incubation temperature was optimized for each bat¢atramer by staining cells with different
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Tetramer titration
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Figure 1: Titration of tetramer to determine optimal staining concentration and temperature.
Splenocytes from BALB/c mice immunised i.d. with @@h 4 weeks previously were stained for CD4, CD8 an
with a MHC class | tetramer specific for the donmh@&D8 epitope of 85A, with the tetramer stainirggfprmed
at the range of concentrations and temperaturésaitedi. Splenocytes from unimmunised mice were stisimed
to determine the level of non-specific binding.

concentrations of tetramer at different temperatuas shown in Figure 1. The cells were then washed
with 150ul of FACS buffer and centrifuged at 400mg 5 minutes. Surface staining for other markers

was then performed as outlined above.

Intra-cellular cytokine staining

For intra-cellular cytokine staining (ICS), cellein the desired tissues were first prepared agmedtl
above. In order to assess the specific responsigeatells within a tissue to a particular antigen
cells were stimulated with that antigen for 1 haur3?C and 5% CQ unless otherwise indicated.
Brefeldin A (Golgiplug, BD Bioscience, UK) was theadded according to the manufacturer's
instructions (stock solution diluted 1:250 and 5@gtled to 200ul of cell suspension) and the whole

suspension incubated for a further 5 hours 4€3ahd 5% CQ unless otherwise indicated. For the
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makeup of specific antigens and the concentratimesl, see below. After the 5 hour incubation, the
cells were removed from the incubator and storethénfridge overnight. The following day the cells
were surface stained with relevant antibodies arieed above. Following surface staining and
washing, cells were resuspended in 100ul Cytofitd@grm (BD Biosciences) in order to fix and
permeabilise them. The cells were then incubatethéndark at % for 15 minutes. Following
incubation, 100ul of Perm/Wash Buffer (BD Bioscienwas added and the plate centrifuged at 400xg
for 5 minutes. 50ul of a cocktail of the desiretitzodies, diluted to the correct concentration A0S
buffer, was then added and the plate incubate@Ganinutes at € in the dark. 150ul of FACS buffer
was added and the plate centrifuged at 400xg favirtutes, the supernatant discarded and the cells
resuspended in 200ul of FACS buffer for analysise &ntibodies used were as follows: #-{dlone
XMGL1.2), IL-2 (clone JES6-5H4), TNF (MP6-XT22) and IL-17A (eBiol7B7) (all from
eBioscience). All the above antibodies were used abncentration of 1:100. For IL-17 ICS, cells
were incubated with the stimulating antigen forats prior to the addition of Brefeldin A, followed

by 5 hours further incubation.

Antigen 85A: For 85A stimulation, cells were either stimulateith a pool of peptides or with a mix
of 3 epitopes. The pool of peptides consisted of®B@ners, over-lapping by 10 amino acids, spanning
the whole 85A protein (Peptide Protein Syntheti@igdividual peptide sequences are given in
Appendix Il). All peptides were dissolved to maketack solution at a concentration of 50pg/ml. The
epitope mix consisted of the BALB/c CD4 epitope #éimel dominant and sub-dominant CD8 epitopes
(Ag85Ag9 1182 TFLTSELPGWLQANRHVKPT; Ag85A0 78022 MPVGGQSSF and Ag854As 152aa
YAGAMSGL respectively) (Peptide Protein Synthetiqd44, 162) at a stock concentration of

50ug/ml. All stimulations were done at a final centration of 2ug/ml.

ESAT6: For ESAT6 stimulation, cells were stimulated witte same synthetic peptide used for
immunisation. Specifically, ESAT60 MTEQQWNFAGIEAAASAIQG at a final concentration of

2ug/mil.
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PPD: PPD was supplied by the Statens Serum Institute. simulation it was used at a final
concentration of 10pug/ml and was incubated for Gréiat 37C in 5% CQ before adding Brefeldin A

and then further incubated overnight.

Analysis

Stained samples were run on a LSRII Flow Cytom@&r Biosciences). Flow cytometry data were
analysed using Flow Jo software (Tree Star Inc.AlU&hd multi-functional cytokine analysis was

done using the Pestle and Spice software (163).

2.6 Cell depletion

2.6.1 CDB8 depletion

For CD8 depletion, 100ug of azide-free anti-CD8katty (clone 2.43) (Santa Cruz Biotechnology,
USA) was given i.p.. One dose of depleting antibadyg given 2 days before the time of challenge (-2

days) and another dose was given 2 days afteratphefcchallenge (+2 days).

2.6.2 CD4 depletion

For CD4 depletion, 40ug azide-free anti-CD4 antjbGdK1.5 (Santa Cruz Biotechnology) was given
i.p.. One dose of depleting antibody was given gsdaefore the time of challenge (-2 days) and

another dose was given 2 days after the day ofertt@ (+2 days).

2.7 Working solutions

PBS

1 tablet of Phosphate Buffered Saline (Dulbecco) ‘@xoid, UK) dissolved in 100ml DI water,
giving a solution consisting of: 0.16 mol Sodiumachle; 0.003 mol Potassium chloride; 0.008 mol

Disodium hydrogen phosphate; 0.001 mol Potassilnyddogen phosphate.
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FACS buffer

PBS containing 1% w/v bovine serum albumin (BSAQ(&a Aldrich).

Complete medium

Dulbecco’s Modified Eagle Medium (DMEM, InvitrogeblK), supplemented with 1% L-glutamine
(200mM, Invitrogen) or already containing GlutaMA(Xrademark, Invitrogen), supplemented with
10% heat inactivated foetal calf serum (FCS)(GiQiagen) and containing 1% Penicillin-

Streptomycin (Gibco/Qiagen).

2.8 Statistics

Data analysis and presentation was done using P{GraphPad Software, USA). Where data
conformed to parametric assumptions the ANOVAwest used with Tukey’s or Dunnet’s post-test. If
only two groups were compared Student'’s t-test @maployed. When data did not fit the assumptions
required for parametric tests the alternative narametric Kruskall-Wallis and Mann-Whitney tests

were employed.

~51~



CHAPTER 3

Immune response and protection
following Ad85A Iintra-nasal
Immunisation



Chapter 3

Immune response and protection following Ad85A inta-nasal immunisation

Sections of this chapter have already been puldighé&onanet al. PLoS One (2009) (54) and have

been approved for use by the co-authors in accoedaith University of Oxford regulations.

3.1 Introduction

As described in the Introduction, there are culyentany different vaccine candidates at various
stages of development that aim to improve uponpttatection afforded by BCG. This may be by
introducing a more effective strain of BCG or byidwing the BCG immunisation with a second,
heterologous immunisation with an antigen consehattveen BCG antfitb — termed a prime-boost
regimen. A popular antigen for prime-boost immuti@ss is antigen 85A, part of thdtb antigen 85
complex of mycolyl transferase molecules. Varioahigles can be employed for delivery of vaccine
antigens but the work in this chapter will concénme delivery of antigen 85A using an adenoviral

vector.

3.1.1 Ad85A

Adenovirus vectors were initially developed for ttielivery of gene therapy agents but have since
been shown to be effective vaccine vectors, witiuamber currently in development as TB vaccine
candidates (113, 148). One of these candidatesdB5A; a replication-deficient, E1/E3 deleted,
human serotype 5 adenovirus containing antigen 86/ Mtb. This vaccine has been shown to
induce a potent CD8 T cell response in BALB/c n{g2, 140). Although it is thought that control of
Mtb infection is mediated principally by CD4 T celllper type 1 (Th1) cells, a view supported by the
increased susceptibility of HIV+ patients to actiVB disease in inverse correlation to their CD4
count, there is increasing evidence that CD8 calk® play a significant role in contributing to

protection (70, 164).
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3.1.2 Route of administration

It has been shown that the route of administratibAd85A affects the localisation of the induced
CD8 T cells and that this has a direct effect am dkrgree of protection afforded. Intra-dermal Xi.d.
immunisation has been shown to generate a strosigmic antigen-specific CD8 T cell response
detectable in the spleen but with little responsiectable in the lungs (52) (this is further disadsin
Chapter 5, where some changes in the responsewiofjoi.d. immunisation are investigated).
Conversely, intra-nasal (i.n.) immunisation induaestrong CD8 T cell response in the lungs but only
a weak response is detectable in the spleen (58.iF the case whether Ad85A is administered as a
boost following BCG (52) or as a single immunisatigi40). The impact on protection afteitb
challenge is marked: i.n. immunised animals shaedaction in mycobacterial load in the lung of ~1
Log compared to control animals, whereas i.d. imsaohanimals show no reduction in mycobacterial

load despite a strong systemic response (52).

3.1.3 Mtb growth kinetics

Following pulmonary infection, the initiation ofegimmune response Mtb is significantly delayed.

T cell activation is not detected in the mediadtiyeaph nodes until approximately 9 days post-
infection and mycobacteria-specific T cells are s@¢n in the lungs of naive mice until day 14 post-
infection (37-39). This delay in activation of @rpary acquired immune response could be due to a
combination of physiological factors, such as the Infectious dose and naturally low inflammation
in the lung, as well as modulation of the innatenimme compartment bitb itself (37). However,
mice only begin to contrditb growth in the lungs after 21 days, when the myctdbal load comes
under the control of the adaptive immune respo8%e165). Although BCG immunised mice show a
1 Log reduction irMtb numbers in the lung 28 days after infection, theekits ofMtb growth after

challenge are not altered until after day 14 (166).
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In these models dfitb growth the acquired immune response responsibl¢héo control is either a
primary response induced after antigen presentdtiothe mediastinal nodes or, in the case of
immunised mice, is a secondary response generabed d¢irculating memory cells encountering
antigen in the lymph nodes. Either way, both armemable to any delay in antigen arrival to the
lymph nodes. In contrast, i.n. immunisation with8ad induces a population dfitb-specific T cells

in the lungs (52, 167). Rather than being dependemecruitment from a circulating pool, these ell

already present at the point of infection may He &bact earlier to contrdfitb growth.

3.1.4 Aims

It is clear that generating a strong antigen-speoiéfsponse in the periphery is not sufficient eofer
protection. Rather, antigen-specific cells mustpbesent in the lung and an effective method of
generating this response in the lung is i.n. adstriaiion of Ad85A. The aim of this chapter is fitst
confirm the above data as well as to investigagekthetics and characteristics of the antigen-gigeci

response following Ad85A i.n. immunisation.

The presence of a populationMtb-specific T cells in the lungs at the time of chalie, rather than in

the periphery, could mean that these cells aretabypass the delay in antigen arrival in the lhmp
node. By investigating the growth kineticsMftb in mice immunised with Ad85A, either as a single
immunisation or in a prime-boost regime, it will pessible to establish whether the presence ai@ lu
resident population of immune cells impacts Mib growth. This would also shed light on the

mechanism by which i.n. immunisation with Ad85A tens protection.

3.2 Results

3.2.1 Time course of the antigen-specific responaéter Ad85A i.n. immunisation

It has been previously shown that intra-nasal imsation with Ad85A induces a potent population of

antigen-specific CD8 T cells in the lung and thaése correlate with protection followingtb
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challenge 4 weeks post-immunisation (52). Howekerkinetics of the response following Ad85A i.n.
immunisation have not been described and neitreeptak of the antigen-specific response nor its
durability are known. To determine these factor8LB/c mice were immunised i.n. with Ad85A,
either as a single immunisation or as a boost &svatter BCG immunisation, and culled at day 4 and
weeks 1, 2, 3, 4, 6, 9, 15 and 23 post-Ad85A. Land spleen cells were isolated, stimulated with the
pool of antigen 85A peptides and Ii5NIL-2 and TNFe production measured by flow cytometry

(Figures 1 and 2).

In the lung, the peak of the CD8 T cell response dvaveeks post-immunisation. At this time point the
mice that received BCG before Ad85A immunisatioovedd a greater proportion of 85A-specific
cytokine expression compared to mice which receimalg Ad85A (Figure 1A). This indicates that
prior BCG immunisation can prime a response that t& boosted by subsequent Ad85A
immunisation. However, it should be noted thatriother experiment no boosting effect was evident.
Equally, only at the peak of the response was asting effect evident, with other time points
showing comparable levels of cytokine productiotwieen mice in the prime-boost regimen and those
receiving a single immunisation (Figure 1A). The&Dcell response peaked at 8% and 3% of CD8+
cells expressing IFNfor prime-boost and single immunisation groupseesively. Following the
peak, the responses declined in both groups sathyh9 weeks post-immunisation the percentage of
IFNy+ T cells for both groups had fallen to approxirhaté.5%. This level of response was
maintained at 15 and 23 weeks post-immunisationr8 Cxell TNFo responses were also measured
and followed a similar kinetic to IFN although with a slightly lower percentage of sglfoducing
TNFoa at both the peak and late time points. As shovavipusly, many fewer CD8 T cells produce
IL-2 at the peak (52) and there was no IL-2 proiducby CD8 cells at the late time points from eithe

immunisation group (Figure 1A).

A CDA4 T cell response to antigen 85A was also detkn the lungs of i.n. immunised mice (Figure

1B). This was not as strong as the CD8 respongh,aMnaximum of 0.4% of CD4+ cells producing
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IFNy, and no evident prime-boost effect. The peak ef @D4 response was also broader than that
seen for the CD8 response. fHroduction peaked at 2 weeks post-immunisationthigdlevel of
response was maintained, with a marginal reductiatil 4 weeks. At 6 weeks post-immunisation the
IFNy response had fallen to approximately 0.13% argdléviel of response was maintained out to the
late time points (Figure 1B). As in the CD8 respnrGD4 TNFe production followed a similar kinetic

to that seen for IF although at a lower frequency. Although the CD2Iresponse was at the limit
of detection, thus increasing the noise in theltgsthere was very little IL-2 production at ttetd

time points, echoing the results seen for the Gi3@onse (Figure 1B).

Intra-nasal immunisation, although designed toitedicesponse in the lung, does induce a systemic
response detectable in the spleen (Figure 2). ptemis response followed a similar kinetic to that
seen in the lung, although at an approximatelydl@fower level. The CD8 IFNresponse peaked at

4 weeks, when a small prime-boost effect was evidéowever, this was not statistically significant
and other time points showed no effect of prior B@@nunisation on the magnitude of response
(Figure 2A). At the later time points the respoappeared to fluctuate more than the steady lewsl s

in the lung, although this may be inherent variatine to the smaller number of responding cells. As
in the lungs, the CD8 TNFresponse followed a similar kinetic to that seanlFNy (Figure 2A). A
very small, highly variable CD4 response was dat#etin the spleen but only during the first 4 week
after immunisation. Any IL-2 production by CD8 oba@ cells in the spleen following Ad85A i.n. was

too low to be detected.
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Figure 1. Lung cytokine response kinetics followingAd85A i.n. immunisation. Mice were
immunised with Ad85A i.n. (Ad i.n.) or primed wiBICG and boosted 8 weeks later with Ad85A intra-tipsa
(B-Ad i.n.). Lung cells were isolated at the indazhtimes after the last immunisation and stimalatéh pooled
85A peptides for 6 hours. The frequencies ofjfFIN-2 and TNFe producing cells were determined by flow
cytometry on CD8 (A) and CD4 (B) gated cells. * 985 Ad i.n. vs B-Ad i.n. at 4 weeks. Adapted frRonan
et al (54).
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Figure 2: Spleen cytokine response kinetics followg Ad85A i.n. immunisation. Mice were
immunised with Ad85A i.n. (Ad i.n.) or primed wiBCG and boosted 8 weeks later with Ad85A intra-Hgsa
(B-Ad i.n.). Spleen cells were isolated at the ¢adiéd times after the last immunisation and stitedlavith
pooled 85A peptides for 6 hours. The frequenciebd=bfy and TNF. producing cells were determined by flow
cytometry on CD8 (A) and CD4 (B) gated cells.
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3.2.2 Duration of protection following Ad85A i.n. mmunisation

It has previously been demonstrated that Ad85Aimunisation confers protection when mice were
challenged withMtb 4 weeks post-immunisation (52). However, protectieas only assayed at the
peak of the response to 85A. Yet, it is evident #mAd85A i.n. response is also detectable iritthg

6 months post-immunisation (Figure 1). If a popolatof 85A-specific cells in the lung is a reliable
correlate of protection after AA85A immunisatiohem mice challenged withtb 6 months post-
immunisation should also show a reduced mycobatt@ad. This is also important in regard to the
value of Ad85A as a potential vaccine, for vacdimuced protection is only useful if that respoisse
durable. To this end, the protection aftétb challenge at 4 and 24 weeks post-Ad85A immunigatio

was investigated (Figure 3).

When mice were challenged wilfitb by aerosol 4 weeks after a single immunisatiom Wid85A i.n.
there was a ~ 1 Log reduction Mtb CFU in the lungs compared to naive animals. M had
received Ad85A i.n. as a boost following BCG imnmaation showed a reduction in mycobacterial
load in the lungs of ~ 1 Log compared to BCG omiyriunised controls (Figure 3A). In the spleen,
Ad85A alone was able to protect animals to a legglivalent to that seen after BCG only, although
there was no increase in protection when Ad85A. iwas given as a boost following BCG
immunisation (Figure 3B). This confirms the prevdodata on the effect of Ad85A i.n. dvitb
challenge early after immunisation. Interestingijien mice were challenged 24 weeks after Ad85A
i.n. immunisation the level of protection in boting and spleen was maintained (Figure 3 C + D).
Immunisation with Ad85A i.n. alone was able to paitmice to a level equivalent to that seen after
BCG only immunisation, an approximately 1 Log retitut in mycobacterial load in the lung and a 1.5
Log reduction in the spleen compared to naive asiffagure 3 C + D). Unfortunately the protection
in mice that received the prime-boost regime cowtlbe tested at this late time point, but the data

show that not only is Ad85A i.n. immunisation atdénduce an immune response that persists for at
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Figure 3: Effect of Ad85A i.n. immunisation after Mtb challenge 4 or 24 weeks post-
immunisation. BALB/c mice were immunised with BCG, or primed wiBCG and 10 weeks later boosted
intra-nasally with Ad85A (B-Ad i.n.), or immunisezhly with Ad85A i.n. (Ad i.n.). Naive mice were wukas
challenge controls. Mice were challenged wittb by aerosol 4 (A + B) or 24 (C + D) weeks post-
immunisation.. Deposition in the lungs was meas@4dh after challenge and was ~200 CFU/lung. Miegew
sacrificed 6 weeks later and lung (A + C) and spl¢& + D) CFU enumerated. Symbols show CFU coufits o
individual mice and the horizontal line indicatég tmean. * p<0.0001 versus Naive unless indic#tddpted
from Ronaret al. PLoS One (2009) (54).
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least 6 months but that this response correlatds avlievel of protection equivalent to that obsdrve

after BCG immunisation.

3.2.3 Phenotyping of Ad85A i.n. induced CD8 T cells

As intra-nasal immunisation with Ad85A induces cileaprotection agains¥itb challenge and this
correlates with the presence of a population of AD8ells in the lung as late as 6 months post-
immunisation, it was necessary to characteriseethaigen-specific cells. CD8 T cells can be diglide
into 3 activation states: effector, effector memang central memory cells, based on the expression
levels of CD62L and CD127. Effector cells were defl as CD62L- CD127-, effector memory cells as
CD62L- CD127+ and central memory cells as CD62L+12D*+ (Figure 4A) (168). In the lung at 4
weeks post-immunisation, ~70% of the lFNcells were of effector phenotype and ~30% ofatéfe
memory phenotype (Figure 4B). It was possible thatstimulation with 85A prior to staining could
alter the expression of these surface markersrigadi over-estimation of the effector populationt b
ex vivo staining of 85A-specific MHC class | tetramer pivg cells gave the same result. In contrast to
the lung, antigen-specific cells in the spleendieihg i.n. immunisation showed a predominantly
effector memory phenotype, with > 90% of -iells exhibiting the less activated state (Figligg.
Only a small number of antigen-specific cells wetetectable in the spleen following i.n.
immunisation so further subdivision of this popidatcould be misleading, though this finding was

replicated in 3 experiements.

A high degree of activation amongst 85A-specifilscarould be expected at the peak of the response
but, interestingly, similar activation was detectatd 23 weeks post-immunisation (Figure 4C).
Although at this time point the proportions of etir and effector memory antigen-specific cells had
equalised, this still meant that 50% of antigenctfie cells were highly activated 6 months after

immunisation. To validate this unexpected findioglls were examined for expression of another
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Figure 4. Phenotype of antigen-specific cells foleing i.n. immunisation with Ad85A. (A) FACS

plot indicating the characterisation of activatistatus of CD8 T cells by CD62L and CD127 expression
(showing total lung CD8 T cells from a mouse imnseadi i.n. with Ad85A). (B + C) Activation status of
antigen-specific cells from the lung or spleen datenimmunised with Ad85A i.n. 4 (B) or 23 (C) weeks
previously. (D) CD27 expression of total CD8 T sednd antigen-specific CD8 cells in the lung of enic
immunised 23 weeks previously. Results are expdessethe mean and SEM from 3 or 4 mice per group.
Representative of 3 experiments. Adapted from Rehah(54).
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activation status marker, CD27 (Figure 4D). A latkCD27 expression is thought to indicate recent
antigen exposure and terminal effector differeidia{169). At 23 weeks post-immunisation, antigen-
specific CD8 cells showed markedly reduced CD2#esgion compared to the rest of the lung CD8 T
cell population (Figure 4D), confirming their highhctivated state. The reduced expression of CD27
suggests persistent antigen exposure as a possiplanation for the maintained level of high
activation. Further work in our lab confirmed thamtigen persisted as late as 23 weeks post-
immunisation in a form sufficient for mononucleaitls isolated from the lung to drive proliferatioh

antigen-specific splenocytes (data not shown) (54).

It has been suggested that cells producing multigiekines play an important role in protectionnfro
Mtb infection, with increased triple cytokine produgicells correlating with increased protection
(170). Although there is a proportion of 3+ CD8lselt 4 weeks (Figure 5A), there are very few
detectable at 23 weeks as there is little IL-2 podidn. Despite this, there is no decrease indtael lof

protection; this implies 3+ cells do not correlati¢éh protection seen in this model.

3.2.4 Kinetics ofMtb growth in mice immunised with Ad85A i.n.

Having identified this highly activated populatiohMtb-specific cells in the lung, it was interesting to
investigate what effect they would have on mycobdat growth immediately following infection.
Mice were immunised with Ad85A i.n., either as aghe immunisation or as a boost following BCG
immunisation 10 weeks previously. Four weeks aftee Ad85A immunisation the mice were
challenged witiMtb and culled on days 1, 3, 8, 14, 21 and 28 posttiin. TheMtb load in the lung

and spleen was then quantified. Naive and BCG iomiyunised mice were used as controls.

The growth oMtb in the lungs of naive mice followed the same patses previously described (165),
with control of growth only occurring around 21 dayfhe results for BCG immunised mice also

repeated previously reported data, with no redndidCFU compared to naive mice occurring until
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Figure 6: Early inhibition of Mtb growth in mice immunised with Ad85A i.n.BALB/c mice were
immunised with BCG or primed with BCG and 10 wekter boosted with Ad85A i.n. (A) or immunised only
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after day 14 (Figure 6A) (166). However, in micammised with BCG and boosted with Ad85A i.n.,
a significant reduction iMtb CFU compared to naive and BCG immunised mice tectigble from
day 3 post-infection (Figure 6A). This indicateattthe protection induced by Ad85A i.n. contriblth
growth by a mechanism different from that obserdetlowing parenteral BCG immunisation,
occurring significantly earlier after infection. Texclude any prime-boost effect, the growth curve
following a single Ad85A immunisation was also exaed (Figure 6B). It is again evident that
Ad85A i.n. immunisation is able to significantlyduce the mycobacterial load compared to naive
mice from day 3 post-infection. This differenceagiproximately 1 Log is maintained at least as far a
28 days post-infection. Combined, these data studglgasAd85A induced cells in the lung are able to
inhibit growth ofMtb in the first 3-8 days after challenge. Such eanthjbition could work additively
with the parenteral BCG protection by acting on ¢lagly and late phases of growth respectively; an

effect notably different from an archetypal primesobt.

3.2.5 Early inhibition is CD8 T cell dependent

In order to determine if the early inhibition of oobacterial growth was mediated by antigen-specific
CD8 T cells, the effect of T cell depletion btb burden was investigated. As the hypothesis was tha
the CD8+ cells inhibitedVitb growth immediately following infection, mice need® be depleted
before the day of challenge and remain depletedhier7 days following challenge, at which point
they were to be culled. To this end, Ad85A i.n. iomised mice were given 100ug of anti-CD8 or
anti-CD4 antibody i.p. 2 days prior (Day -2) and&s following challenge (Day 2). This regime was
sufficient to deplete CD8 or CD4 cells from thedufior the required time period (Figure 7A + B).
Mice were challenged witMtb i.n. 2 days following the first depletion dose §D@& and culled on
Day 7, when lungvitb CFU were enumerated (Figure 7C). As expected, Adiad. in undepleted
mice conferred significant protection compared &iva mice at day 7. However, if CD8 cells had

been depleted then this protection was lost (Fig@ke No loss of protection was seen when mice
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Figure 7: Effect of CD8 or CD4 depletion on Ad85A .h. induced protection.Anti-CD8 («CD8) or
anti-CD4 @CD4) depleting antibody was administered i.p. tvaysdprior to challenge (Day -2) and a further
dose administered 4 days later (Day 2). Mice waadlenged on Day 0 and culled on Day 7. (A) Repredve
FACS plots showing levels of CD8 and CD4 cells imdepleted mice and levels on day 4 following botses

of aCD8 or aCD4 antibody. Data are from unchallenged mice. TB)al nhumber of CD8 and CD4 cells in
depleted, unchallenged mice on days 0 and 4. (€eMiere immunised with Ad85A i.n. and 4 weeks later
challenged i.n. wittMtb. Graph shows luniylitb CFU on Day 7 post-challenge. * p < 0.01.
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were depleted of CD4 cells. Although this experitriesis only been performed once, these data add
further support to the hypothesis that Ad85A imriunisation protects through the early inhibitidn o

Mtb growth after infection, and this inhibition is miakd by vaccine induced CD8 T cells.

3.3 Discussion

Adenoviral vectors were originally developed forngetherapy, particularly for cystic fibrosis.
Although they began to fall out of favour for thpsirpose as replacement gene expression was not
sufficiently reliable, their use as vaccine vectoas become more common (126). This is possibly due
to the ease with which they can be rendered rejicaeficient through deletion of the E1 unit and
their ability to accommodate large transgenes (12&Yiewed in Introduction). As such, human
serotype adenoviruses and, increasingly, chimpasizaims are becoming popular subunit vectors for

vaccines against a number of pathogens includingatid TB (113, 171).

Adenoviruses containing antigens frdwitb have shown to be protective in various animal e,
113, 140, 148). It has been demonstrated that ingation with an adenovirus containing antigen 85A
confers protection to mice when administered intaally but that protection is only transient or

totally absent when the vaccine is administeredmtarally (52, 140).

The work in this chapter confirms that i.n. immuisn with Ad85A alone confers protection
equivalent to BCG and Ad85A i.n. given as a boolbWing BCG immunisation provides protection
better than BCG alone. One of the obvious advastafigiving a TB vaccine i.n. is that the antigen i
delivered directly into the lung, thus inducing iammune response at the point of pathogen entry. It
appears to be these lung-resident cells, spedjfigalA-specific CD8 T cells induced following i.n.
but not parenteral immunisation, that are respdaddy conferring protection in this model (52, 167

However, the mechanism by which protection is ntediavas unknown.
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Mtb infection is different from other pulmonary infemis in that the induction of the immune
response is much delayed (38, 166). Activation Mth-specific T cells is dependent on the
dissemination of the mycobacteria to the mediaktymaph node and this can take between 9 and 11
days (172), probably delayed by the actiondith on infected pulmonary dendritic cells (39). Even
once dissemination has occurred, the arrival a¥atetd T cells in the lung is further delayed udd!
days post-infection (37) and only after this palogs the immune response begin to comittbl. This

is the case for both naive and BCG immunised ml&&)( This presented an indication as to the
mechanism by which Ad85A i.n. immunisation mighhfar protection. If antigen-specific CD8 cells
were already present in the lung at the time afdtibn it is possible this delay in disseminatiortte
lymph node and subsequent activation of systemiis ceuld be bypassed, thus allowing earlier
control of infection. Mapping the growth kinetick Mtb in the lungs of Ad85A i.n. immunised mice
showed control of mycobacterial growth in the firadays following infection (Figure 6). Depletioh o
T cell subsets indicated that early inhibition épdndent on CD8 but not CD4 T cells. This is i lin
with other work suggesting that Ad85A i.n. not opisotects if CD4 cells are depleted at the time of
challenge, but also that the induction of the CB8ppnse can occur, and importantly still confer
protection, without CD4 help at the time of immuatien (173). Interestingly, it appears that early
inhibition is independent of any prime-boost effeith BCG; rather that it is a separate event éble
act in an additive manner with the late protectsa®n after parenteral BCG. This may point to a
reason for the ineffectuality of some parenterd@usit boosts to BCG, including parenteral Ad85A.

This is discussed further in Chapter 5 and 6.

The mechanism by which these CD8 cells protecsiget unclear. It is unknown whether the lower
mycobacterial burden seen earlier after infectisrdie to active killing oMtb by CD8 cells or
whether they are just inhibiting growth. The CD8<are able to produce large amounts of{rd
TNFo upon antigen stimulation (Figure 1), indicating thbility for cytokine-mediated activation of

infected macrophages. However the 85A-specifisdrlthe lung also show a highly activated effector
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status with reduced CD27 expression, a phenotypeacteristic of high granzyme B and perforin
expression (169), indicating that a cytolytic metbm may at least be playing a part (164). Further
work involving blockade of perforin or other cyttity moleculesin vivo may shed more light on the

exact mechanisms involved.

Conferring protection is obviously a vital charaidic of any vaccine, but equally important isttha
the protection be durable. A vaccine which protegiainst infection years later is far more valuable
than one protective only at the peak of the vaccasponse. Ad85A i.n. immunisation induces a
durable response that is able to protect at 6 nsgmlst-immunisation to the same level as that aeen
4 weeks (Figure 3). Unusually, the 85A-specific CBdls in the lung at 6 months display an
activation status similar to that seen at the pafakhe response (Figure 4). This highly activated
phenotype appears to correlate with early protagtid4), particularly as the antigen-specific célls
the lung after non-protective parenteral immunisatshow a mainly effector memory activation
status. Such a high level of activation and difféisgion, particularly the low levels of CD27
expression on 85A-specific cells, suggests thatghenotype is being maintained by the persistefice
antigen (169). Antigen vectored by adenovirusesbdeas shown to persist for up to 40 days following
intra-muscular immunisation, leading to a protrdateemory contraction phase and a high degree of
activation long after immunisation (132). Transgeeguences have been detected in muscle tissue 1
year following intra-muscular adenoviral injecti¢B3), although others have shown that mice clear
the transgene from the lung within 14 days of imoculation (134). In the case of Ad85A, 85A-
specific cells were shown to proliferate in thedun an antigen-dependent manner (174) and lung
tissue from mice immunised 6 months previously &bk to drive proliferation of antigen-specific

splenocytes$n vitro, suggesting that antigen is persisting and dritivegactivated phenotype (54).

Not only is it important to have a population otieated antigen-specific cells in the lung, but the
location of these cells within the lung is also ortant. Xing and colleagues have shown that, ireiord

to protect, the cells must be present in the aisaafythe lungs rather than in the lung parenchyma
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(146, 167). Data from our lab support this anddati that a substantial proportion of cells loealim
the airway express the chemokine receptor CXCR&)(1The airway population appears to be
independent of the periphery, able to proliferatel @rotect with no recruitment from secondary
lymphoid tissues (174). By residing in the airwagtivated antigen-specific CD8 cells are likelyot
able to act on the cells initially infected Bitb and thus inhibit the early growth stages. In casttif
cells are in the lung but only in the parenchymentthey are subject to the delay in activation dedu

by Mtb and are unable to act at the early growth stage)(Chapter 5).

3.4 Summary

This work has shown that the antigen-specific raspdollowing Ad85A i.n. immunisation consists
predominantly of a highly activated CD8 T cell ptggion that persists for at least 6 months.
Importantly, protection followindvitb challenge is equivalent at this late time poirgtgmmunisation

to that seen at 4 weeks. It would be interestingeidorm further investigation into the durabiliby
this protection and the correlating activated plygoe of antigen-specific cells. The protection seen
following Ad85A i.n. immunisation occurs during tearly phase ofMtb infection, inhibiting growth

in the first 7 days following challenge. This prctien mechanism is distinct from that seen follagvin
parenteral BCG immunisation, where growth is ondnteolled after day 14 post-infection. This
implies that, rather than acting as a traditionaimp-boost effect, the protection seen following
immunisation with the BCG-Ad85A i.n. regime is dowm two separate inhibitory effects acting
additively at different points of thieltb growth curve. Further demonstration of this effesing non-

interacting antigens is described in Chapter 6.
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Chapter 4

The role of the nasal-associated lymphoid tissue AILT) in Ad85A induced protection after Mtb

challenge

Sections of this chapter have already been puldlighdronanet al. Vaccine (2010) (177) and have

been approved for use by the co-authors in accoedaith University of Oxford regulations.

4.1 Introduction

As shown in Chapter 3, Ad85A given by the intraalasute affords protection equivalent to that seen
following parenteral BCG vaccination. This proteati correlates with the induction of a large
population of antigen 85A-specific CD8+ T cellstire lung and we and others have shown that the
location of these cells within the lung airwaysimsportant (146, 175). However there is little
information on the role of the upper respiratogctr(URT) associated lymphoid tissue in protection

againstMtb challenge.

411 NALT

The importance of mucosal immunity in responsedth@gens is becoming more and more evident.
However, the extent to which mucosal and systemimnity are separate has only recently become
more clear. It is thought that a common mucosal umensystem (CMIS) connects a series of
organised inductive sites, termed mucosal-assaclgtephoid tissue (MALT), with mucosal effector
sites such as the genito-urinary tract, the lamigria of the intestine and sections of the respiy
tract. Among the important MALT structures are R&y@atches in the intestine and the bronchus-
associated lymphoid tissue (BALT), located mairtlyree bronchial bifurcations in the lung. It is not
clear if all MALTSs are connected equally to all et or if there is further sub-compartmentalisatbn

mucosal responses within the CMIS. Here, howeveiill Ibe focusing on the response in the MALT
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tissue of the upper respiratory tract, the nassd@ated lymphoid tissue, or NALT and its relatioips

to responses in the lower respiratory tract.

In rodents, the NALT is one of the major lymphdgkties in the upper respiratory tract and conefsts
two separate compartments: the first is the diffuseD-NALT, consisting of small populations of
immune cells dispersed throughout the nasal cathity;second is the organised, or O-NALT. The O-
NALT is made up of two paired lymphoid structurésiaed above the soft palate and composed of
secondary lymphoid B cell follicles and T cell gatkcular areas (reviewed in (178)). The O-NALT,
as a discrete, organised structure, was choseanfaysis due to greater consistency in isolatirgy th

whole tissue and will be what is referred to as NAh the rest of this chapter.

4.1.2 NALT immunology

As mice are obligate nose breathers, the NALT ésfitst lymphoid structure to encounter inhaled
antigen, primarily sampled through the M cells tecawithin the NALT epithelium (179). The NALT

is thought to be the primary site of induction afarway immune response, followed by draining of
cells to the cervical lymph nodes (180), althougk may not always be the case (181). A number of
studies have investigated the importance of the NALresponse to primary infections with a range
of bacteria and viruses, as well as its role inciree induced protection against these pathogers. In
pneumococcal challenge model, cauterisation oNAET did not affect protection induced by intra-
nasal vaccination (182). However, the cauterizati@s performed on infant mice and at this stage
NALT development may not be complete. In a modeihéifienza infection, virus specific CD8+ T-
cells were shown not to accumulate in the NALT lusdtier clearance of the infection, indicating that
the NALT is not the inductive site for an immunespense (181). A similar model of influenza
challenge showed that ablation of the NALT had ffiect on T-cell recruitment, serum or nasal cavity
IgG and IgA levels or the speed at which the vinas cleared (183). However, in contrast, an intra-

nasal model of reovirus infection showed the NAIOTbe the inductive site of both humoral and
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cellular immune responses (184nd in another influenza virus model, depletionTeafells prior to
virus challenge increased viral load in both thegkiand nose, implying that T-cells restrict viral
replication in both sites (185). In terms of vaecinduced immune responses, NALT targeted
vaccines have been shown to induce potent mucespbnses, both at local and distal sites (186, 187)
and Fernandeet al have recently shown that the NALT is essentialreBmombinant staphylococcal
enterotoxin B vaccine (rSEBv)-mediated protection an intra-nasal SEB-induced toxic shock

challenge model (188).

413 Aims

As the NALT clearly plays a significant role in thmmune response to respiratory infections, it was
important to investigate if it contributed to theotection fromMtb after AA85A was given intra-

nasally. Therefore immunisation regimes that miggmierate an equivalent response in the NALT but
not in the lungs were investigated. This wouldwliavestigation of the NALT response and its effect

on subsequemtb challenge.

4.2 Results

4.2.1 Kinetics of the antigen-specific response the NALT

Since the kinetics of the NALT response to adensas are not known, it was necessary to determine
at what point post-immunisation the maximal antigpecific response occurred, in order that
immunisation regimes could best be quantified anchgared. To this end, a time course was
performed where the NALT was extracted from micenimised with Ad85A i.n. 7, 14, and 21 days
previously. Figure 1 shows that the maximal NAL$pense was at 3 weeks post-immunisation and so

this was the time point chosen for subsequent @xpets.
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Figure 1. Time course of NALT CD8+ antigen specifitFNy production. BALB/c mice were
immunised i.n. with Ad85A in 50ul and the NALT extted at the indicated number of days post-immtinisa
NALT cells from 4 mice were pooled for analysisSi@as performed following 6 hour stimulation wittet
dominant T cell epitopes of antigen 85A.

4.2.2 Optimisation of inoculum volume to specificdy target NALT alone

It has been shown that the location within the iragpry tract of a response to an i.n. administered
antigen is dependent on the volume of the inocyL®®). Therefore, by reducing the volume in which
the Ad85A was delivered it should be possible siret it to the URT, and so to the NALT. As the
same number of viral particles (v.p.) was deliveiredeach inoculum, there was a concern that
reducing the volume too much would lead to an uepiable increase in the variation because small
changes in the delivered volume of a highly coneget mixture would lead to large variation in the
number of viral particles delivered. The standamtective i.n. immunisation of Ad85A is given in
50ul and induces a strong antigen-specific respansike lung as well as a response in the NALT
(Table 1). Therefore, in an attempt to restrict thgponse to the NALT only, inocula of 20ul, 10ul,

6ul and 5pl, all containing 2x19.p., were administered and the antigen-speafponses in the
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NALT CD8+ IFNy+ Lung CD8+ IFN+
Suli.n. 0%-0.3% 0%

6ul i.n. 0.2% - 0.6% 0%-0.3%

10pl .. 0.4% 5.7%

20p1 1.0, 1.2% 13.3%

50l i.n. 0.05-0.5% 2-11%

Table 1: NALT and lung antigen-specific response ftowing immunisation with inocula of
different volumes. Percentage of antigen-specific H-Nroducing CD8+ cells in the NALT and lung after.i.
immunisation with Ad85A in different volumes. Dapaesented as the range of responses seen in atieas
experiments with 4 mice per group or as single eslif only one experiment was performed. Adaptednfr
Ronanet al Vaccine 2010 (177).

NALT and lung were investigated (Table 1). Deliverfy AD85A in any volume greater than 6ul
generated an antigen-specific response in the Juamgsalthough 6l did induce a small lung response
on occasion, administration in 5ul did not considie induce a NALT response. Therefore,
subsequent experiments were carried out using AdBFA6I to target the NALT and 50ul to target

the whole respiratory tract.

4.2.3 Immune response following NALT-specific or wble respiratory tract immunisation

The same number of Ad85A v.p. were given in eiier or 50ul and the number of antigen-specific
cells in the lung and the NALT determined. Figurestiows the number of IFN T cells, as
determined by ICS, in both the lung and the NALTeafstimulation with the 3 dominant T cell
epitopes of 85A. In the NALT, the 6ul and 50ul regs induced comparable numbers of antigen-
specific CD8+ T cells (Figure 2A). Although the nioens are very low this is a yield of cells from
mouse NALT comparable to that reported by othe8&i)1In contrast, 50ul induced a strong CD8+
response in the lung, with a higher frequency arded number of antigen-specific CD8+ T-cells
(~3x10), while the 6l inoculum induced fewer than 20@@gen specific CD8+ cells in the lung (p <
0.05) (Figure 2B). The number of CD4+ antigen-sfiecklls induced in the lung and NALT by a 6 or
50ul inoculum of Ad85A was also compared and altthoilnggre appeared to be a trend toward a higher

response in the lung after administration of 5€pd, difference was not statistically significant
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Figure 2: Number of IFNy+ cells in lung and NALT. BALB/c mice were immunised i.n. with 50 or 5—
6ul of Ad85A. Cells were extracted from the tiss@eweeks after Ad85A immunisation. IFNbroduction was
quantified by ICS. Bars represent (A) the total bemof CD8+ IFN+ cells per NALT based on the pooled cells
from 4 mice (% IFN+ CD8 cells from pooled mice for 50ul = 0.36% and 5—6ul = 0.57%), (B) mean total
number of CD8+ IFN+ cells per lung for individual mice (mean % HNCD8 cells for 50ul = 1.87% and for
5-6ul = 0.31%). (C) Mean total number of CD4+ {FN\cells per lung for individual mice (mean % HNCD4
cells for 50ul = 0.08% and for 5-6ul = 0.05%) *®WHO5 as determined by Mann—-Whitney test. Represeata
of at least three experiments. Adapted from Ratah Vaccine 2010 (177).

~ 79~



(Figure 2C). No CD4+ response was detectable inNAET. Thus, immunisation with 6 or 50ul
induce comparable CD8+ responses in the NALT Hthpagh a 6ul inoculum induces a very small
CD4+ and CD8+ response in the lung, a 50ul inoculygnerates a much stronger lung CD8+

response.

4.2.4 Protection againstMtb challenge afforded by NALT-specific or whole respatory tract

immunisation

As shown in Chapter 3, administration of Ad85A ima 50l volume affords protection equivalent to
that seen by a single BCG s.c. immunisation. Byetiging an immunisation regime that gave an
antigen-specific response in the NALT equivalenthat seen after 50ul immunisation but with a
vastly reduced response in the lung, it was pasgiblisolate the role of the NALT in providing this
protection. Mice were immunised with Ad85A in eitte6l or 50ul, either alone or in a prime boost
regime, where BCG was given s.c. and Ad85A givemv&eks later. All groups of mice, plus a naive
control, were challenged witkitb by aerosol 4 weeks after the Ad85A immunisationmunisation
with Ad85A i.n. in 50ul decreased mycobacteriabidathe lung by ~1 log compared to unimmunised
animals when given alone (5.48 Log vs. 6.23 Log;$0.01) and when given as a boost after BCG by
~1 log more than BCG (4.49 log vs. 5.47 log; p 68.61) (Figure 3A). Immunisation with Ad85A i.n.
in 50l also decreased mycobacterial load in theespby ~1 log compared to unimmunised controls,
though no additional protection was seen when Ad8&A& given as a boost after BCG (Figure 3B).
However when Ad85A was administered in 5-6pl, eitlene or as a boost after BCG, no effect on

mycobacterial load was detected in lung or spl&égu¢e 3A and B).
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Figure 3: Mycobacterial CFU in lung and spleen after Mtb aerosol challenge BALB/c mice were
immunised with BCG and 10 weeks later immunisedvith Ad85A either in 50 or 5-6ul (B-Ad 50ul andA&l
5-6ul). Other mice were given Ad85A only in 50 e6l (Ad 50ul and Ad 5-6ul). Mice were challengeihw
200CFU ofMtb 4 weeks post final immunisation, culled 6 weekst{dth challenge and CFU enumerated for
the lungs (A) and spleen (B). The horizontal liepresents the median log CFU per group with eantbsly
representing one mouse. *p < 0.05. Statisticaliig@mce is compared to Naive group unless inditaad
determined by Kruskal-Wallis test. Representatifatoleast three experiments. Adapted from Ros@aal

Vaccine 2010 (177).
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4.2.5 Quality of the lung immune response

As shown in Chapter 3, the presence of 85A-spec#its in the lung correlates with the protection
seen afterMtb challenge. Although immunisation with Ad85A in Ri6i.n. did not provide any
protection from challenge, there were still 85Afie cells detectable in the lung, even if at acmu
reduced number and frequency (Figure 2 and Tablénggstigations were therefore performed to
determine if there were qualitative differenceswsstn the cells induced in the lung after
immunisation in 5-6ul or 50ul, or whether the diffiece in protection was due to the number and

frequency alone.

Cytokine response

Lung cells of mice from both regimes underwent EEt@r stimulation with the mix of the 3 dominant
85A T cell epitopes and the total number of CD8+célls producing IFN, IL-2 or TNFo was
compared. The mice immunised with 50ul had a greatenber of cytokine producing CD8+ cells
compared to those immunised with 5-6ul for all 3thé cytokines measured (Figure 4A). As
polyfunctional antigen-specific cells have beenorggd to be important in a number of diseases
including Mtb infection (51, 170), the proportion of CD8+ T eethat were producing all three (3+),
any two (2+) or only one (1+) cytokine was assegéglire 4B). Immunisation with 50ul induced a
greater proportion of single cytokine producing GD&lls than immunisation with 5-6ul and this

difference was made up of cells producing yRRigure 4A).

Activation phenotype of antigen-specific cells

Although the number of cytokine producing cells vaggher in the 50ul group for all three cytokines,
the most marked difference was in the number ofyfi=bells (Figure 4A). As shown in Chapter 3, it is
not just the number or frequency of HNcells that is important but also their activatistate as

defined by CD62L and CD127 expression (133). # iégh proportion of highly activated effector
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Figure 4. Cytokine production 3 weeks post-Ad85A irmunization with 6 or 50ul. (A) The total
number of CD8+ cells producing either HsNL-2 or TNFa per lung = SEM (12 mice/group). **p < 0.005; *p <
0.05 as determined by Student’s t-test. (B) Thdityuaf the lung CD8+ response, showing the projpog of
cells producing 1, 2 or all 3 of IRNIL-2 and TNF.. Representative of two experiments. Adapted framdret

al Vaccine 2010 (177).
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Effector Effector Memory

Total cells % antigen specific cells Total cells %antigen specific cells
5-6ul | 682 (¥315)* 47.0 (£3.84)* 675 (£333)* 37.5 (£8.16)
50ul | 17430 (+ 4063) | 60.9 (£0.98) 11732 (+2776) 37.814).

Table 2: Total number and proportion of antigen speific cells of effector and effector memory
phenotype in the lung after immunisation with smallor large volumes.Both the mean number of
CD8+ IFNy+ cells present per lung within the effector subsetd the percentage of all CD8+ HNcells in
each subset. Effector cells are defined as CD62D327- and effector Memory as CD62L- CD127+. The
gating strategy and a FACS plot showing the indidadopulations is shown in Chapter 3. Data aresssmted
as the mean of 4 mice +SEM. Statistical signifiean@as determined by Mann—Whitney test. *p < 0.05.
Adapeted from Ronaet al Vaccine 2010 (177).

cells (CD62L-, CD127-) compared to effector memoejls (CD62L-, CD127+) that correlates with
protection. The IFi+ CD8+ cells from both the 50ul and 5-6pl regimesenmherefore examined for
CD62L and CD127 expression. Immunisation with 5iidliced significantly higher numbers of both

effector and effector memory cells, as well aseatgr frequency of effector cells (Table 2).

4.2.6 Augmenting the NALT response

Following Ad85A i.n. immunisation, the NALT respangoes not contribute to protection. However,
it was unclear whether this was due solely to tive inagnitude of the response. To determine if a
stronger NALT response may have an effect, Ad85A administered in 5-6pl in combination with
Cholera Toxin (CT), a potent mucosal adjuvant i@ MWALT, and compared with administration in
50ul and 5-6ul alone (Figure 5). AdministrationAaf85A with CT as an adjuvant greatly increased
the level of response in the NALT compared to Ad&téne given in 5-6ul (Figure 5A). However,
when these mice were challenged wifith there was no change in the level of protectioordtd

(Figure 5B).
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4.3 Discussion

It is now becoming clear that targeting a vaccimeéhte mucosa is not only possible but an effective
means by which to immunise against mucosal patlogéaccines against measles and influenza are
licensed in some countries for delivery by nebuli@enasal spray, showing that the respiratoryeout
is a safe and efficacious route of delivery. As B&thas been shown in pre-clinical models to protect
againstMtb challenge when given into the airway (Chapters3, (L48)), the importance of different
respiratory tract lymphoid areas in contributing fiootection needs to be investigated. This is
particularly important if such a mucosal vaccingyiéng to be developed to combdtb infection in

humans as it could have a huge impact on the mdthadhich the vaccine is delivered.

In rodents, the major upper respiratory lympho&bue is the nasal associated lymphoid tissue, or
NALT. It is located at the rear of the soft palatea position to sample any antigen carried thratigh
airways that settles in the upper respiratory tricseems that there is no NALT structure in adult
humans, although diffuse NALT can be found in afeild under 2 years old (190). However, the
structure in rodents is thought to be analogousMaldeyer's ring in humans, consisting of the
adenoids, tonsils and other lymphoid structurey.irBestigating the NALT and its role in mice, the
significance of these upper respiratory lymphoidigtres in protecting the human lung may be

established.

As shown in Chapter 3, intra-nasal immunisatiorhwAd85A confers protection by inhibitinigltb
growth early after infection and this inhibitionroelated with the presence of antigen specific CD8+
cells. As Ad85A induces an antigen-specific respansthe NALT as well as the lung, it is possible
that some of the early inhibition is due to an inmawesponse in the URT as well as in the lung. Here
an immunisation regime is established that maistan antigen-specific response in the NALT

equivalent to that following 50ul immunisation bloat has a greatly reduced lung response.

There is little information on the kinetics of timemune response in the NALT, particularly the Tl cel
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Figure 5: Immune response and protection againsitb challenge following CT immunisation.
(A) The percentage of CD8+ NALT cells producing ¥R weeks post-immunisation. BALB/c mice were
immunised as before, with Ad85A with CT in 5-6ul with CT alone. ICS was performed after 6 hour
stimulation with the T cell epitopes from 85A. (B)ice were intra-nasally challenged with ~300CRKtb 3
weeks post-immunisation and culled 4 weeks postlartige. * p < 0.001 versus naive as measured by ¥AO
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response. Wilegt al have shown that, after influenza infection, acclation of T cells in the NALT
does not begin until 8 days post infection (188gks at day 10 and then declines (181). After rasvi
infection, the peak IgA response in the NALT is rduat day 7 before tailing off, although a
significant level is maintained at least as fardag 15 (184). After vaccination with pneumococcal
polysaccharide the serum antibody response alskspéaays post-immunisation. In comparison to
these studies the peak response to Ad85A occurueth tater, at 21 days post-immunisation, although
a response can be detected at 7 days. This mtfreneesponse kinetics seen in the lung after AD85A
and, although delayed in comparison to other iidast is in line with the kinetics of the NALT afte

other adenovirus infections (191).

The importance of the NALT in protection againstieas respiratory tract pathogens is still under
debate. After primary influenza infection the resp® in the NALT is only detectable after pathogen-
specific responses have been seen in the nasakmaod cervical lymph nodes (CLNs), implying that
the NALT is not necessary for induction of a praitex response (181). Further, when the NALT is
surgically removed the rate of clearance of infagefrom the lungs goes unchanged (183). Similarly,
surgical removal of the NALT has no effect on thduction of IgA antibodies after i.n. immunisation
with a pneumococcal vaccine (182), although it hdwe noted that this was in infant mice where the
NALT may not be fully developed. However, other Wwdras shown that the NALT is the inductive
site after reovirus infection (184) and that if @lls are depleted from the nose during influenza
infection the viral titres significantly increas&86). Recently, Fernandeat al have shown that a
functional NALT is necessary for protective immuynagainst staphylococcal enterotoxin B (SEB)
after i.n. immunisation with a recombinant vacc{i88). Others have shown that the innate immune
compartment in the NALT can significantly affectetlsystemic response following intra-nasal
immunisation with a candidate tuberculosis vacdit@?). However, in this model, an 85A-specific
response that is restricted to the NALT alone, sitha concurrent response in the lung, is unable to

confer any protection aftéitb challenge.
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To conclusively show that it plays no role in padien, it is necessary to bypass the NALT and ireduc
a lung response only. To this end, intra-tracheehunisations were performed to bypass the URT.
This technique proved difficult and variable inexff and the data are therefore not included here;
however, when mice were challenged with BCG afteaitracheal Ad85A immunisation, mice with a
response in the lung, but no response in the NAlbwed protection equivalent to that conferred by

50ul i.n. immunisation.

Another consideration must be that the lack ofqutibn is due to the low magnitude of response seen
in the NALT. Although it has been shown that adenwv delivered to the NALT does infect and
persist in the NALT tissue (191), it may be thatttdoes not deliver a sufficient PAMP signal to
induce a protective response. Cholera toxin (CT9dpced byVibrio cholera, is a potent mucosal
adjuvant and, as shown in Chapter 6, can be uselictba protective lung response. Although unsafe
for use in humans in its native form, safer mutaentsions are currently in development (193). To
determine if a more potent antigen-specific respongould afford protection, Ad85A was
administered i.n. in 5-6pl along with CT. This magi successfully increased the level of response but
provided no protection after subsequitib challenge (Figure 5). This indicates that it is thcation

of the response within the airway, rather thanritgnitude that is significant in affording protecti

from Mtb challenge.

As it is the location of the antigen-specific cellghin the airway that is important for protectjdhis

worth considering the small population of cellsuodd in the lung by 5-6pl immunisation and why
these cells do not provide any detectable protecfter challenge, at least in experiments of $his.

When the memory phenotype of the antigen specifd8-€cells induced in the lung by each regime
was examined, it was clear that 50ul immunisatinduced far more effector cells than 5-6ul
immunisation, both in terms of relative frequenag @otal cell numbers (Table 2). In Chapter 3 iswa
demonstrated that highly activated effector cellghie lung correlated with protection and the low

frequency of these cells after NALT specific immaation may contribute to the lack of protection.
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After 50ul immunisation, it is thought that theigated effector phenotype is driven by the persiste

of antigen. However, adenovirus administered int&@s been shown to locate only to the NALT (191)
and the cells in the lower respiratory tract afités immunisation will not be driven by local argigto
maintain the effector phenotype. Another possipiktthat the cells detected in the lung aftertthe
regimes have different locations within the tissdagration between different mucosal compartments
through common homing mechanisms has been widagritbed (178, 194) and it may be that the
85A-specific cells detected after 5-6u1 immunisatére located in the bronchial associated lymphoid
tissue (BALT). This may also explain the differenicenemory phenotype as highly activated effector

cells are likely to be resident in the tissue rathan migrating to other lymphoid tissue.

The most substantial difference between the regiweesthat NALT-specific immunisation induced
far fewer antigen-specific cells, whether this wasasured by IF{ IL-2 or TNFa production (Figure

4) and it may be that this is the most importarttda in determining the extent of protection.
Immunisation with Ad85A in 50ul induces an immumsponse in the draining mediastinal nodes as
well as inducing inflammation in the lung. This meathat antigen-specific cells leaving the
mediastinal lymph nodes will be recruited backhe tungs, including the airways, because of local
inflammation (195). Any activated, non-antigen-sfiecells in the blood will most likely also be
recruited into the lungs. In contrast, immunisatigith a small volume induces a weak immune
response in the NALT and perhaps the cervical ndoleisbecause the lungs are not inflamed, cells
leaving these inductive sites will not be prefeiadht recruited to the lungs. It would be interestito
investigate the administration of a NALT immunisati concurrently with an empty adenovirus

delivered to the lower respiratory tract to sethig had any effect on protection.

These data have important implications for thegtesi TB vaccines that are to be administered ¢o th
respiratory tract. A range of instruments and temies exists for the respiratory delivery of
pharmaceuticals, all with various particle sizesexpand delivery method (150, 157). These data show

that, for protection againdfitb, a method must be chosen that delivers viableinadp the lower

~ 89 ~



respiratory tract and alveoli. This may be benafitr clinical trials, for if the NALT is not nessary
then the vaccine could be inhaled through the ménattm a nebulizer or similar device, rather than
through the nose. This may reduce the risk of #heciwme translocating to the cranial nerves, a risk
associated with intra-nasal administration (15%)1®#owever, it should be noted that although the
greater lung inflammation caused by lower respitateact administration of AA85A may contribute
to protection, vaccine-induced inflammation leadinglung pathology has been reported for other

vaccines (197).

4.4 Summary

This work has shown that the peak of the immunpaese in the NALT after Ad85A i.n. vaccination
is 21 days post-immunisation and that this NALTpmesse can be isolated from the response in the
lower airways by the delivery of the virus in 5-6j8y challenging mice with a NALT-specific
response only it was possible to show that the NA&3ponse alone was not sufficient to confer
protection afteMtb challenge and that a response in the lower raspjréract was necessary, and
possibly sufficient to provide any reduction in ropacterial load. Of further interest, the lack of
protection after NALT-specific immunisation wassdpite of a small population of 85A-specific cells
present in the lung. Whether these cells were gntblprovide protection purely due to paucity of
numbers or whether it was due to their possiblation in the BALT rather than the airway could be
an interesting avenue of future work. Similarlyjsitunclear whether non-specific lung inflammation
and cell infiltration may be necessary for NALTgated immunisation to protect. Investigation into
these factors may indicate what type of administnatechniques would be optimal for future TB

vaccine development.
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Chapter 5

Immune response and protection in the lung followig intra-dermal immunisation with AA85A

in different animal facilities

51 Introduction

As shown in Chapter 3, Ad85A administered intraafigs(i.n.) is able to confer protection against
Mtb challenge equivalent to that seen following BCG@nmmisation. This protection correlates with an
antigen-specific, highly activated population of &0 cells in the lung and with inhibition of
mycobacterial growth in the first week followingaation. It has previously been shown that, althoug
protective when administered i.n., Ad85A does notgrxt if given intra-dermally (i.d.) (52). Thiscla

of protection is not due to poor immunogenicityldaling immunisation, as a significant systemic
response is detected in the spleen. Rather, theofggrotection is due to the location of the ratgm
intra-dermal (i.d.) immunisation induces only a mmal response in the lung and it is this that is
thought to be required for protection (52). Forbeal show that Ad85A immunised i.n. generates a
lung antigen-specific response consisting predontipaf CD8 cells. However, when Wamgal use
the same vaccine the i.n. response is split betdExhand CD8 cells, with a greater number of CD4
cells responding. When they give Ad85A parenter@fi{fra-muscularly; i.m.) they see a CD8 response
in the lung equivalent to that seen following immunisation (140) and in a paper by Santosuesso
al i.m. immunisation even generates a stronger CBg fesponse than i.n. immunisation when tested

at 2 weeks (167).

Due to closure of the animal house at the CentreEfiblogy and Hydrology (CEH), a change in
animal facility was necessary during the coursthigf work. Anecdotally, it is often said that chasg
between facilities can lead to unexpected changek \ariation in the outcomes of previously
consistent experiments. Despite the anecdotal re@ldittle experimental work appears to have been

published on the subject, though it has been shbainmice raised in cleaner, specific pathogen free
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(SPF) facilities can have different susceptibititte autoimmune diseases compared to those raised i
less stringently clean animal houses (198-200}héncase of the work described here, the change in
animal house was from a non-SPF facility at CEHattightly regulated SPF facility, Biomedical
Sciences level 2 (BMSL2). As a switch in facilitibad the potential to affect the outcome of the
Ad85A immunisation regimes, confirming that our rebdemained robust in the new facility was

necessary.

As it happened, changing animal facility did haweeffect on the response; specifically, the respons
following Ad85A i.d. immunisation (see Results bgJoThis change in response allowed exploration
into the underlying causes as well as the effe¢chefchange on protection. Fortunately, no altenati

was observed in the response following intra-nagahinistration, giving a baseline constant against

which the i.d. responses could be compared.

5.1.1 Aims

The change in the response to Ad85A under SPF tonsliraised three questions: whether increased
environmental antigen exposure was behind the rssposeen in CEH; whether a specific
microorganism or group of microorganisms might lehibd the change and whether the altered
Ad85A i.d. lung response, which exhibited somelaf tharacteristics of the protective i.n. profile,

also reflected a change in the protective effiaafcyd. immunisation.

5.2 Results

5.2.1 Ad85A..d. response in the CEH versus BMSL2nhamal facilities

As shown in Chapter 3, Ad85A i.n. generates a l@sponse able to protect followihtb challenge.
It has also been shown that the same vaccine asteri@il parenterally does not protect, the proposed
reason being that there was very little respondaded in the lung (52). Data generated in the same

animal facility (CEH) used for the work in (52) tigated these findings: Ad85A i.n. generated a
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strong lung response but little in the spleen ad854 i.d. induced a strong splenic response bl lit
in the lung (Figure 1). When Ad85A immunised micenfi CEH were challenged witttb only the
mice immunised i.n. showed a reduction in mycolradtiad compared to naive mice, confirming the
data in (52)(Figure 1C). This suggested that ptuecorrelated with a strong lung response and tha
the minimal lung response following i.d. immunisatiwas the reason for this regime not conferring

protection, despite a strong systemic response.

Upon switching animal facilities from CEH to BMSLR,was necessary to confirm that the results
found in the previous facility were reproduced. #iwere immunised with Ad85A either i.d. or i.n.
and culled after 4 weeks and the lung and splegporse determined. Ad85A i.n. immunised mice
showed the same pattern of response as that séen GEH facility, with a strong lung response aut
negligible splenic response (Figure 2). Surpriginglowever, the mice immunised i.d. showed a
markedly different response compared to that seeBEH. The response in the spleen was again
strong, made up predominantly of CD8 cells, althotgsponding CD4 cells could also be detected.
The differences occurred in the lung. The CD4 raspdollowing i.d. immunisation was now closer in
magnitude to that seen after i.n. immunisation. ey, the most striking difference was that the CD8
IFNy response was notably stronger after i.d. tham afteimmunisation (Figure 2). The responses
showed a similar profile for TNFproduction, and if CD8 cells were stained with & A-specific
MHC class | tetramer i.d. and i.n. immunised mibevged approximately equal levels of tetramer-

positive cells (data not shown).

As Ad85A i.d. immunisation in BMSL2 was giving ar@tg lung response, it was necessary to
characterise the phenotype of these cells anddieterhow they compared to the antigen-specific
cells in the lung induced by i.n. immunisation. @tea 3 showed that 85A-specific cells in the lung
following i.n. immunisation exhibited a highly agdted phenotype, with the majority displaying
effector activation status. In order to determinéné i.d. induced cells in the lung displayed mikir

phenotype, these cells were stained for the surfeskers CD62L and CD127. As in Chapter 3,
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Figure 1: IFNy response of mice immunised with Ad85A i.n. or i.din the CEH animal facility.
BALB/c mice were immunised i.n. or i.d. with Ad85#nd 4 weeks post-immunisation mice were culledg lun
and spleen cells isolated and stimulated with tha pf 85A peptides (similar results were obtaiméth the mix

of 3 dominant T cell epitopes). The CD8 and CD4{kBsponse in the lung (A) and spleen is shown ¢B),
measured by intra-cytoplasmic staining (ICS). (@)munised mice were challenged withtb by aerosol 4
weeks post-Ad85A, culled 6 weeks post-challenge land CFU enumerated. ** p < 0.0001; * p < 0.05 by
Student’s t-test. Representative of 3 experiments.
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Figure 2: IFNy response of mice immunised with Ad85A i.n. or i.dn the BMSL2 animal facility.
BALB/c mice were immunised i.n. or i.d. with Ad85#s a single immunisation. 4 weeks post-immunisation
mice were culled, lung and spleen cells isolatedl stmulated with the mix of the 3 dominant T cgflitopes.
The CD8 and CD4 IFNresponse in the lung (A) and spleen is shown §B)measured by ICS. * p < 0.05 by
Student’s t-test. Representative of 3 experiments.
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effector cells were defined as CD62L- CD127-, affeenemory cells defined as CD62L- CD127+ and
central memory defined as CD62L+ CD127+ (168). @birisation by these markers identified that,
contrary to that seen following i.n. immunisatidime majority of the antigen-specific cells induded
the lung by i.d. immunisation were of effector meynphenotype (Figure 3). A less differentiatedsles
activated phenotype following i.d. immunisation mbg due to the lack of antigen in the lung
following i.d. immunisation, as we have shown thesistence of antigen in the lung following i.n.
immunisation may be driving the increase in actoratChapter 3)(54). One of the signs of recent
antigen exposure is down regulation of CD27 (168hg antigen-specific cells induced following i.n.
immunisation showed very low levels of CD27 expi@sg{Chapter 3, Figure 3) but, following i.d.
immunisation, a greater proportion of the 85A-sfieciells remained CD27+ (Figure 3). However this
was only a small increase, with the vast majorityi.d. induced antigen-specific cells remaining
CD27-. This may indicate that reduced antigen exyois not the reason for the lower activationestat

of i.d. induced CD8 cells.

5.2.2 Protective effect of Ad85A i.d. immunisation

In CEH, an antigen-specific CD8 T cell populatiam the lung had correlated with protection.
Therefore it was interesting to investigate whettier mice from the BMSL2 animal house were
protected following Ad85A i.d., and if this protamt was of the same magnitude and occurred by the
same mechanism as that seen after i.n. immunisdtioAd85A i.n. immunised mice mycobacterial
growth was inhibited in the first 7 days followingfection and dependent on the vaccine induced CD8
response (Chapter 3). It was hypothesised thaktrily control was due to the highly activated<ell
present in the lung at the time of challenge acitmignediately upon infected cells, thus avoiding the
delay in mycobacterial dissemination to the lympldes (Chapter 3). After Ad85A i.d. immunisation
in BMSL2 the cells, although present in the lungsre less activated. It was therefore possiblelto t

if the presence of cells in the lung was sufficifart protection or if those cells needed to be high

activated in order to inhibMtb growth. Mice from the BMSL2 facility were immunigeither i.d. or
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i.n. with a single dose of Ad85A and 4 weeks latere challenged i.n. witMth. On days 7, 14, 21
and 28 following infection mice were culled and Mt CFU in their lungs enumerated (Figure 4). As
seen in Chapter 3, mice immunised with Ad85A i.erevable to inhibiMtb growth in the first 7 days,
showing a significantly reduced mycobacterial lcathpared to naive mice. This reduction was then
maintained for all time points measured (Figure Hawever, i.d. immunised mice showed no
reduction in CFU compared to naive mice for days47or 21. Only at day 28 was there a significant
reduction in mycobacterial load compared to naivieemalthough theMtb burden remained

significantly higher than that seen in the i.n. iomised mice (Figure 4).

These data indicate that, despite inducing a sémolugg cytokine response, Ad85A i.d mice were less
able to reduce thtMtb CFU in the lungs than i.n. immunised mice. Thisoaindicates that the
mechanism by which the Ad85A i.d. induced cellstgeb is distinct from that seen following i.n.
immunisation, with i.d. mice only limiting growtm ithe late phase of growth, as opposed to the early

phase inhibition exhibited in i.n. immunised mice.

5.2.3 Investigations into the change in Ad85A i.dung response

The switch of animal facilities from CEH to BMSL2adh significantly altered the response seen
following i.d. immunisation and so further investigpn into the possible causes was warranted. The
most obvious difference between the two facilitiess the level of cleanliness. BMSL2 is a specific
pathogen free (SPF) facility, with mice kept inlséaisolated cages receiving only filtered airl Al
food, bedding and water is autoclaved and mic@alghandled within a laminar flow hood. All these
measures and others are present to ensure theaneicexposed to as few pathogens or antigens as
possible. In contrast, the CEH facility did not BaS8PF status; mice were kept in open top cages
exposed to the air and drank water drawn from d&lpe As such, these mice were likely to have been
exposed to far more environmental microorganisnts their immune systems to have experienced

more antigenic challenge. As the most notable wiffee between the facilities, it was this conttlat
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Figure 4. Time course ofMtb load in BMSL2 mice following low dose i.n. challege.BALB/c mice
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was explored in an attempt to explain the changesponses.

A direct comparison between the two facilities, nglowith a comprehensive screen of any
environmental microorganisms present, would havenlie ideal way to investigate this problem.
Unfortunately, at no point was concurrent accedsth the BMSL2 and CEH facilities available, thus
precluding any direct comparisons between the thawever, in order to determine if the difference
was down to mice being housed in “clean” (BMSL2)"dirty” (CEH) environments, other “dirty”
animal facilities were sought. Of the suitable tamas in Oxford, the BMS level 1 and Anatomy
animal facilities were chosen as neither are SRFbath house mice in open top cages. If mice kept i
one or both of these facilities gave the same mespéollowing Ad85A i.d. immunisation as those kept
in CEH, then it might have been possible to elueidhe reason for the change in response seen in
BMSL2. Mice were housed in the two facilities fomgek following arrival from the supplier (Harlan
supplied all the mice used in all facilities mengd), then immunised i.d. or i.n. with Ad85A. Afiér
weeks further housing in the facilities, the micerevculled and the lung response measured (Figure
5). In both animal houses, the response was colnlpai@that seen in BMSL2, with the CD8 response
following Ad85A i.d. immunisation stronger than theeen following i.n. immunisation. The CD4
response following i.d. or i.n. immunisation inhat animal house was not different from that seen i
the CEH facility. These results indicate that, eattihan the BMSL2 mice having unusual responses, it
is the response in mice from CEH that is exceptioflaey also show that this exceptional response

was not being driven purely by the fact that it \adslirty” facility.

5.2.4 Environmental exposure to mycobacteria

Housing mice in other “dirty” facilities did not dd to the same response as that seen in CEH,
indicating that general exposure to environmentedraorganisms and antigens is not sufficient to
reduce the lung response following i.d. immunigatibhis implies that it was a factor specific tolCE

that was driving the change in response, mostylikgposure to a specific microorganism found in the
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Figure 5: Lung IFNy response in mice housed in other “dirty” facilities. BALB/c mice were housed
in one of 2 different “dirty” animal facilities: B® level 1 (A) or Anatomy (B). Mice were housed fire tdirty
facility for 1 week before being immunised i.d.ior. with Ad85A. At 4 weeks post-immunisation miaere
culled, lung and spleen cells isolated and stinedlatith the mix of the 3 dominant T cell epitopkesng IFNy
response is shown, as measured by ICS. ** p < Q,00p < 0.005. Comparable results were also seehe
Institute of Molecular Medicine animal house.
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facility. Whilst this specific microorganism coulg anything, it has been shown that TB vaccines can
be affected by prior exposure to environmental rbgocteria (201). It could be that exposure to
environmental mycobacteria in CEH altered the respdo antigen 85A following i.d. immunisation.
In order to test this, rather speculative, hypdthawice kept in BMSL2 were immunised i.d. with
AdB85A as normal. However, rather than having steditinking water, BCG was added to the cage
water bottle and the animals allowed to drink frioior 3 weeks following immunisation. At 4 weeks
post-immunisation the mice were culled and the ltegponse measured (Figure 6A). Interestingly, in
the first experiment, despite a low overall resggrike mice that had received BCG water showed a
statistically significant reduction in the lung CB&sponse compared to mice that drank only sterile

water (Figure 6A).

Potentially this might be a very exciting resultit it of course needed to be validated and repeated
especially as it was so unexpected. It was alserésting to investigate whether other species of
mycobacterium would have the same effect, partityuées it is unlikely that the mice were exposed to
the BCG vaccine strain. Therefore, as well as rapgdhe BCG water, other cages of Ad85A i.d.
immunised mice were given water containMgsmegmatis. Other Ad85A i.d. mice were given water
containing heat killed (HK) BCG or BCG Pasteurpiler to determine if the effect was common to
all BCG strains and also whether ingestion of \eatmycobacteria was necessary (Figure 6B). The
overall response in this experiment was much highetr the HK BCG water and thd. smegmatis
water both appeared to reduce the response inutigedy 2-3%, and the mice that received the BCG
water showed a reduction of ~5% compared to i.adnumised mice given clean water (Figure 6B).
However, none of these differences were statisficalgnificant. To further clarify whether
mycobacteria in the water was having an effecthmnresponse, the experiment was repeated again
with the mice exposed to BC®I. smegmatis or M. abscessus. M. abscessus inhabits water and, as the
CEH facility was supplied by an independent rogf-teater tank, could represent one of the potential

environmental mycobacteria that the mice in CEHatbiave been exposed to. When the response 4
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Figure 6: Effect of mycobacterial exposure on lungesponse following Ad85A i.d. immunisation.
BALB/c mice were immunised with Ad85A i.d. and imdiately following immunisation a particular variedy
mycobacterium was added to the cage water bottie. @oup of immunised water was left with sterilatev.
Mice were able to drink from the bottéal libitum for 2 weeks, when it was replaced with sterileeraft 4
weeks post-immunisation mice were culled, lungsceiblated and stimulated with the mix of the 3 dant T
cell epitopes. Lung IFNresponse is shown, as measured by ICS. HK BCGat Kied BCG; M. smeg —
Mycobacterium smegmatis; M. ab —M. abscessus. * p < 0.005 by Student’s t-test.
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weeks post-immunisation was examined in these groausimilar effect was seen. The BCG ahd
abscessus water groups both showed a reduction in the CDyIFesponse of 2-3%, although in this
experimentM. smegmatis water had no effect (Figure 6C). However, as m ékperiment shown in
Figure 6B, the differences seen here were notsstatily significant. This, along with another
experiment where none of the mycobacteria-inocdlataters had any effect (data not shown),

indicate that if there is a true effect then ivisak and variable.

A further hint that the response in the lung folilogv i.d. immunisation could be affected by
mycobacterial exposure came when the effedvitimchallenge was investigated. As BCG water had
shown a trend towards reducing the level of antggecific cells in the lung, it was hypothesiseat th
this should have an effect following infection, the presence of a lung response correlates with
protection. Mice were immunised and given BCG waasr described above and subsequently
challenged at 4 weeks post-immunisation. When tlgeotracterial CFU in the lung 4 weeks post-
challenge were enumerated, Ad85A i.d. gave a sogmif reduction irMitb load (Figure 7). However,

if Ad85A i.d. immunised mice had been exposed toGB®@ater prior to challenge, this protective
effect was lost. There appeared to be a small testun CFU in this group, although it was not
significantly different from the level seen in naimice (Figure 7). A second independent experiment

has recently confirmed these findings.

53 Discussion

Parenterally administered subunit vaccines agdiBshave been shown to be highly immunogenic,
eliciting strong responses in the systemic compamtpmwhether in the blood or spleen (114, 115, 140,
202). However, despite these strong responses, gbthese vaccines have shown variable protection
upon mycobacterial challenge (118, 120) and, whiBniggistered as a boost to BCG, add little to the

protection seen after BCG vaccination alone (5Z).18or one of these vaccines, Ad85A, Forkted
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Figure 7: Effect of mycobacterial exposure on protetion following Ad85A i.d. immunisation.
BALB/c mice were immunised with Ad85A i.d. and aththe water left sterile (Ad i.d.) or immediately
following immunisation BCG was added to the cag¢ewhottle (Ad i.d. + BCG H20). Mice were able tant
from the bottlead libitum for 2 weeks, when it was replaced with sterileeraf\t 4 weeks post-immunisation
mice were challenged i.n. with ~200 CFUMfb. At 4 weeks post-challenge mice were culled ardihgMtb
CFU burden enumerated. It should be noted thaketdesa are from mice from the same experiment @seth
shown in Figure 6B. * p < 0.01 versus naive.

have shown that this lack of protection followind. iimmunisation may be due to a very low antigen-
specific response in the lung, despite a strontesyis response (52). However, if the same vacane i
given i.n. the lung mycobacterial load is reducedfresponding with a strong antigen-specific
response in the lung (52). The work in Chapter @ @d), demonstrates that this protection following
i.n. Ad85A immunisation is due to the lung residestls inhibiting Mtb growth in the first week
following infection. Intra-dermal immunisation istnable to protect as the cells are not in the kamg

so cannot act in this early phase of growth.

However, in this chapter it has been shown thaliping a change in animal facilities, i.d.
immunisation resulted in a strong response in timg,| contrary to the results of Forbatsal. Whilst
unexpected, it was not wholly surprising; Ad85A aivintra-muscularly (i.m.) has been shown to
induce a lung CD8 T cell response at 2, 6 and &svpest-immunisation that is at least comparable in

magnitude to that seen following i.n. immunisatid40, 167). As previous work had shown that a
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population of antigen-specific cells in the lungretated with protection, the mice immunised with
Ad85A i.d. in the BMSL2 should have displayed augtn in CFU at least equivalent to i.n.

immunised mice. However the protection afforded thg stronger lung CD8 i.d. response is
significantly weaker than that seen in i.n. immedisnice, with CFU reduced by only ~0.5 Log in i.d.
mice versus a reduction of approximately 1.5 Log.im mice. Parenteral immunisation has been
shown by others to offer a similar level of protestwhen mice are challenged 4 weeks after i.m.
immunisation (140). However, this protection appearbe transient, with no protection if mice are

challenged at 12 weeks.

A notable difference between the lung responsasciedi by i.d. and i.n. immunisation is the activatio
status of the antigen-specific cells. Following. iimmunisation, the majority of cells display an
effector phenotype (Chapter 3), whereas i.d. inducells almost all display an effector memory
phenotype (Figure 3). This marked difference magvigle an indication as to why Ad85A i.d.
immunisation is less effective at conferring préitet than i.n. immunisation, despite a stronger
antigen-specific response. Chapter 3 demonstrdtat itn. immunisation confers protection by
inhibiting mycobacterial growth early after infeati, that this control is dependent on CD8 T caild a
that the majority of these cells are highly actdbeffectors. However, following challenge of Ad85A
i.d. immunised mice, there is no controlMfb in the first 7 days. Rather, reductionhdfo CFU only
occurs after 21 days post-challenge (Figure 4)s Beilay in action may be down to the difference in
activation status. If highly activated effectorlsedre required for killing or inhibition d¥itb then i.d.
induced protection becomes limited by any delayfurther activation and differentiation of the
antigen-specific cells. As described in Chapteriv3b is adept at delaying the adaptive immune

response in the lung until at least 14 days pdsttion (37, 165).

Location of vaccine-induced cells within the lurg likely also to play a significant role in the
protection conferred by the different regimes. @Hwve shown that antigen-specific cells neeceto b

present in the airway lumen, as detected by bronghieolar lavage (BAL), in order to confer
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protection (146, 167). Antigen-specific cells falimg i.m. immunisation are entirely within the lung
parenchyma and interstitium, whereas a signifipgoportion of i.n. induced lung cells are present i
the airways (167). Similarly, we have shown thatr¢hare no cells in the BAL following Ad85A i.d.
immunisation (175). What causes i.n. induced delleside in the airway is unknown; however work
by others in our lab has shown that the chemolégeptor CXCR6 is present on many of the cells in
the airway (175). Approximately half of antigen-sifie CD8 cells in the airway lumen display this
receptor and, notably, adoptively transferred CXERID8 cells from the lungs of i.n. immunised

mice are able to protect recipient naive mice, ehgiICXCR6- cells are not (175).

The significance of CXCR6 expression may be arcetdir of the importance of general inflammation
in the lungs in influencing protection. Santosuossal have shown that 85A-specific cells can be
detected in the BAL of i.m. immunised mice if thiestve received another adenovirus containing an
irrelevant antigen intra-nasally (146). Howevelis thffect was transient and only a few cells were
detectable in the BAL by 2 months. However, if rjeel doses of antigen 85 protein were given into
the lung of Ad85A i.m. immunised animals then amtigspecific cells remained in the airway (146).
Our own data confirm the importance of both inflaatibn and antigen in the lung to recruit cells to
the airway. Cells were detectable in the BAL of iiedimunised mice only if they had received a
combination of recombinant antigen with CXCL16, ligand for CXCR6, but not when either antigen
or chemokine were given alone (175). Further eviddor the importance of inflammation within the
lung is found if theMtb challenge dose is raised. If ~2000 CFU are adteiréd rather than a couple
of hundred then i.d. mice are as protected asniine (data not shown). Whether this is due to a
relative loss of protective ability in i.n. immuei$ mice or the greater inflammation activating and
recruiting i.d. induced cells earlier in infectimdifficult to determine, particularly as this tleage
method leads to a more rapid deterioration of mlligs of mice. However, it should be noted that in
the work performed by the Xing group, an intra-hasallenge dose of 10,000 CFU of H37Ritb is

used (140, 167).
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The significant change in the response seen fatigwid. immunisation upon switching animal house
led to some interesting questions. Differencesusceptibility to autoimmune diseases between mice
housed in different animal facilities have beenorggd (198-200). However, these were transgenic
mice that had been kept in these different aniroakhs since birth. Indeed, it has been suggesatd th
it is the difference in commensal bacteria acquirethe neonatal weeks that drives these differgnce
with changes later in life having a weaker eff@(). However, in the case outlined in this chapter
mice for all experiments came from the same SPFcsaoliHarlan) and arrived at the various facilities
at 6-8 weeks old. Mice were then immunised aft@raximately a week in each of the facilities. This
suggests that, whatever was causing the changasitcapable of altering the response in either the
week following arrival in CEH or in the weeks folling immunisation. The initial hypothesis was that
mice kept in open topped cages in “dirty” faciktizvere exposed to more environmental antigens,
possibly leading to a more tolerising environmgasticularly in the lungs. However, the data from
the mice housed in the Anatomy and BMSL1 facilisbswed that this was not the case. Therefore the
cause must have been specific to CEH. It has be@nrsthat aspects of the immune response in the
gut can be dependent upon the presence of spekafises of commensal microorganisms (203), so it
is possible that the mice at CEH had been expasedparticular microorganism not present in the
other “dirty” facilities. The initial investigatiainto the possibility that this microorganism nizeya
mycobacterium were largely speculative; howeverrgmilts presented the interesting prospect that
exposure to environmental mycobacteria could lead thange in the immune response in the lung
following Ad85A i.d. immunisation, leading to a ®®f efficacy. This is a problem that has been
extensively investigated with regard to the BCGcitae and its variable effects (201, 204), but the
possibility that it could affect subunit vaccinegutd be concerning for future vaccine initiatives.
However, the effect seen here was weak and higinivalle and warrants further investigation before
any significant conclusions can be drawn. It woalkkb be interesting to determine if the same effect
was observed with vaccines containing antigens present in the environmental mycobacteria,
whetherMtb-specific antigens such as ESAT6, or antigens fotmer pathogens entirely.
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54 Summary

The immune response following Ad85A i.d. immunisattan vary depending upon the animal facility

in which the mice are housed. Change to a SPFitfaéid to i.d. immunised mice developing a
response in the lung that was absent when they nmreed in a non-SPF facility. This new response
was associated with protection uphbitb challenge, although not to the same degree dieasame
time point post-infection as the protection sederafn. immunisation. This lower efficacy is likel

due to a lower level of activation of Ad85A i.ddurced cells, along with their location in the lung
interstitium rather than in the airway. The chaitgeesponse between animal houses was not a general
difference between SPF and non-SPF facilitiesatagecific characteristic of the CEH animal fagilit
Tantalisingly, there appears to be a hint thattienge in response seen in CEH may have been due to
environmental exposure to mycobacterial specigspagh this possibility requires extensive further

investigation.
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Chapter 6

Simultaneous immunisation with TB vaccines

At the time of writing sections of this chapter Baveen submitted for publication as Tchilietral
2011, and their reproduction here has been approyete co-authors in accordance with University

of Oxford regulations.

6.1 Introduction

The data presented in Chapters 3 and 5 have shaatnAd85A immunisation is able to confer
protection followingMtb challenge when administered by respiratory (immunisation as well as by
systemic (i.d.) immunisation when an antigen-spetiing response is induced (Chapter 5). However,
respiratory immunisation with Ad85A is more profeetthan i.d. immunisation, despite the latter
inducing a stronger immune response in both thg mmd the spleen. Furthermore, i.n. immunised
mice inhibit Mtb growth in the first week post-infection but i.garmunised mice not until 3 weeks
post-challenge. This is possibly because i.n. inigaiion induces a highly activated antigen-specific
CD8 response in the lung airways that is able hibinMtb growth early, whereas the interstitial lung
response induced by i.d. immunisation acts onlgraftay 7, followingMtb dissemination to the
draining lymph nodes. Similarly, parenteral BCG immisation also shows inhibition of mycobacterial

growth in this late phase of growth (Chapters 3)& 5

Ad85A i.n. administered as a boost to prior BCG sramunisation confers protection significantly
better than either immunisation given alone, dueth® additive effect of Ad85A-induced early
protection and BCG-induced late protection (Chap)é€s4). As the increase in protection was due to
the combination of two stages of protection, it waasoned that protection would be equally as
effective if parenteral and respiratory vaccinesevadministered simultaneously. This idea was

investigated using the immunisation of BALB/c anali/BL/6 mice with BCG and subunit vaccines.
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As Ad85A i.d. immunisation protects in the late phait was interesting to investigate whether the
same additive effect of combined early and latesphahibition would be apparent in mice immunised
with Ad85A i.n. and i.d. simultaneously. Howeverwias also necessary to establish the concept in
other model systems. To this end the effect of BXO@ subunit immunisation in C57BI/6 mice was
investigated. Parenteral immunisation with recorabtrprotein or peptide plus an adjuvant has been
shown to be effective in mice and other animal$(1®8, 201). Although these regimes often afford
protection equivalent to that seen in BCG immunisedtrols, when they are given as boosts after
prior BCG immunisation any further increase in pmotion is variable (111, 205). Protein
immunisations have been shown to be effective vattEninistered into the respiratory tract, indicating
that this route is effective across vaccine vehicind have been shown to boost protection in BCG
immunised mice (154). BCG has also been shown taidddy protective when administered into the
respiratory tract of guinea pigs and mice (119,)206ther emphasising the efficacy of this roufe o

administration.

It is possible that the variable effect of paresitéoosting of BCG is due to any additional pratect
being masked as both vaccines act at similar timpest-infection. However, as respiratory
immunisation generates a response that acts edidy ahallenge, respiratory and systemic
immunisation with two protective vaccines shoultadditively on the two different phases of growth.
As this would be two distinct effects acting addity, it should be independent of prime-boostind an
the vaccines could be administered simultaneodsiis approach ofimultaneousmmunisation by

the respiratory and systemic route was termed SIM.

6.1.1 Aims

In this chapter, investigation into simultaneousniumisation with candidate TB vaccines, including
Ad85A, recombinant proteins and peptides, and Bd@&d to demonstrate that combining respiratory

and systemic immunisation is an effective way afréasing protection againbttb. Furthermore,
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experiments were designed to test whether increpsatéction is due to a prime-boost effect or,

alternatively, because the two immunisations initib growth at distinct times following infection.

6.2 Results

In the light of the data presented in Chapter Shduld be noted that the immunisations described i

this chapter were performed in the BMSL2 animallitgc

6.2.1 Simultaneous immunisation (SIM) with Ad85A inBALB/c mice.

Ad85A has been shown to be protective when admeimdteither i.n. or i.d. in BMSL2 but with each
type of administration inhibiting growth at differetime points following infection (Chapters 3 asid

Further, Ad85A i.n. has been shown to act addiiweith late inhibition induced by s.c. BCG
immunisation. Therefore, it was hypothesised tlaepteral (i.d.) and respiratory (i.n.) immunisatio

with Ad85A may also be able to act additively andfer protection greater than either alone.

BALB/c mice were immunised with Ad85A either i.dr ion. alone or simultaneously with both i.d.
and i.n. Ad85A (i.d./i.n.). To avoid any effectar increase in total antigen dose, the dose forges
immunisation was split between the two routes. &hee, all mice received a total of 2 x’0p. of
Ad85A. Two weeks post-immunisation mice were cubed the antigen-specific response in the lung
and the spleen measured (Figure 1). As shown ipt€h&, single administration of Ad85A i.d. ori.n.
induced a strong lung CD8 response, with the respamni.d. mice the stronger. Interestingly, theami
that had received the i.d./i.n. regime showed actoh in CD8 response compared to those that had
received i.d. alone (Figure 1A). The most strikiifference between the regimes, however, was that
mice in the i.d./i.n. group had a significant paiigdn of antigen-specific CD4 cells in the lung,
compared to the minimal response detected in tiggesadministration groups (Figure 1A). The origin
of this new population of CD4 cells was unclearislpossible that cells from the i.d. induced CD4

population circulating in the periphery had beesruiged to the lung by the i.n. immunisation, acifye
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supported by the apparent drop in CD4 responseisdha spleen in the i.d./i.n. group (Figure 1B).
similar pattern is observed when total cell numbkems analysed (data not shown). As well as a
reduction in the CD8 lung response, i.d./i.n. imisation appeared to alter the activation profile of
antigen-specific lung CD8 cells. As shown in Chaptesingle Ad85A i.d. induced cells were mainly
effector memory phenotype as defined by CD62L aidZ7 expression. However, in the i.d./i.n.
group the activation phenotype was more similathtet seen following i.n. immunisation, with an
increase in the proportion of effector cells (FgC). These patterns of response were detectable a

least as long as 3 months post-immunisation (dattahown).

A strong CD8 lung response had previously corrdlatith protection following Ad85A immunisation
(Chapter 3), so it was possible the reduced CD&orese in the i.d./i.n. group would have an effett o
mycobacterial load. However, antigen-specific CDéllsc are also known to be important for
protection. Therefore, the effect of the i.d./iimmunisation regime on protection followirgtb
challenge was determined. Mice were immunised wittigle i.d. or i.n. doses of Ad85A or with the
i.d./i.n. regime and challenged i.n. wittb 4 weeks post-immunisation. Four weeks post-chgden
the mice were culled and the lung mycobacteria leaumerated. As expected, Ad85A i.n. conferred
a reduction in CFU of approximately 1 Log (Figude I this experiment, i.d. immunisation protected
to a similar extent as i.n. immunisation, althouglshould be noted that 3 of the measurements
(highlighted in red) may not be as reliable asdtiers as they were calculated using a differetttba
of agar plates, a factor known to increase vaitgbilhe i.d./i.n. group, despite the change in the
antigen-specific response profile compared to thgles immunisation controls, showed no difference
in the level of protection (Figure 2). This indieatthat the protection seen following individual
systemic or respiratory immunisation with Ad85Anist able to act additively when the two are given

simultaneously.
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Figure 1: Immune response following single or simthneous i.d. or i.n immunisation with
Ad85A. BALB/c mice were immunised with a total of 2X10.p. of Ad85A in either a single i.n. or i.d.
immunisation or simultaneously with concurrent athd i.n. immunisations (i.d./i.n.) and culled 4eke later.
Lung and spleen cells were stimulated with the afi8 85A T cell epitopes. IFNexpression was measured by
ICS for the lung (A) and spleen (B). (C) Activatistatus of lung CD8+ IFN- cells as defined by CD62L and
CD127 expression (Chapter 3). Representative apéranents. * p < 0.05 by one way ANOVA.
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Figure 2: Protection following single or simultaneas immunisation with Ad85A i.d. or i.n.
BALB/c mice were immunised with a total of 2X1@p. of Ad85A either i.n. or i.d. or simultaneoygl.d./i.n.)
and challenged i.n. witMtb 4 weeks post-immunisation. Four weeks post-chg#emice were culled and lung
CFU enumerated. Data points indicated in red wexenerated from possibly defective plates and shoeld
interpreted with caution. Representative of a sirglperiment.

6.2.2 Lack of protection following Ad85A immunisaton in C57BI/6 mice.

Initially, the phenomenon of additive protectiordiaeen seen with parenteral BCG and i.n. Ad85A in
BALB/c mice. However, this effect needed to be destated in other experimental systems. To this
end, the model was tested in C57BI/6 mice. Miceewsmmunised i.n. with Ad85A as previously but

in this model the lung response was considerabbkeweand more equally divided between CD4 and
CDS8 cells than the response seen in BALB/c micguifei 3A). Moreover, neither Ad85A i.d. or i.n.

protected C57BI/6 mice (Figure 3B). Although addravwector immunisation has been shown by
others to be protective when administered twiceatniuscularly (53), the inefficacy demonstrated

here precluded further use of Ad85A in C57BI/6 niiteur hands.
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Figure 3. Ad85A lung response and lack of protectio in C57BI/6 mice. C57BI/6 mice were
immunised either i.d. or i.n. with 2x 1@&d85A. (A) 4 weeks post-immunisation mice werdedland lung cells
stimulated with the pool of 85A peptides. Similasults were obtained for THFexpression. (B) 4 weeks post-
immunisation, mice were challenged i.n. whtb, culled 4 weeks post-challenge and lung CFU enatedr
Representative of 2 experiments.
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6.2.3 Simultaneous immunisation (SIM) with subunifprotein vaccines in C57BI/6 mice.

As Ad85A did not protect C57BI/6 mice, other prdabee vaccines were required before the idea of
additive, distinct phase protection could be testémtein with adjuvant has been shown to be
protective againsMtb in C57BI/6 mice (111, 205) and so was chosen tthéu investigate the
efficacy of SIM regimes. The antigens chosen wegeombinant 85A protein (r85A) and a
recombinant peptide consisting of the first 20 andwids of the 6 kDa early secreted antigenic targe
(ESAT®6). Intra-nasal immunisations were adjuvantéth Cholera toxin (CT), known to be a potent
mucosal adjuvant, and MPL was used as the adjuf@mnparenteral immunisations. Intra-nasal
immunisation with these vaccines generated a staogen-specific lung response, although this
differed from the response to Ad85A in BALB/c mies it consisted of CD4 cells, with no CD8
response detectable (Figure 4A & B). Parenteral umisation with either antigen elicited a splenic
response, also consisting of CD4 cells, althoughrédsponse following r85A s.c. was ~5-fold higher
than the response following ESAT6 s.c. immunisa{iBigure 4A & B). No responding CD8 cells
were detectable in the spleen. Upon Mtb challenge mice immunised with r85A or ESAT6 byeit
route, whether s.c. or i.n., were protected tovallequivalent to that seen following parenteral@C

immunisation (Figure 4C).

As both antigens had shown protection in C57Bl/6anthey were combined in a SIM regime; ESAT6
administered s.c. and r85A administered i.n. (ESAT6/r85A i.n.). In the Ad85A - BALB/c model
the efficacy of respiratory vaccines correlatedhwat strong antigen-specific response in the lung.
When the immune responses in this SIM protein -BIf&7system were investigated, a strong lung
CD4 response was always observed specific to théndoi.n. antigen, with little response to the
systemic antigen detected in the lung (Figure 5% In the spleen, there was always a strong
response to the systemically administered antigéth, only weak responses detected to the antigen
administered by the respiratory route (Figure 5O)X% Antigen-specific responses by CD8 cells were

too weak to be detected.
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Figure 4: Immune response and protection of rB5A 0ESAT6 protein immunisation s.c. or i.n. in
C57BI/6 mice.C57BI/6 mice were immunised with r85A or ESAT6 eith.n. or s.c. as described in Materials
and Methods. Immunisations were given 3 times aweZk intervals. (A&B) 3 weeks following the last
immunisation, mice were culled, lung and spleetsdsblated, stimulated with the pool of 66 ovepdiqy 85A
peptides or the ESAT6 peptide used for immunisagind cytokine expression measured by ICS. Red «;IFN
Blue — IL-2; Green — TNé& (C) 4 weeks post-immunisation mice were challenge with Mtb, culled 4 weeks
later and lung CFU enumerated. Naive and BCG mumunised mice were used as controls. * p < 0.004use

Naive.
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Figure 5: Immune responses to component antigens mice immunised with a SIM regime using
r85A and ESAT6. C57BI/6 mice were immunised 3 times at 2 week iraksr with r85A or ESAT6 s.c. and
i.n. alone or simultaneously in the combinationsveh. 3 weeks following the final immunisation lu(é+B)
and spleen (C+D) cells were stimulated with eitherpool of 85A peptides (A+C) or the same ESAT&R&0no
acid peptide used for immunisation (B+D) and thtokiyie expression by CD4 cells measured by ICS. Red
IFNy; Blue — IL-2; Green — TN& Bars and whiskers represent the mean and SEMJ4ofriice per group.

Representative of 3 experiments.
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Upon mycobacterial challenge, the SIM regime of EB8As.c./r85A i.n. conferred a significant
improvement in protection over either antigen givaane by their respective routes (Figure 6A).
Interestingly, if both antigens were simultaneowgilyen s.c. or i.n. (in separate immunisationseath
than mixed), no such improvement over the individuaccines was seen (Figure 6B & C
respectively). This implied that the effect was ttuéwvo separate protective effects, one resuftioig

the respiratory immunisation and one from the sggtemmunisation. It should be noted, however,
that if the routes of the SIM regime were reveraed ESAT6 given i.n. and r85A given s.c., then no
increase in protection was observed (data not shollrese data support the hypothesis that the i.n.
and s.c. immunisations act separately by inducistindt immune responses in the lung and systemic
compartments respectively; responses that aretaldet additively when the antigens are given in a
SIM regime. Interestingly, however, if r85A or ESATvas given by both respiratory and systemic
immunisation, a homologous SIM regime, then nodase in protection was observed compared to an
individual immunisation with that antigen (data sbbwn). This was despite a strong response to the

antigen in both the lung and the periphery (Fidgyte

6.2.4 Simultaneous immunisation (SIM) with proteinsubunit vaccines and BCG in C57BI/6

mice.

As BCG is the only licensed vaccine for use in hosnid was necessary to show the efficacy of SIM
regimes using BCG as one of the components. As shiovthe Ad85A-BALB/c system, BCG s.c.
immunisation inhibitdvitb growth in the late phase of growth. TherefordB@G s.c. was combined
with simultaneous i.n. protein immunisations them a&dditive increase in protection should be
observed. However, if the protein immunisation wéministered s.c. then no such increase should be
detected. In order to investigate this hypothesike were immunised parenterally with BCG and
simultaneously given r85A either parenterally (BG®./r85A s.c.) or by respiratory immunisation
(BCG s.c./r85A i.n.). Ten weeks following immunisat the mice were challenged wilitb and the

lung mycobacterial load enumerated 5 weeks podtertuge. As hypothesised, despite receiving two
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Figure 6: Simultaneous systemic and respiratory immnisation (SIM) with r85A and ESAT6
confers protection following Mtb challenge.C57BI/6 mice were immunised 3 times at 2 week irgksr
with (A) r85A i.n. or ESAT®6 s.c. alone or in comhbtion; (B) r85A s.c. or ESAT6 s.c. alone or in comation;

(C) r85A i.n. or ESAT6 i.n. alone or in combinatidhweeks after the final immunisation mice werallemged
with Mtb i.n., culled 5 weeks post-challenge and the luRfy @numerated. * p > 0.005 versus Naive unless
indicated, as measured by ANOVA. Representativ efperiments. Adapted from Tchilighal (submitted).
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protective immunisations, BCG s.c./r85A s.c. imnsedi mice were no better than the BCG s.c. only
controls, with only one mouse showing an increas@rotection (Figure 7A). However, mice that
received SIM BCG s.c./r85A i.n. showed a reduciiormycobacterial load of approximately 1 Log

compared to groups that had received only pardrtenaunisations (Figure 7A).

In order to show that this improvement over BCG. slone was not restricted to 85A-specific
immunity, SIM was carried out with othéitb antigens: ESAT6 peptide and recombinant protein
TB10.4. When these antigens were given i.n. simatiasly with BCG s.c. (BCG s.c./JESAT6 i.n. and
BCG s.c./10.4 i.n. respectively) they induced ani§icant increase in protection over single BCG s.c
immunisation and, in the case of ESAT6, over siemdbus parenteral immunisation (BCG
s.C./JESAT®6 s.c.) (Figure 7B & C). Although with hdmmunisations given simultaneously there was
little chance of a prime-boost effect in the r85AT@10.4 experiments, the use of ESAT6 confirmed

that the increase in protection was not due taragzboost effect as ESAT6 is not present in BCG.

6.2.5 Simultaneous immunisation (SIM) with BCG s.cand BCG i.n. in C57BI/6 mice.

These data indicate that SIM immunisation can bghlhi effective; therefore, the effect of
administering BCG only in a SIM regime was inveatagl. As seen in the experiments outlined above,
BCG is protective when administered s.c.; howevtdras also been shown to be protective when
administered i.n. (119). C57BI/6 mice were therefgiven the same dose of BCG either in a SIM
regime (BCG s.c./i.n.), s.c. only or i.n. only asubsequently challenged i.n. witktb. The BCG SIM
regime was able to reduce lung mycobacterial CF\my 2 Log compared to those receiving BCG
by only one route, an improvement of up to 3 Lognaése mice (Figure 8A). In a repeat experiment, a
similar improvement in protection was observedtltia occasion the SIM regime conferred a 1 Log
improvement over single immunisation and a 2 Latuotion in CFU compared to naive mice (Figure

8B).
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Figure 7: Additive protection of parenteral BCG and respiratory subunit immunisation. C57BI/6
mice were immunised with either BCG s.c. only, iomdtaneously with BCG s.c. and either (A) r85A iam s.c.,

(B) ESAT®6 i.n. or TB10.4 i.n. (C). 10 weeks postmmisation mice were challenged i.n. whttb. 5 weeks
post-challenge mice were culled and lung CFU enatedr * p < 0.05 between groups as indicated.
Representative of 2-3 experimemglapted from Tchiliaret al (submitted).
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Figure 8: Simultaneous systemic and respiratory immnisation (SIM) with BCG improves
protection following Mtb challenge.In two identical experiments (A+B) C57BI/6 mice weimmunised
with BCG s.c. or i.n. or with the same dose sphtween simultaneous s.c. and i.n. immunisationsGBC
s.c./i.n.). 10 weeks later the mice were challerigedwvith Mtb and 5 weeks post-challenge were culled and the
lung CFU enumerated. * p < 0.0005 versus naivessrilicated, measured by ANOVA. Adapted from Tiahil

et al (submitted).

6.2.6 Kinetics ofMtb growth following s.c., i.n. or SIM immunisation.

The above data suggest that respiratory and sysiemiunisations act by different mechanisms that
can work additively with each other. The work inapters 3 and 5 indicates that this is because
respiratory immunisation inhibits mycobacterial \wthh early after infection and systemic
immunisation inhibits growth late after infectioMs the immune response following protein
immunisation echoed that seen in the Ad85A — BALBIfodel, with i.n. generating a strong lung
response and systemic immunisation a strong splesigonse, it was hypothesised that a similar
pattern of early and late inhibition was occurrimg this model. C57BI/6 mice were therefore
immunised either s.c. or i.n. with r85A, ESAT6 oE8. Mice were also immunised with BCG in a
SIM regime (BCG s.c./i.n.). Following subsequbtib challenge, mice were culled at 7 day intervals
to track at what point after infection each vactiorainhibited growth. In all mice that had recaive

one of the vaccines intra-nasalMtb growth was inhibited compared to naive mice by dgyost-
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challenge. However, mice that had received a systemmunisation with any of the vaccines did not
inhibit mycobacterial growth until day 14 post-deabe (Figure 9). In the case of ESAT6 a significan
reduction inMtb load was not reached until day 28 (Figure 9). Intguttty, in the mice that had
received BCG in a SIM regime, two phases of pratactvere observed. At day 7, mice that had
received i.n. BCG immunisation, either alone othia SIM regime, showed a reduction in lung CFU
compared to naive mice. By day 14, the mice thdtreaeived BCG s.c. alone showed a reduction
equivalent to those that had received i.n. BCG .oHigwever, at this time point, the mice that had
received the SIM regime showed a significant improent in protection compared to mice that had
received either immunisation alone (Figure 9). Ehdata, along with the data presented in Chapters 3
and 5, confirm the hypothesis that respiratory imisation induces a response in the lung that is abl
to protect early aftetb challenge, within 7 days. Systemic immunisatiaduires a strong peripheral
response that is able to protect but this acts. laetween 14 and 21 days post-infection. It wdagdf
further interest to map the kinetics of mice thavénreceived the other SIM regimes to determine if

the two phases of protection can also be observitbse mice.

6.3 Discussion

As discussed in Chapter [gltb growth in the lungs of naive mice is not contmlientil 21 days post-

infection and although parenteral BCG immunisationfers protection, this does not occur until at
least 14 days after challenge. The work in ChaBtelemonstrated that mice immunised i.n. with
Ad85A are able to contrdiitb growth in the first 7 days following infection, aifect able to act

additively with the late protection conferred byrguateral BCG. In those experiments, the two
vaccines were given 10 weeks apart. However, amthease in protection was due to the cumulative
effects of a lung and systemic response, simuliaeaministration of a protective respiratory
immunisation alongside a protective parenteral wac¢SIM) should confer protection in the same

manner.

~127 ~



D7 85A ESATG6 BCG

4.5+ 4.59 4.59
[ ] * * *
2 404 4.0 4.0- —oR8y— "I
s e v * - A o A, o
5 - : a 35 " " o
O 3.54 L2 2 3.54 A -5 A
§ LN A I:'I:l
[ J
S 301 v 3.0 A 3.0 o
o ——
S 251 v 254 254
20 T T T 20 T T T 20 T T T T
*x
6.57 6.5 * 7.09 *
6.01 6.0 657 ° * *
g * ' 2% 60| $8°
2 55 v 557 AsA aa LI Y
3 ® ’ 4 —A- Ap 551 L] A
2 A ¥
5 50 o® v v 5.0 5.0 a,A
e 1 o
© 45 Yy' v 454 a 45 oh
3 v 4.0 o
4.04 v 4.0 3.54
35 T T T 35 T T T 3.0 T T T T
759 75+
7.04 704 °
= e * * *
S 651 651 o
5 601 ®e® 6.0 . N a
S 551 v 5.5 * A a8
& 5.0 v v 5.0 A
=2} J VgV v a
g4 v o 45 A
4.0 v 4.0 A
35 T T T 35 T T T
7.09 7.0q 7.09 _
o 654 * * 6.5 % % 6.5 *
S ®e °
T 60{ eage 604 —wge* N 601 —ege® * *
Q
° A, A *
;’ 5.5 v 5.5 LYVY Apl 5.5 —agh
2 X W v Sl 2
O 501 vy — 5.0 5.04
gu AA Eﬂun_
454 4.5 4.54
v o
4.0 T T T 4.0 T T T 4.0 T T T T
Naive r85A s.c. r85Ai.n. Naive  ESAT6 s.c ESAT6i.n. Naive BCG s.c. BCGi.n.BCG s.c./i.n.

Figure 9. Kinetics of Mtb growth following systemic or respiratory immunisaion. C57BL/6 mice
were immunised s.c. or i.n. either 3 times at 2kiyemtervals with one of r85A or ESAT6 or once WwiBCG
s.c., i.n. or both (s.c./i.n.). 4 weeks followirftgtfinal protein immunisation or 10 weeks post-B@\&e were
challenged i.n. wittiMtb. Groups of mice were then culled on days 7, 14a&d 28 post-challenge and the lung
CFU enumerated. Only 3 mice were available fordag 21 BCG s.c./i.n. group and so the data have bee
omitted. * p < 0.001 versus naive, as measured M®¥A. Adapted from Tchiliaret al (submitted).
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The data in this chapter demonstrate that it iscirabination of vaccines in a SIM regime, targeting
both early and late phase growth, that is protectiVwo separate vaccines, protective when
administered alone, administered together by theesaute were no more protective than either given
alone. This may be because, when given by the saume, the protective effect of each vaccine would
potentially be acting at the same point in the dhogurve, whether that is early after infectiofdtth
were given i.n., or late if both were given systeaily. Only if the two protective vaccines target
separate phases do they combine most reliably proime efficacy. Dietrich and colleagues have
shown that simultaneous parenteral immunisatioh BIEG and a recombinant fusion protein is able
to increase protection over either immunisationneJobut only when administered along with
liposomal vehicles, possibly due to establishmdrdaroantigen depot (205). Interestingly, using the
same fusion protein, Olsest al demonstrated that the antigens were protectivey avthen
administered as a fusion protein but not when giasrseparate proteins in the same immunisation
cocktail (207). The reason behind this effect islear, although it may be due to differential aiiig
processing or increased immunogenicity of the fugiootein (207). As potent protection is seen
following SIM using non-cross-reactive vaccinesettter that is BCG with ESAT6 or two different
proteins, the improvement in protection followintMSis not due to a prime-boost effect and may in

fact offer an alternative paradigm for immunisatsmhedules.

Interestingly, although SIM showed significant iopement in protection when using heterologous
vaccines, if the same antigen is administered kth bloe respiratory and systemic routes then no
improvement in protection is seen. Ad85A has beleows to protect BALB/c mice early after
infection in i.n. immunised mice and late in i.chmunised mice (Chapter 3 & 5). The same can be
said of r85A and ESAT6 in C57BI/6 mice (Figure Blowever, if any of these immunisations are
given together in a homologous SIM regime no improent in protection over individual
immunisations is detected (Figure 2 and data notvel This is despite strong immunogenicity in

both the lung and periphery (Figure 1 & 5). The eption to the inefficacy of homologous
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immunisation is SIM with BCG. When BCG is given sitaneously by respiratory and systemic
routes the improvement in protection is strikingg(ffe 8). It is clearly evident that the two
immunisations within the SIM regime act at differédime points after challenge, combining to confer
a significantly greater degree of protection (Feg@®). Why BCG is effective in a homologous SIM
regime when other antigens are not is uncleas foissible that responses to two different antigens
within BCG are responsible for the inhibition atkaghase. However, BCG is complex, with many
immuno-modulatory mechanisms and a direct compariga replicating organism with recombinant

proteins may be difficult.

The marked increase in efficacy using BCG in a $#igime is an important finding, particularly as
BCG is currently the only licensed TB vaccine. Rvag efforts to boost prior BCG with further BCG
immunisations have found no increase in effica®g8f2likely due to host immunity to BCG following
the primary immunisation. However, by simultanegustiministering the vaccine by each route this
problem can be circumvented. SIM offers anotheaathge over the prime-boost paradigm in that it
requires only one clinic visit by the patient. Ireas where patient compliance and tracking can be
problematic, removing the need for a follow up tvishuld greatly aid coverage. However, the long
term protection conferred by BCG has been widepored as variable, particularly in sub-Saharan
Africa. This, combined with safety concerns surding BCG immunisation of HIV+ individuals
(209), highlights the importance of developing rlovaccines againsiMtb, whether they be new
recombinant mycobacteria or subunit vaccines. Byatestrating the efficacy of SIM using protein
plus adjuvant, the work here shows that many neseima candidates could potentially be combined

in a SIM regime to greater protective effect.

There are two significant caveats to the develogroé®sIM as an immunisation regime. The first is
that, perhaps obviously, the vaccines used for eagie must be protective on their own. The vacine
used here were highly mouse strain specific: Ad8&&s not protective in C57BI/6 mice (Figure 3)

and therefore was ineffectual when combined in M 8igime (data not shown) and immunisation
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with any of the protein subunits was not protectivALB/c mice, whether alone or combined into
SIM (data not shown). Thus, as the SIM regime ddpemn two distinct protective effects acting
separately, it is necessarily reliant on an efiectsystemic response and an effective respiratory

response.

This highlights the second caveat. No TB vaccineusently approved for administration by the
respiratory route, a fact that evidently preclu&sl immunisation in humans. There are obviously
safety concerns surrounding vaccine delivery tohsac sensitive site as the respiratory tract,
particularly as previous efforts have resulted igni§icant side effects (159, 196, 197). However,
influenza and measles vaccines have been appravednie countries for respiratory immunisation
(150) and BCG has been shown to be safe when daslivey nebuliser to adolescents (160).
Nonetheless, if the aforementioned safety concarnsind BCG are to be avoided using subunit
immunisation, then a suitable mucosal adjuvant béllrequired. The work here used Cholera toxin
(CT) as an adjuvant for the respiratory protein umimations, resulting in potent lung responses
(Figure 7). However, CT is too toxic to be usedhirmans and the related mucosal adjuvant heat labile
toxin (LT) from Escherichia coli has been shown to cause Bell's palsy (196). Medijfnon-toxic
versions of these adjuvants are being develope(, (211), hopefully furthering the potential for

efficacious subunit respiratory immunisation.

6.4 Summary

The work in this chapter has shown the efficacyaofiew immunisation paradigm: simultaneous
respiratory and systemic vaccination (SIM). SIM camfer a significant increase in protection over
either of the constituent immunisations given alddewever, this is not due to a prime-boost effect,
but rather due to the combined effect of the respiy immunisation inhibiting the early phaseMtb

growth following infection and the systemic immuatisn inhibiting late phase growth. Importantly,

the work shows that the protection seen followirg@— the so-called “gold standard” for TB vaccine
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efficacy — can be markedly increased if BCG is adstéred in a SIM regime. Such a significant
increase in vaccine efficacy following a simple mfga in immunisation strategy highlights the

potential in SIM based strategies for future TBoraes.
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Chapter 7

Concluding remarks

7.1 Summary

The work in this thesis set out to discern why adidate TB vaccine, Ad85A, administered by the
respiratory route was able to protect BALB/c miolloiwing Mtb infection but not when administered
parenterally. Investigations determined that immiunisation induced antigen-specific cells in il
that were able to inhibit the growth bftb early after infection, before systemic immunityghe to
act. Examination of the role played by upper redpity tract immune responses indicated that for
respiratory immunisation with Ad85A to be proteetiva lung response must be generated. A move
from one animal house to another altered the immeasponses seen in the lungs following i.d.
immunisation, resulting in a degree of protectiblowever, this protection occurs only in the late
phase following infection, contrary to that seeteiaf.n. immunisation. This is most likely because
immunisation elicits a response in the airway, wheri.d. immunisation does not. There are
tantalising hints that these changes in respondepastection following i.d. immunisation may be

caused by exposure to environmental mycobacteria.

These results indicate that different immunisationtes (respiratory and parenteral) target differen
phases oMtb growth. Simultaneous immunisation by the two reuf®IM) has the potential to target
both phases of growth and thus additively improkatgetion, whereas 2 vaccines targeting the same
phase may interfere with each other. By using nossreactive protein vaccines to rule out any
possible prime-boost effect, this work demonstratiedt using SIM was more effective than 2
respiratory or 2 parenteral immunisations, moseljikdue to targeting the two distinct phases.
Furthermore, SIM using the only currently licens&B vaccine, BCG, significantly improved
protection, thus indicating a potential augmentati current TB vaccination programs and setting a

new gold-standard by which candidate vaccines eassbessed.
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7.2 Further questions

The work described above has outlined a regimeesgmiting a departure from conventional prime-
boost methodology for vaccination agaiiWib, or that at the very least could act as a poteatimnct

to it. However, a number of questions remain.

The primary unknown in this work is what is occogiin the lung immediately after infection.
Although depletion of CD8+ cells from the lung ofl86A i.n. immunised mice resulted in the loss of
early inhibition, a positive transfer of antigeresfiic CD8 T cells would be needed before it could
conclusively be said to be the mediating populatiGiirthermore, the mechanism by which
mycobacterial growth is restricted is unknownM# replication just inhibited, thus preventing the
exponential growth seen in naive mice, or are tefécells and mycobacteria actively killed by the
CDS8 T cells, or is it a combination of the two? Mover, whatever effect is occurring, the questibn o
whether it is driven by direct cytolytic action thife CD8 cells or by cytokine-mediated activation of
infected cells is unknown. Further investigationtteése mechanisms, whether in knock-out mice or

using antibody blockade, would go some way to ustdading how early phase inhibition occurs.

One argument in favour of vaccine-induced earlyilition being cytokine-mediated is that it is
observed following protein immunisation in C57BIIf.these mice, no CD8 T cell responses can be
measured, but potent CD4 antigen-specific cytokireduction can be detected. Although far from
conclusive evidence, the fact that these mice bleeta inhibit early growth may be an indicatiomth
cytokine production is at least playing a role amlgMtb control. However, this line of reasoning may
be confounded by the fact that the only antigercifipity readout for these experiments was cytokine

production, thus risking a circular argument.

A number of other unknowns also remain about eaffjbition. Although it is clear that respiratory
immunisation is able to restrict mycobacterial gitown the first week following infection, it doestn

eliminateMtb entirely. Eventually mycobacterial growth escaped enters an exponential phase until

~135~



brought under control, after which tihdtb burden reaches a plateau. As outlined in Chaptem3
adaptive immune response cannot be detected itytiygh nodes of naive mice until 9 days post-
infection, followed by arrival in the lungs at 14y$ — an arrival that correlates with controlMtb
growth. This raises that possibility that the eanlyibition of Mtb following respiratory immunisation

is acting only as a delay in this process. Okitb growth escapes the early control and enters log
phase, will the same kinetic be observed but mexalgek later, resulting in no long term protection
Or is there a sufficient burden bftb in the lungs of vaccinated mice for disseminatiothe lymph
node to occur, thus generating a primary respohstheasame rate as in naive mice? The data
presented here suggest that the latter is the eaddtb burden in i.n. immunised mice reaches a
plateau at a similar time to naive mice, but atreximately one order of magnitude lower. This
implies a primary response is generated at the sgeed in immunised mice and hence can exert
control earlier during the log phase growth, résgltin a lower mycobacterial load. However,
experiments into the long term protection postdemgle of i.n. immunised mice need to be performed,
as well as careful mapping of any primary immungpomse to non-vaccine antigens in the lung

draining lymph nodes.

Similarly, the question as to whyitb growth is controlled only for the first few daysllbwing
infection remains. One possibility is thittb is escaping under immune pressure. Although not
conventionally assumed to be as capable of escapéal infections, recent work has demonstrated
that mutation rates dfitb may be higher than previously expected (212). Tifusnder sufficient
immune pressure, it is possible that escape muotatiould occur, particularly if vaccination only
targeted one antigen. Such escape mutations caultbebind the lack of increased efficacy in
homologous protein SIM regimes. These regimes iadtimong systemic and respiratory responses and
the individual immunisations, when given alone, aretective. However, no additive effect is
observed. It is possible that the early inhibitiorthe lung exerts sufficient immune pressure foedr

escape within that antigen, leading to a loss fi€afy of the late response, as both the systentc a
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respiratory responses are specific to the samgeamtiHowever, although tHdtb mutation rate is
higher than expected, it is still considerably stowhan for pathogens such as HIV. This, combined
with low mycobacterial numbers early after infenteind a long generation time may make early phase
escape implausible. However, sequenciniyitif isolates from the late phase following early iritidin

may provide some interesting insights.

If escape is occurring, or even if not, the prttecefficacy of SIM regimes could be enhancedhsy t
use of fusion proteins. Olsen and colleagues hawmeodstrated that when mice are immunised with
two antigens administered as a fusion protein, gfwective effect of both antigens combines to
improve efficacy. However, no such improvementhlisayved if the two antigens are just mixed (106).
One of the advantages of SIM as a concept is thmpioses no restriction on what vaccines are used;
only that one is protective when given by the negpry route and the other protects when given
systemically. Thus, incorporation of such fusiomtpins into a heterologous SIM regime could

enhance the protection observed following SIM vaaton with single antigens.

The work here also raises some causes for conOei of these is the apparent strain specificity and
efficacy variation of the different vaccines. Ad8#as highly protective in BALB/c mice when
administered i.n., as well as conferring a degfegratection when given systemically. However, the
same vaccine given by either route to C57BI/6 mpicevided no protection at all, despite being highly
immunogenic. Similarly, the protein vaccines prtitecin C57Bl/6 mice were not protective when
given to BALB/c mice (data not shown). Further ation, possibly equally due to strain differences,
appears when the systemic immunisations of Ad85d\ @otein vaccines are compared. Both confer
protection in the late phase of growth when analyisetheir respective strain; however Ad85A i.d.
gained efficacy only after switching animal housesce a lung response could be detected. This
contrasts with systemic protein immunisation, whirethuces very little response in the lung but get i
still protective. The reason behind this differemcdortunately remains unclear. Inter-strain vaoiat

of susceptibility is widely acknowledged in micegwever, the disparity of efficacy across strains
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highlights the importance of choosing the correqiegimental model for vaccine testing. Equally,
Ad85A i.d. induced protection in BALB/c mice com&td with the presence of CD8 T cells in the
lung, whereas protein induced protection in C57Bifige correlated with an antigen-specific CD4
response in the periphery. It may be the caseGb# cells need to be resident in lung tissue at the
time of infection before protection can occur, vdar different migration mechanisms for CD4 cells

allow more effective recruitment from the periphery

There are also causes for concern when considgringiider application of the work presented here.
Ad85A and SIM regimes both require delivery of viaes to the respiratory tract and subsequent
activation of pulmonary immune cells. Widespreathiuistration of an attenuated measles vaccine to
the lower respiratory tract has appeared to dematestuch a route is safe. However, the generafion
a large population of activated T cells could haméoreseen consequences or side-effects, parlicular
in terms of immuno-pathology. Furthermore, the imi@ace of the common mucosal immune system
is becoming more evident. Although the work herggests that responses in the NALT mucosa are
not necessary for protection following respiratorynunisation, i.n. infection has been demonstrated
to induce a significant population of activated dll€ in the vaginal tract (213). Generating such
populations of activated T cells in distal mucosayrhave a significant impact, positive or negative,
on the outcome of other mucosal infections. Folimyvthe unexpected outcome of the STEP trial
(138), such bystander immunological effects of ir@ation need to be carefully considered in HIV

endemic areas.

As mentioned, the concept of SIM vaccination haadrantage as almost any effective vaccine can be
included in such a regime. However, a recent figdias raised a potential problem with the current
crop of vaccine candidates. Many of these candidate based on antigens such as the antigen 85
complex, ESAT6 and similar proteins as they arehljfigmmunogenic and protective in animal
models. Upon analysis of the evolution of Mé&b genome, it appears that many of these antigens,

particularly the epitope regions within them, areler purifying selection (214). If these antigens a
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hyper-conserved despite being well recognised byhihst immune system, it may imply that such
recognition is actually beneficial to the pathog€his presents the risk that, by raising such reses

with vaccination, one could inadvertently worsea tlutcome of infection.

Despite these caveats, | believe the work hereeptesa notable addition to the field of TB
vaccinology. The early protection observed follogvimespiratory immunisation highlights the
importance of inducing effective immune responsetha site of pathogen entry. Furthermore, by
combining respiratory immunisation with a simultane parenteral vaccination, one can target distinct
phases of infection. Using such a regime, signifiganprovements in protection can be achieved by a

mechanism notably different from conventional pribo®st methodology.
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Appendix | Antigen 85A insert sequence plus tPA leader seques

atggatgcaatgaagagagggctctgctgtgtgctgctgcetgtgtggagptattcgtticgcccagccaggaaatccatgcccgattcag
aagatttcccggecgggcttgccggtggagtacctgcaggtgecgtegeatjogecgtgacatcaaggtccaattccaaagtggtggtge
caactcgcccgecctgtacctgctcgacggectgcgegegcaggacagotigctgggacatcaacaccecggegticgagtggtacgac
cagtcgggcctgtcggtggtcatgccggtgggtggecagtcaagaitcgactggtaccageccgectgcggcaaggecggttgeccagact
tacaagtgggagaccttcctgaccagcgagcetgccggggtggctg@mmmycacgtcaageccaccggaagegecgtegteggtcttt
cgatggctgcttcttcggcgcetgacgctggegatctatcacceccaggacfacgcgggagegatgtcgggcectgttggaccectcccagge
gatgggtcccaccctgatcggectggegatgggtgacgcetggegggacaiacgacatgtggggeccgaaggaggaccecggegtggea
gcgcaacgacccgctgttgaacgtcgggaagctgatcgccaacaamgtotgggtgtactgcggcaacggcaagecgteggatctgggt
ggcaacaacctgccggccaagttcctcgagggcttcgtgcggaccagcaagttccaagacgcectacaacgccggtggeggecacaacy
gcgtgttcgacttcccggacageggtacgcacagctgggagtactgggomgctcaacgctatgaageccgacctgcaacgggeactggg

tgccacgcccaacaccgggeccgegecccagggegectag

Bold characters indicate tPA leader sequence.
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Appendix Il Pool of peptides

Peptide number| Sequence Molecular weight
1 MQLVDRVRGAVTGMS 1619.907
2 RVRGAVTGMSRRLVV 1656.998
3 VTGMSRRLVVGAVGA 1472.754
4 RRLVVGAVGAALVSG 1424.691
5 GAVGAALVSGLVGAV 1240.447
6 ALVSGLVGAVGGTAT 1272.446
7 LVGAVGGTATAGAFS 1278.409
8 GGTATAGAFSRPGLP 1359.486
9 AGAFSRPGLPVEYLQ 1604.806
10 RPGLPVEYLQVPSPS 1638.864
11 VEYLQVPSPSMGRDI 1690.916
12 VPSPSMGRDIKVQFQ 1688.947
13 MGRDIKVQFQSGGAN 1607.789
14 KVQFQSGGANSPALY 1566.714
15 SGGANSPALYLLDGL 1447.589
16 SPALYLLDGLRAQDD 1646.798
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17 LLDGLRAQDDFSGWD 1707.797
18 RAQDDFSGWDINTPA 1692.742
19 FSGWDINTPAFEWYD 1847.936
20 INTPAFEWYDQSGLS 1727.827
21 FEWYDQSGLSVVMPV 1756.974
22 QSGLSVVMPVGGQSS 1432.597
23 VVMPVGGQSSFYSDW 1658.829
24 GGQSSFYSDWYQPAC 1695.763
25 FYSDWYQPACGKAGC 1695.872
26 YQPACGKAGCQTYKW 1703.939
27 GKAGCQTYKWETFLT 1732.955
28 QTYKWETFLTSELPG 1799.977
29 ETFLTSELPGWLQAN 1705.865
30 SELPGWLQANRHVKP 1731.955
31 WLQANRHVKPTGSAV 1663.88
32 RHVKPTGSAVVGLSM 1538.813
33 TGSAVVGLSMAASSA 1308.455
34 VGLSMAASSALTLAI 1404.671
35 AASSALTLAIYHPQQ 1570.747
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36 LTLAIYHPQQFVYAG 1720.968
37 YHPQQFVYAGAMSGL 1668.871
38 FVYAGAMSGLLDPSQ 1555.75
39 AMSGLLDPSQAMGPT 1475.684
40 LDPSQAMGPTLIGLA 1483.729
41 AMGPTLIGLAMGDAG 1374.623
42 LIGLAMGDAGGYKAS 1423.632
43 MGDAGGYKASDMWGP 1542.689
44 GYKASDMWGPKEDPA 1651.795
45 DMWGPKEDPAWQRND 1844.959
46 KEDPAWQRNDPLLNV 1794.965
a7 WQRNDPLLNVGKLIA 1737.015
48 PLLNVGKLIANNTRV 1621.925
49 GKLIANNTRVWVYCG 1693.968
50 NNTRVWVYCGNGKPS 1694.869
51 WVYCGNGKPSDLGGN 1566.692
52 NGKPSDLGGNNLPAK 1481.61
53 DLGGNNLPAKFLEGF 1591.764
54 NLPAKFLEGFVRTSN 1692.915
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55 FLEGFVRTSNIKFQD 1801.011
56 VRTSNIKFQDAYNAG 1683.821
57 IKFQDAYNAGGGHNG 1548.615
58 AYNAGGGHNGVFDFP 1522.576
59 GGHNGVFDFPDSGTH 1543.552
60 VFDFPDSGTHSWEYW 1872.945
61 DSGTHSWEYWGAQLN 1750.78
62 SWEYWGAQLNAMKPD 1795.97
63 GAQLNAMKPDLQRAL 1625.892
64 AMKPDLQRALGATPN 1582.823
65 LQRALGATPNAVPAP 1463.638
66 GATPNAVPAPQGA 1150.238
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