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ABSTRACT

In the recent years, it has been well established that primary respiratory viral
infectionrinduced lungesident memorZD8T cells (Trm) characterized by the expression
of integrins CD49a and CD103, as well as the eaclyvation marker CD69, constitute the
first line of defense against reinfectiddn the other handjiral vectorbased respiratory
mucosal(RM) vaccination as well as parenteraaccinationfollowed by airway luminal
manipulation induce lasting and protective lung T cell immunity towards pulmonary
tuberculosis (TB)However, it remains poorly understood whether and how these TB
vaccinatiorstrategies inducerl in the lung As such, vithin this thesis we will investigate
generation of lun@gD8 Trm upon different TB vaccination strategies and the underlying
mechanisms regulatingstablishment of such cell$dere using distinct modelsof
replicationdeficient adenoviral vectdvased TB vaccinationye find thatRM vaccination
leads to generation of lung CD&w identified by the expression of CD69, CD103, and
very late activation Ag IMLA -1). These ku-associated molecules are acquired by CD8
T cells in distinct tissue#n this regard, VLAL is acquired during T cell priming @raining
mediastinalymph nodesdMLNs) and the others acquired after T cells entered the lung.
Once in the lung, Agpecific CD8 km continue to express VLA at high levels through
the effector/expansion, contraction, and memory phases of T cell resptesdsoreveal
that VLA-1 is not required fonomingof these cells to the lung, but it negatively regulates
them in the contraain phase. Furtherore VLA -1 hasa negligible role in the maintenance
of suchcells in the lungSeparatelywe haveobserved thatvhile parenteralntramuscular

vaccinationalone does not indudang CD8 Trm, subsequenRM inoculationof an Ag
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dependentbut not a nosspecific inflammatory agonisnhduceslung CD8 Trm. Such
generation of lung CD8grM needsCD4 T cell helpThesefindingsnot onlyfill the current
knowledge gap, but also hold important implicatiomsleveloping effectivevaccination
straegies towards mucosal intracellular infectious diseases suchacagsired

immunodeficiency syndrom@(DS), TB andherpes virus infection.
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CHAPTER 1: INTRODUCTION
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1.1 Tuberculosis history and epidemiology

1.1.1 TB epidemiology

Pulmonary TB, which is mainly caused by an intracellular bacterial pathogen
Mycobacterium tuberculosis (M.tglongwith HIV/AIDS and malaria, is one of the major
infectious causes of death. Currently 10.8 million new cases of TB still arise annually, and
TB leads to 1.8 million deaths yearly. As &
is latently infectedwith M.tb (1), and about 20% of them develop active TB upon
immunosuppressiof2). The highest rate of active TB per capita has been reported in Sub
Saharan Africa. Moreover, India and China have the greatest burden of TB in thelmvorld
the case of TB, both young children and Hpésitive hosts are considered as hiigk
groups(2). In this regard, around one third of the 34 million HiWected individuals are
co-infected withMtb and one quarter of HIV related deaths are due to TB as a consequence
of a loss of CD4 T cell mediated immun{@). This underlines the importance of cellular
arm of immune system in host defense against TB.

The fact thatM.tb is spead via aerosols generated by coughing and can be
infectious in low numbers makes it a major health issue in regions with high population

densities and poor socioeconomic conditions as seen in developing world.

1.1.2 Historical and current TB chemotherapeutics

The first effective antibiotic against TB, streptomycin (SM) was introduced in 1946,
but within 5 years resistance to SM was acquired by the majofiytb&trains worldwide
(4). Then, it was determined that the resistance could be avoided if SM-admaustered

with paraaminosalicylic acid (PAS{4). In 1952, isoniazid (INH) was discovered and has
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been highly effective at impeding SM resistance and the treatment of TB. Unfortunately,
like SM, in regions that TB was treated with INH alone, quickly iMidistant strains of
M.tb emerged. Thus, it was suggested that a combination therapy using SMad AgHa
should be widely adopted for TB treatmé#t. While highly effective, this combination
therapy was discontinued due to the cost and-teng treatment4). Further studies
showedrifampicin (RMP)to be anew effective TB drug shortening the treatment period
(4). The curreh TB treatment including cadministration of INH, RMP and or
pyrazinamide (PZA) is lengthy {62 months)(5). In this regard, several reaspns
particularly drug availability, cost, and poor compligntave led to the development of
drugresistant TB cases, including multidrug resistiDR), extensively drug resistant
(XDR), andtotally drug resistanfTDR) TB (5). Thus, there is an urgent needifaproved
understanding of host defense and developiegyy TB vaccine strategies to control the

current TB epidemics.

1.2 Gaps in host defense against pulmonary TB
Upon exposure tdvl.tb-containingaeroso] three clinical outcomes are possible.

While only a small frequency (285%) of M.tb-exposed individualgan quickly clear
infection(6), demonstrating the potential role of innate immune responses in some humans,
the rest othemprogress to latent TB infection (6%%) or active diseas&-10%). It has

been well documented that host defense, in particular innate immunity, is able to rapidly
clearprimary pulmonary TB infectiom a small percentage of humans alktb exposure

(6). Moreover, mounting clinical evidence suggests that some primarily infected hosts can

be skin testor M.tb-specific T cell teshegative(7, 8). Immune responses developed in
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latentinfected individuals wrealso shown to markedly reduce the risk of progression to
active form of disease upon-igection (9). Nevertheles host defense fails to clear
infection in the majority of exposed individu&i®. Understandinghegaps in host defense

to pulmonary TB is pivotal to design effective vaccination strategies conferring immunity
in such human populians. Over thousandsf years of coevolution with human beings,
M.tb has developed complicated strategies to evade host defedsenpede bacterial
clearancevia active immune suppression at different stages of immune resgutseas
innateimmunesuppressiondelayed antigen (Ag) presentation and Thl priming, delayed
and impaired Th1l immunity in the lungigurel), leading to uncontrollell.tb growth in

thelungin early phases of infectiandpersisting infection in most of the exposed humans
(5).

1.2.1 Innate immune responses

In unvaccinated individuals, upon the first exposur®tth, a small frequency (20
25%) ofthemcan quickly clear infectiori6), demonstrating the potential role of innate
immune responses aonferring protection teome human®/.tbinfects lung macrophages
(MAamnd utilizes cell surface receptors, su
and DGSIGN for its entry(10). It can survive and replicate in infect®bhh s particularly
before the emergence Mitb specific T cell responses in the lung by multiple mechanisms
including inhibition of phagosome maturation, phagosdgs®some fusion, reactive
oxygen ad nitrogen species production, apoptosis, @agbr histocompatibility complex
(MHC) class Il expression and\g presentation.Binding of M.tb mannosylated

lipoarabinomannan (ManLAM) angdrotein tyrosine phosphatase (RtpA) to mannose
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receptors and \MATPase pumps consequently hampers phagddgsasome fusion and
phagosome acidification, respectiveljll, 12). M.tb virulence factors, including
ManLAM, early secretory antigenic targetlBSAT-6), and enhanced intracellular survival
protein (Ei3, inhibit production of proinflammatory cytokines and chemokine$ays
and enhance the release of antiammatory cytokines, including HLO (13-15). In
addition, M.tb biasesM A death modalities from apoptosis to necrose upregulating
lipoxin A4 (LXA4) and downregulating prostagland#? (PGE2)(16). In this regard,
Inhibition of apoptosimot onlydownregulatesrosspresentation of.tb Ags to DCs and
consequently impairgitiation of Ag-specific T cell responsed6), but also leads to
enhanced bacterial viability and dissemina{ibn 18).

M.tb acquisition by dendritic cells (D8 occurs through direct phagocyto§l®) or
interaction with apoptotidViA sand neutrophils containiniyl.tb bacilli (16, 20). M.tb-
imposed innate immune suppression in the Ietyices the rate &C recruitmentto the
site of infection, as well as lung draining lymph nodes (dl(R%)22). Like infectedM A s
M.tb reduces the expression of MHC class Il and costimulatory mokounld®Cs and
enhances the production of the TFinhibitory cytokines such as L0 and type 1
interferons (IFNUD) (23-25). Also, M.tb impedesautophagy,a pathway of delivering
cytoplasmic and nucle#gsto MHC moleculesleading todiminished Ag presentation to
CD4 and CD8 T cells. Moreovdy].tb-imposednhibition of apoptosismpedesAg cross
presentation by DCleading to impaired activation &D8 T cells(10). Regardingthe
differential impact oM.tb on migratory DC subsets, while CD11b+ DCs, but not CD103+

DCs, are required for the activation of Thl celldlrNs uponM.tb infection, CD103+
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DCs directly impede CD11lb+ D@nediated Thlcell activation by producing the

immunosuppressive cytokine-I10 (26).

1.2.2 T cell-mediated immune responses

T cell-mediated immunitys pivotal in hostlefense against pulmonary TB. However,
M.tb-imposed innate suppression leads to delayed Th1 cell priming in dLN$ b4 d@ys
post infection in mic€22). M.tb further delays recruitment of primed circulating Th1l cells
to the lung which takesl4i 21 daysto happen(21, 27), throughimmunosuppressive
mechanismsncluding M.tb ManLAM-mediatedinhibition of chemokinegoroductionby
MA sand DCsas well aglesensitization gbrimedT cells for S1Pmediated chemotaxis
during T cell egresmn from dLNs (28, 29). Delayed ThXesponsesrealsodocumented
in nonhuman primates, that is around several weeks fespggific T cells to emerge in
the lung(30). Clinical evidence suggests that it takes weekshiedevelopmenof T cell
responsed the lungfollowing M.tb exposure in humangyobablyin a dosedependent
mannern(31). Even after T celarrival to the site of infection, the full functionality of Thl
immunity remains limited due to tiM.tb-imposed immunosuppressive microenvironment
of the lung(32, 33). However,suchAg-specific T cells are still vital for host defense, as
they control bacterial burden and inhibit systemic disseminatidv.ttf by empowering
the granulom#33). CD4 T cells are considered the major T cell sibsetgeneratedipon
M.tb infection andtheyare pivotal to immune protecti¢@4). CD8 T cellsalso play a role
in protection against TEB35), but theirgeneratioroccurs after CD4 T cell activation and

they constitute minorT cell subsein bothcirculation and lung granulon{&). Compared
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to CD4 T cells, thealative CD8 T cell contributon to overall immunity againstTB in

humars remains to beetermined

Experimentalstudiesconfirm that CD8 T cellsre required fooptimal protection
against TB(36). For examplemurinemodels of virusvectored TB vaccinatioleadingto
CD8 T cellgeneratiorhave revealed a critical role for these cellfiost defense against
TB (5). CD8 T cells exertheir bactericidakffectvia production of type 1 cytokined—(N-

9 andtumor necrosis facted TNF-U)) and celimediated cytotoxicity (CTL activity).

Both IFN-2 and TNFU increaseM A sbactericidal activity through production of
reactive nitrogen and oxygen species and LRBZB9). Moreover, IFNoand TNFU ar e
required for granuloma formatiqd0) andthe maintenance of granulor(¥t). While IFN-

9 production by CD8 T cells can inhi-dit ba
production by CD4 T cells. This shows that CD4 and CD8 T aely havedistinct

functions duringM.tb infection. Some of the functions mediated by CD8 T cells require

CD4 T cell help(42, 43). However,M.tb infection inhibits MHC class Il expression in

MA dgn response ttFN-2 (44, 45), which mayprevent the recognition of infected cells by

CD4 T cells.This highlights a unique role for CD8 T cells in controllikigtb burden, as

CDS8, but not CD4T celldepletiongives rise to increaddacterial replicatioduring latent

M.tb infection in mice(46).

CTL activity of CD8T cells is mediated by perforifas ligand fasl), TNFR,and
granulysin(47, 48). However the significance o€ TL activity in TB immunityin humans
remains unknown. Experimental studies demonstrate that in the absence of perforin, mice

usually succumb tbl.tb late during infection, suggesting that CTL activity is more critical
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during chroniq49) or even latenf46) infection. The majority of killing strategies used by
CDS8 T cells towardsM.tb infected cells induce apoptosihich dampens intracellular
bacterial viability(50).

1.2.3 Cytokines in adaptive immunity to M.tb

IFN-0 , -12, &nd Th1l responses are requiredpiatective antM.tb responses.
IFN-2 plays a critical role in immunity to TB in both humans and in animal mq8éis
55). The major source for this cytokine@D4 T cells, followed byCD8 T cells, natural
kiler(NK)cel | s, oU TrestrietddIT sell§56eb68).dFN-GDp |l ays cr i ti c
duringM.tb infection including direct activation &l A sas well as immunoregulation and
antrinflammatory functions thatmpede immunopathology. However, T celiemain
capable ofintimycobacteriahctivitiesevenin the absence of IFN (59).

The esthlishment of IFNo-producing T cells against primai.tb infection is
dependent on H12 (p40/p35)56, 57, 60-62), which is mainly produced bW!.tbi activated
DCs(56, 61), in partthrough downstream pathways of TLR signal{6g). Not onlyis IL -

12 required for the initiation dFN-2-producingT cell responses thl.th, but continued
IL-12p70 production is also necessary for the expansion and maintenance of Thl responses
in the lungs that are needed to keep control of chidric infection (63). In the absence

of IL-12p70, 123 could partially elicit the generation of Thl responses duvirty

infection (64), while this compensatory mechanism is not enough to control the infection
(64, 65). As theuncontrolledactivity of IFN-o  aThREtUcan be detrimental to the host
during M.tb infection (57), various immunoregulatory mechanisiar® in place tdimit

immunopathology, such as thasediatedby Foxp3 regulatory T cell§66-69) and IL-10



Ph.D. Thesi§ S. Haddadi; McMaster UniversityMedical Sciences

(56, 61, 70, 71). IL-10 is secreted by various cellular sources dukind infection. Thus,
afine-tuned balance between these regulators aneblANNF-Uis critical tocontrol M.tb
infectionwith limited immunopathology.

Besides Thl responses,-1l7-producing T cells are also induced duriktb
infection. However, IFNb acts t o fl2&psoduciagi T cellt gomulationL
demonstrating that this counterregulatory pathway may be pivotal in limiink-
associated immuwpathology(72). Thus, during\.tbinfection, IFNo i nhi Bcetlts CD4
production of I:17, and subsequently inhibits neutrophil survival and the accumulation of
pathogenic neutrophils in the lung, leading to reduced lung pathology and improved disease
outcome(73). During M.tb infection, IL-17is mainlys ecr et ed by dooble T <c el
negative T cells, but not CD4 T celfg4). IL-17 may contribute to the formation of
granuloma and Thl responses upon B{@@nunization (75), as well as granuloma
formation duringM.tb infection (76). However, I1-:23, required for thénitiation of Th17
response durinlyl.tb infection is inessential for protection and Thl response-f2p70
is accessibl¢64).

Taken togethemnderstanding thdefectsin host defense against.tb infectionis
important to developingffective TB vaccination strategies aithto fill these gapsfor

enhancegrotectionagainstpulmonary TB
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Figure 1. Gaps in host defense towards pulmonary TBreatures of host defense in
unvaccinated individuals in response to pulmoniggcobacterium tuberculosiéV.tb)
infection. Upon arrival to the respiratory tract of an unvaccinated hasb, infects
macrophage( MA and dendritic cells (DCs), and consequently through suppression of
innate immune responses it del&ysb-infected DC migration to the draining mediastinal
lymph nodes (dMLNs) byi7Z10 days. Then, Th1 priming occurs in dMLNs by 1P days

post infetcion. Consequently, Agpecific T cells enter the lung en masse only biy214
days after infection. Such natural immunity generated in unvaccinatedihostffective

in controllingM.tb growth in lung compartments (airway and parenchya@ouning for
active disease or latent TB in most of the exposed hosts.

10
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1.3 BCG vaccination

Bacillus CalmetteGuerin (BCG), attenuatellycobacterium bovidacilli derived
from a virulent strain oM. bovisafter over 13 years of continuoumsvitro passageis the
only approved TB vaccine that has bewdely utilized for more than 60 years in most
countries.The first clinical trials conducted from 1921 to 1927 in France and Belgium,
revealed high efficacy of BCG in protection against childhood78. In France, BCG
was administered via oral route, but it was stopped as a consequence of Lubeck disease, in
which 67 of 249 babies received the vaccine died due to unintended contamination of the
vaccine with virulentM.tb (78). As vaccinedistributionand local productiogrew before
establishment of standardized seed lots, many local BCG strainsdexeopedwith
differencedn genetic and antigenic compositiéfo, 80). BCG is administeredsa single
intradermaldosesoon after birthin all countries with high risk of TB infection. While BCG
is highly efficacious to end TB epidemic in Europe, its efficacy has been disappointing in
developing countrie§81), particularly in areas with high inciderscef TB (82). While
parenteral BCG vaccination has been proven efficacious towards childhood disseminated
TB, it hasan exceedinglyvariable efficacy (6B0%) against adult pulmonary TEB2).
Moreover, BCGinduced immunityis not life-long as itdeclines within 1615 years of
vaccinationand cannot be boosted by repeated BCG administrgbhnThere areother
factorscontributingto theineffectiveness oparenteraBCG vaccinationin humansin
particular the prior sensitization toenvironmental mycobacteria, the route of BCG

vaccination(83), as well asusing genetically distinct strains of BQ®9, 80).

11
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Since many environmental mycobacterial species immunologically cross
reactive(84-86), with some of thesharedmajor immunodominanfgs such as the Ag85
complex proteins repeated exposure to these mycobacteria can sensitize humans and
trigger celtmediated immune respong@3-89). This has been supported by high levels of
responsiveness to sublgsin individuals preexposed to a high level of such mycobacteria
(87-89) which maysubsequentidampen the efficacy of human BCG vaccination. For
example, BCG is effective in human trials fromigrhtuberculinskin-testpositive (and
therefore sensitized) donors have been excl{@@d Furthermore, BCG vaccination of
neonates before being exposed to environrmentaobacteria demonstrateffective
defense against childhood forms of T8-92). Theprevalentatent TB is considered as a
major source of mycobactal sensitization and might be an even larger single source of
sensitization compared to environmental mycobactdnafact, here are two major
interpretations about deleterious impact of the prior sensitization to mycobacteria on the
efficacy of BCG vacination. First,the masking hypothesisuggests that exposure to
environmental mycobacteria gives rise to some level of protective immunity to TB that
limits further protective effect of a subsequent BCG vaccingfidn Secondtheblocking
hypothesis pstulates that the prior sensitization inhibits the replication and dissemination
of BCG (94, 95). which has been supported in many human trials of BCG vaccination as
observed by a lower level of skiast conversion and smaller delayed type hypersensitivity
(DTH) reaction upon BCG vaccination @ameas with high levels of sensitization compared
with areas where there is less exposure of environmental mycobd6&@8). On the

other hand, He ineffectiveness of parenteratradermalBCG vaccinationcan also be
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attributable to its route of administratias it failsto quickly induce a Thl response in the
lung mucosa uporM.tb infection. Indeed, while BCG vaccination accelerates T cell
recruitment to the lung by-8 days(83), there isstill a 1012-day window of unchecked

M.tb growth within the lungAs BCG providegeliable protection against disseminated
form of TB in childhood, it might be considered unethical to examine and deploy a vaccine
strategy that does not contain BCThus, there is an urgent need for development of

effective TB vaccingthat can be useak booster upon BCG immunizati(99).

1.4 Novel TB vaccines and vaccinationstrategies

Currently, a dozen TB vaccine candidates including mycobaetegahism based,
proteinbased, and viral vector boost vaccinesiararious stagesf clinical trials (Figure
2), with most of them being administered via the parenteral route for prophylactic or
therapeutic applications. Until now, the initial efficacy evaluations of novel TB vaccines
have failed to reveal enhanced ahll protection over that induced by primary BCG
immunization in infants or adults. Ideally, a successful TB vaccine strategy should induce
a state of protective immunity comprising trainedate immunity (defined by imprinting
M.tb-target innate cells in the lung prophylactically befbtgb exposure to avid M.tb
imposed immunosuppression on innate cells); Mt surface antibodies, and long lasting
tissueresident memory T cells &) (composed of balanced CD4 and CD8 T cell
responses to multistadg.tb Agsin the lung(5). Among distincfTB vaccine platformsre
viral vector platformsparticularly @encoviral (Ad) vector TB vaccine that have been

considered as one of the most promising vaccine candidates
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AdHuSAg85A RUTI DAR 901 VaccaeI™
McMaster, Cansino Archivel Farma, S.L Dartmouth, GHIT Anhui Zhifei Longcom

ChAdOx185A/MVASSA H4:IC31 M72 + ASO1E VPM 1002
U. Oxford Sanofi Pasteur, SSI, Aeras GSK, Aeras SII, Max Planck, VPM, TBVI
MTBVAC H56: IC31 MIP
Biofabri, TBVL, Zaragoza, Aeras SSL Valneva, Aeras Cadila, ICMR
. . . B Protein / Adjuvant
TB/FLU-04L B Mycobacterial — Killed, Whole Cell or Extract
RIBSP O Mycobacterial — Live

Figure 2. Global TB vaccine pipeline Thevaccine candidates (Viral vector, protein
based, and mycobacterial organism based including killed, whole cell or extract, as well

as livecandidate vaccinggurrently undergoing various phas#<linical assessment are
shown
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1.4.1 Adenoviral vector-based TB vaccines

Among differentviral vector platformsrecombinanfAd vectors have the features
which make them suitable platforms for vaccine design. First, they have promising safety
records as demonstrated by their initial use as vectors for gene therapy in L@@ans
SecondyecombinantAd vectors havesuchbroad tissue tropism for mucosal surfattest
they have been widely used &M delivery of vaccines against mucosal infectious agents
such asvl.tb and influenzavirus (100). Third, certainAd vectors are highly immunogenic,
as they can elicit robust, lodiyed T cell responses to vectencodedAgs (100).

The serogpe 5 human adenovirus (AdHu5) is the most immunogenierpldred
serotye for TB vaccineg101). In this regard, our lab has developed one of the best
characterized AdHubasedrI'B vaccine candidates thatilizesthe firstgeneration (E1/E3
deficient) recombinant AdHuU5 vectto express an immunodominavittb Ag 85A under
control of the murine cytoagalovirus promotefAdHU5Ag85A) (102104). This Ag
(Ag85A) is a mycolyl transferase required for theorporation of mycolic acids into the
M.tb cell wall, as well as the synthesis of cord fa¢td®5). Both preclinical and clinical
studies demonstratpromising resultsincluding its safety andimmunogenicity (99).
AdHU5AQ85A may also be safely useth immunocompromised populationd06).
However the prevalence opreexisting antAdHuU5 immunityin humansnay compromise
the vaccine efficacy in human®ne alternative strategy to avoid this problem would be
utilizing the alternative routes @hccination(107). In this regard, clinical studiesipport
RM route of vaccination for AdHubased vaccines asuch lowerlevels of preexisting

antrAdHu5 antibodiesverefound in the lung mucosa compared to the peripheral blood
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(107). Other potential strategies to avoid preexisting-Adtiu5 immunty would be
utilization of rare serotypes of human adenoviruses such as AdHu35, or nonhuman

adenoviruses includinchimpanzeedenoviruse$107).

AdHu35 has been usddr developinga trivalentTB vaccine andcompared to
AdHu5, is much less immunogenic and often needs repeated inoculations in animals and
humans. The inferior immunogenicity elicited by AdHu35 is due to its potent inducibility
of type 1 | FNs (I FNU/DB), whi ch induwesre ns t h

inactivation(b).

Chimpanze@&denovirusbased (AdChvaccines have the capacity to overcome the
presence of preexisting asfdHu5 neutralizing antibodies. Furthermore, these vectors
have a potent immunogenicity compared to group C human adenovirus serotypes 5 and 6
in mice and primate€L08). Technically, AdCh vectors could propagate in commercially
available cell line used for AdHuEbased vaccines without development of replication
competent viruses, and Chimpanzee Ad serotype 68 (AdCh68) compaheddiius
demonstrates similarities in terms of infectivity, reproducibility and expression of large size
transgenegl09. However, AdCh68 elicits strong@D8T cell responseld 10 and it does
not crossreact with antibodiesn patients and murine modelafected with various
serotypes of human adenoviruses such as AqHLE. The chimpanzebasedAd vector
TB vaccines including ChAdOx1.85A and AdCh68Ag8mXpress Ag85A(112, 113).
ChAdOx1.85Ais being usedn a booster regimen with Modified Vaccinia Ankara
expressing Ag85AMVABS5A) to confer antTB protection in BCG@mmunized hosts.

Currently ChAdOx1.85A is under assessment in clinical trialks3. AdCh68Ag85A,
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which was designed in our laimdbased on chimpanzee adenovirus serotype 68, expresses
the same transgene cassette as AdHU5Ag8bAs safe, andits immunogenicity is
comparable and even superior to that induced by AdHU5Ag85A. AdCh68Aig8ibises

minimal levels of typel IFN (112).

1.4.2 Parenteral and respiratory mucosal routes of TB vaccination

Experimental evidence shows that if a TB vaccine strategy quickly reantits
M.tb T cells into therestricted entry sitesf the lung includinghe lungparenchymektissue
(LPT) and airways (referred to bronchoalveolar lavad®AL), it confers robust protection
against pulmonary TB114). In this regard, parenteral TB vaccine strategiesinlikely
to confer significantly improved lung protection in most humans, as similad.tio
exposed naive hostthelung environment of parenterally TB vaccine immunized hosts is
still prone to M.tb-imposed innate immune suppressi@and antM.tb T cells are
sequesred inlung vasculature (LV). In fact, T cell localization in the restricted sites of the
lung (LPT and BAL) is tightly regulated via selective expression of tispeeific homing
molecules including chemokine receptors (CCRS), selectins, and integeinsgm (Ag)-
experienced T celld.ikely, the siteor routeof vaccination, the type of vaccinated tissue,
and the type of vaccine all determine the migration pattern ahfpgrienced Tells(115
117). More interestingly, thgeographical localizatioof Ag-experienced T cells is nat
terminalevent whichmay change ocan be modifiediuringa secondary vaccinatiarr
immunomodulation Norn-haematopoietic cells in peripheral tissues, as well as résiden
stromal cells and DCs in the secondary lymphoid orgdinglay a role in T cell tissue

distribution (118). While constitutive homing of T cells into thestricted entry sites
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tightly regulated, T cell trafficking may become less restricted in inflammatory conditions.
For example, during inflammation, upregulation of inflammatory chemokines and ligands
for integrins might compensate for the requireméntgissuespecific homing of T cells

into inflamed peripheral tissu€$19. However, compared to other mucosal tissue sites
such as the guthe natureof the moleculesinvolved T cell homing to the lung retina
poorly defined.

Mounting evidence demonstrates that compared with parenteral vaccinatah, a
designedRM vaccination strategy, provides robust protection against pulmonaf99 B
120-122). An Effective RM vaccination should fill thgap in host defense against
pulmonary TB through induction of a state of protective immunity abMthieentry site of
the respiratory tractomprising trainednnate immunity (defined by imprinting.tb-target
innate cells in the lung prophylactically befdwktb exposure to avoid.tb imposed
immunosuppression on innate cells), avittb surface antibodies, angermanently
noncirculatingM.tb-specifictissueresidentmemoryCD4 and CD8 T cells residing in the
lung restricted entry sitesSuch strategy ibkely capable otonferringeffectivelevels of

protection or even sterilizing immuni($).

There has been an interest in delivering mycobacterial orgdrased vacaies
such as BCG via RM route to the lung of experimental anjrpaldicularly nonhuman
primates (123-125. While parenterally repeated prifbecst BCG vaccination is
inefficient in humang126), thesafety andeffectiveness of BCG administiam via the
RM route in parenterally BC@rimed humansemains to be establishedRM route of

BCG administrationin humansmight causeundesired inflammatiorf127), and BCG
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vaccination is not recommended by WHO in HRfected children. Moreover, compared

to viral vectorbased platforms, BCG is not effective as a CD8 T cell actiya}or

SeveralM.tb protein Agbased TB vaccines have been examined through the RM
route in murine or guinea pig mod€l28131). These vaccines are adjuvanted with- Ag
independent inflammatory agonists such as TLR4 agonists, or encapsulated within
polymers, with encouraging results. The main concerns for RM application of protein
based TBraccines in humans include the fact that often three repeated administaation
required, andhe safe, effective immune adjuvargsitable for RM deliveryemain to be
developedMoreover, these vaccines are poor indsioe€CD8 T cells. Thus, furthetwdies
are required to fully characterise protéiased vaccines with suitable mucosal adjuvants

for human RM applicatioib).

Replicationdeficient viral vectoibased TB vaccines expressing immunodominant
M.tb protein Ags are amenable for human RM application owing to their general safety,
built-in immune adjuvanticityandcapability to elicit trained innate immuni{g00. The
major candidates include MVA viraltype 5 humarAd (AdHu5), type 35 humarid
(AdHuU35), chimpanzeeAd (AdCh), and influenza A viral (TB/FLED4L) vector TB

vaccines.

MVAQg85A has undergone the most advanced clinical evaluaBiogle RM, but
not parenterdy intradermal, delivery of MVA85A to BC&accinatechumans g/es rise
to higher magnitude of activated T cells in the 1(h82). While whether RM delivery of

MVABS85A enhances protectian humans remains to be determined, intradeiheéi’ered
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MVAB85A has failed toenhanceprotectionagainst pulmonary TB in BC&accinated
individuals (133 134). Moreover,while MVA85A induceshighly durable CDA4T cell

responseghis vaccinds a poor inducer of CD8 T cel{$35).

RM delivery ofAdHU5Ag85Ahassuccessfully gone through variougerimental
studiesfrom murine to nonhuman primate modéisrthermore, such vaccination strategy
does not lead to production of afitil cytokine includingt y pe 1 | F,Mbich( | FNU/
contributes to its high immunogenicit¥36). In this regardmurine studies have shown
that RM delivery of AdHU5Ag85A moudb8B® str ol
cell, and to a less extent CD4cEll, responses at the lung mucosa which is correlated with
protection towards pulmonary TRBO04, 137). Experimental studies in other animal models
including guinea pig, bovine, and nonhuman primdtave also demonstrated strong
protection of RM AdHU5AQg85A immunized hogtk38142). Of importance, single RM,
but notintramusculari(m.), inoculation of AdHU5Ag85A in BC&rimedhumanized mice
leads to higher levslof activated CD4 T cells in the lung and cosfesbust protection
against pulmonary TE143). IntramuscularAdHUS5Ag85A vaccination in BC@rimed
humanswas safe and immunogenand inducedpolyfunctional CD4 and CD8 T cell
responsegl44, 145. Since the preexisting artidHuS5 immunity may compromise the
vaccine efficacy in humans, one alternative strategy to avoigrbidemis to deliver the
vaccine via alternative route$107). In this regardclinical studiessupportRM route of
vaccination for AdHu5ased vaccines ditle preexisting antAdHu5 antibodies can be

found in the lung mucosa compared to the peripheral {i@d. Currentlya second phase
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1 clinical trial evaluating the safegnd immunogenicity of AdHUS5Ag85A delivered by

inhaled aerosah BCG-vaccinated human volunteers isg@oing

As arare human serotype of humatgenoviruses, AdHu38anbypass the issue
associated wittpreexisting antAdHuU5 immunity, and ithas been used as a trivalent
vaccine expressing.tbimmunodominant Ags including Ag85A, Ag85RBcute staghl.tb
Ags), and TB10.4(chronic stageM.tb Ag). However, compared to AdHu5, AdHu35 is
much less immunogenic and often neddsbe repeately inoculaed in animals and
humans. While RM administration of an AdHUBB vaccine confers moderate protection
in murine models, it fails to protect nonhuman primates against pulmonary TB. The inferior
immunogenicity elicited by AdHu35 is due to its potent indilitgpof type 1 IFNs

(I FNU/ b)), which dampens t heMeinaptivaion(5)i on o f

Chimpanze@adenovirusbased (AdCh) vaccines have the capacity to overcome the
presence of preexisting atdHu5 immunity as andAdHu5 antibodies do not crossact
with AdCh. ChimpanzeebasedAd vector TB vaccines including ChAdOx1.85A and
AdCh68Ag85A express Ag85M112 113). Currently ChAdOx1.85A is under assessment
in clinical trials. A murine study using ChAdOx1.83fsdemonstrated that while RM
vaccinationwith ChAdOx1.85A fails to markedly improve aiiB protection in BCG
immunized hosts, it enhances protectawhen combined in a booster regimen with
MVAS85A (113). AdCh68Ag85A, which was designed in our lab based on chimpanzee
adenovirus serotype 68, expresses the same transgene cassette as AdHuSAg8bre. A
model of RMvaccinationwith AACh68Ag85A has demonstrated that this vaccine is safe,

and induces minimal levels of tydelFN (112. Compared to AdHU5Aga5 this vaccine
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elicits higher leved of long-lastingAg-specific CD8 T cells within the lung. Interestingly,
while there are comparable levels of protection upon R&dcination with both
AdHU5Ag85A and AdCh68Ag85A, the lungs from hosts vaccinated withattex reveals
less pathology ashownby redued formation of granulomatous lesions (a hallmark of
pulmonary TB infection).

Togethethe abovementioned studiesncourag&®M delivery of viral vectotbased
TB vaccines to enhance lung immunity agamdmonary TBin humans
1.5 Memory T cells

Memory T cells elicited following natural infection waccinationhave a critical
role in host defense against infectious diseases. In the past, it was believed that cellular T
cell immune responses induced by ndtimiection orvaccinationpersistonly in the form
of effector (Tem) or central (Em) memory T cells. &u recirculate between blood and
secondary lymphoid organs (SLOs). Moreover, while somepsphlations of Ew
recirculate among blood, SLOs and Agmphoid organs, others are restricted in blood
(117,146 147). In the recent years, the third subset of memory T cells has been recognized
that persist in the site of infection without recirculatenmd arecalled astissueresident

memory T cells (&m) (Figure3) (148).
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Figure 3. Trafficking characteristics of memory T cell subsetsThe schematiglustrates

the trafficking patterns of several subsets of memory T cellscé&lls recirculate in blood
andsecondaryymphoid organs$LO9 and entedraininglymph nodes dLNs) through

high endothelial venulesHEVs). Some subsets of ew recirculate from blood to
nonlymphoid tissueENLTs) and move through lymphatics and SLOs on the way to renter
the bloodstream (recir€em), although other subsets are restricted in blood (bloodborne
Tem). Trm Stay withinNLTs, SLOs, and some local vasculature sites without recirculation.
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1.5.1 Tissueresident memory T cells (rm)

Trm have been described within nonlymphoid tissues, SLOs, and some vascular
compartments such as liver sinusoids (Figdr€147). Lung Trm induced following a
primary respiratory viral infection constitute the first liodefense to reinfectio(iL49
151). Trm exert their effector furions through direct cytotoxic effects on infected cells
and trigger a cascade of inflammatory evemésulting ininnate cell activation and
recruitment of circulating memory celsd leading t@ state of tissuwide pathogen alert
(Figure4) (152. Lung CD8 T&w are typically defined by the expression ofulfeatures
including integrins CD496153 154) and CD103149, 151), as well as the eaHgctivation
marker CD69149, 151). Intriguingly, while CD103 and CD69 are expressed by CR3 T
in all mucosal sites, CD49a is exclusively expressed by lung and skin D@33 155).
LungCD4 rme xpress high |l evels of(CODCIyuteonlyaCD6 9 =
small fraction of them express CD1(%6).

CD49a (integr ni) edlclusivelypai rs wi t h GD@®rm VLAAt egr i n
( B1). VLA-1 is expressed by mesenchymal cells including endothelial cells and
fibroblasts, as well as activated T cells after T cell prin{itig7, 158). VLA-1 binds to
collagen and laminiil59), with preference for collagen IV in the basement membrane of
lung epithelium, andetains T cells in the vicinity of the lung airways60). VLA-1
contributes to T cell migratiofl61), retention(153), and survial (162), as well as TNFJ
secretion(159. Accordingly, CD49a deficiency or blockade omrmTcells following
primary influenza infection inhibits protection against secondary heterosubtypic infections

which is associated with reduction in the number gf T153. Of note, VLA1 protects
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airway luminal effector CD8 T cells from passive apoptosis which is induced following
reduction in Agdose and IL-2-dependent proliferatiof163). However, the expression and
function of VLA-1 in Trm responsedollowing RM replicatiordeficient viratbased
vaccinatiorhas remained unclear.

CD103 ( igmparswthliyéd iUn t e)@nd is highly expressed by airway
luminal influenzaspecific CD8 T cells, as well as migratory CD10&s in the lund164,
165. CD103 exprssion by influenzapecific CD8 T cells occurs following homing to the
lung airways in a CD4 T cetlependent way149. In this regard, inducible CD103
expression is mediated throutjie effect of thective form of transforming growth factor
b (®GFE which is generated by(165oADh03bims t hel i
to E-cadherin, an adherence junctional protein on adjacentinedipithelium. Of note,
CD103 interaction with Eadherin affects both cellular shape and motility witthie
epithelial tissue, which restricts lymphocyte movement through epithelial cell [A¥&s
CD103 increaes the killing capacity of cytolytic lymphocytes through formation of stable
synapses with target ce(ls67), and signal transduction through binding to its ligand which
increases T cell fundhs, such as lytic activity and lytic granule polarizafib®). CD103
also plays a role in the retention of influersggecific CD8 T cells in lung airwayafter
clearance of infectigrand this process requirpsrsistingAg presentationf164, 168 169).
However, howthe persistinghg presentation regulates CD103 expression and what would
be the role CD103 during tlearly stages of Av developmenstill remain to be clarified.

The lectin CD69 expression is transiently acquired by activated T cellsTugalh

recepton(TCR) stimulation, but constitutively expressed on resident ¢€fl§). CD69 as
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an antagonist of sphingoskiephosphate recepter(S1R), a receptor responsive to S1P
gradients, downregulates S1Bxpression through its internalization and degradation,
thereby inhibiting T cell egress from both SLOs (secondary lymphoid organs) and non
lymphoid tissueg171). Indeed, CD69 expression persists in many-Igarphoid tissues
without the requirement for constitutiepecific Ag recognition(172, 173, suggesting

CD69 as a potential marker of tissue residence. Nevertheless, CD69 deficiency on CD8 T
cells, onlyleads taredudion, but not ablatiompf CD8 T cell populatios(174).

CD11la (i)ntmairrisn Wi t hy)tCform BFAL i LbllEFs-Lis n b
expressed by activated T cells upon T cell priming, and its binding to KLAM
endothelial cells leads to leukocyte migration across endothelial barriers into the
surrounding tissuell 75, 176). Like CD103, LFAL also increases the killing capacity of
cytolytic lymphocytes through formation of staldynapses with target ce{ls67). While
LFA-1 expression by airway luminal T cells decreases over time, CD103 expression on
these cells may compensate for the low LEEAxpression and maintagffective cytolytic
responses to reinfections. However, the expression and function ofl LikAnucosally

manipulated parenterahccinationinduced &wm, has remained unclear.
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Figure 4. Protective functions ofrespiratory mucosal surfaceCD8 Trm upon infection.
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1.6 Induction of lung Trm following TB vaccination

Based on theénformationlearned frommodels ofrespiratory viral infections and
other mucosal infections, it is now well accepted that inductiongaf at the site of
pathogen entry is critical for protection towards infec(@® 114, 177-179). Furthermore,
while the mechanisms underlying lungml development and maintenance remain
incompletelyunderstood, the presence of lospécificAgs (114, 180), specific niches for
Trm (180, 181), local inflammatory cue@l 74, 182-184), as well as the site of infection and
the natural tissue tropism of infectious agdd®&5) all have been demonstratedgiay a
role (114, 180). In murine model®f respiratory influenza A virus (IAV) infection, lung
Trm are expanded and maintairfed along term in specific nichg4.86) established at the
site of regeneration upon tissue damage, wharieadating Tem are widely distributed in
intact areas of the lun@80). In this regard, cytokines includirGF-b (149 and TNFU
(184 have beerobserved to play a rol@ generation of lung CD8rW, coincided with
downregulation of transcription factoiscluding T-box expressed in T cel(3-be? and
eomesodermifEomes (149 184). In comparisoninterleukin 33 (IL-33) is only required
for optimalgeneratiorof these cells without affectingsli phenotypg184). IL-15 has been
implicated for longterm survival of lung CD8 Aw, which is dependent on residuabét
expressior{182). Moreover, natural tissue tropism of infectious agents plays a rolevin T
establishment, as compared to systemic viruses, respiratory virusesahgreater
capability to trigger lung Av formaion upon RM infectior{185). All these studiesuggest
thesuperiority ofRM to parenteral infection or vaccination in generationmf in the lung

mucosa.
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To this endwe have shown that RMaccinationwith a viral vectotbased TB

vaccine is superior to parentevalccinationn protection against pulmonary B9, 114).

In fact, CD8 T cells induced biRM viral vectorbasedl'B vaccinationpersist in the lung

for a long term in an Aglependent manner, and retain their protective potential similar to
those lung &wm cell induced following respiratory viral infectiof®9, 114). However, it
remains unknown whethand howRM replicatiordeficient viral vector TBraccination

also induces lungri.

While parenteral influenzanfection fails to elicit lung &w, if it is followed by the
airway delivery ofspecificAg together with a nospecific inflammatory agents such as
CpG (primepull strategy),influenzaspecific CD8 Ewm differentiate into CD8 &w by
creating de novow niches(180). To this end, we have shown that parenteaatination
with distinct TB vaccines followed by mucosal delivery of inflammatspgcificAgs
elicits lasting and protective T cell immunity in the lurgstricted entry site§114).
However, it remains unknown whether RM delivery of immumedulators after parenteral
replicationdeficient viral vectotbasedvaccination(prime-pull strategy) also induces lung

Trm, andif so, what are the underlying mechanisms.

1.7 Rationale, entral hypothesis and objectives of study
Rationale: It has been demonstrated that R&tcinatiorwith a replicationdeficient
viral vectorbased TB vaccine is superior to parenteeacinationagainst pulrmonary TB
(99, 114). In this regard, respiratomaccinationnduced CD8 T cells in the lung persist for
a long time in an Aglependent way and retain their protective potential similar to those

lung Trm cells induced following respiratory viral infecti¢@9, 114). However, it remains
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to be investigatedvhether RM replicatiomdeficient viral vectobasedvaccinationalso
induces lung &wm expressinglrv-associted molecules,andif so, what would be their
functions. Furthermore, parenteral routevatcinationis beingtested withmost of TB
vaccines irclinical studieswvhile safe and convenienhis strategynlikely inducedong-
lasting and protective T cell immunity at trestricted entry sitesf the lung. Recently, the
concept of km generation at the lung mucosa through RM immune manipulation of
parenterallyviral pathogernfected hosts (primeull strategy) has emergedvhich
requires local lung inflammatory signals as welspscificAg (180). To this end, we have
shown that parenteral TB vaccimaccinationfollowed by RM delivery of inflammatory
specificAg, but not norspecific inflammatoryagonists induces lasting and protective T
cell-mediated immunity in the lung towards pulmonary (IB4). In this regard, it remains

to be understood whethsuchprime-pull TB vaccination strategy also generates luag, T
andif so, what inductive cellular & molecular mechanisms gowgneratiorof Trm in the

lung Finding the answers to these questianaot only important in filling the current
knowledge gap, but alslelps develop strategies to improthee protective efficacy of
parenteral vaccination towards mucosal intracellular infectious diseases such as AIDS and
TB, as well as lung cancers.

Hypothesis Respiratory mucosabut not parenteraVjral-vectoredTB vaccination
leads tothe generatiorof CD8 Trwm in the lung mucosawhich is closely associated with
enhanced immune protectiohile various respiratory mucosal immune modulatory
strategies can recruit circulating CD8 T cells into the lung of parenterally vaccinated hosts,

only the strategygontainingspecificAg can lead to the development of CDB8uI Such
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induction of lung km is dependent on the stage of parenteral vadoaheced T cell
responses and local lung immune signals

Objectives:

1) To addressvhetherRM adenovirusvectored TBvaccinationinduces CD8 Trw in the
lung, and if so, whetherTru-associated moleculgday any critical rolés) in different
phassof T cell responses

2) To addressvhetherRM delivery of a specificAg or a nonspecific inflammatory
agonist n hostsparenerdly vaccinated with amdenoviusvectoredTB vaccineinduce

lung CD8 Trw, and if so, what areunderlying mechanis(g) thatdrive CD8 Trm generation
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Expression and role of VLA1 in resident memory CD8 T cell responses to

respiratory mucosal viral-vectored immunizaion against tuberculosis

It has been shown th&M vaccination with a replicatiedeficient viral vector
based TB vaccine is superior to parenteral vaccination against pulmonary TB. In this
regard, respiratory vaccination induced CD8 T cells in the lung persist for delongn
an Agdependent manner @metain their protective potential like those IUB®8 Trw
induced upon respiratory viral infection. However, it remains to be understood wWRbther
replicationdeficient viral vectotbased TB vaccination also induces lungiExpressing
Trv-associated mecules,and if so, what would be their functions. In this study we
evaluated generation of lung CD8wmTollowing RM replicatiordeficientAd vectorbased
TB vaccination, as well as the functionsaflectedlrv-associated molecules.

Please refer to thBeclaration of Academic Achievemdat author contribution

details.
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Mangalakumari Jeyanathan'? & Zhou Xing?

Lung resident memory T cells (Tg,,) characterized by selective expression of mucosal integrins VLA-1
(o1B31) and CD103 (c37) are generated following primary respiratory viral infections. Despite recent
progress, the generation of lung Tgy, and the role of mucosal integrins following viral vector respiratory
mucosal immunization still remains poorly understood. Here by using a replication-defective viral vector
tuberculosis vaccine, we show that lung Ag-specific CD8T cells express both VLA-1 and CD103 following
respiratory mucosal immunization. However, VLA-1 and CD103 are acquired in differential tissue sites
with the former acquired during T cell priming in the draining lymph nodes and the latter acquired
afterT cells entered the lung. Once in the lung, Ag-specific CD8T cells continue to express VLA-1 at

high levels through the effector/expansion, contraction, and memory phases of T cell responses.

Using a functional VLA-1 blocking mAb, we show that VLA-1 is not required for trafficking of these

¢ cells to the lung, but it negatively regulates them in the contraction phase. Furthermore, VLA-1 plays
anegligible role in the maintenance of these cells in the lung. Our study provides new information on
vaccine-inducible lung Ty and shall help develop effective viral vector respiratory mucosal tuberculosis
vaccination strategies.

Immunological memory acquired following natural infection or immunization has a critical role in host defence
against infectious diseases. T cell immune responses induced by natural infection or immunization persists in the
form of effector (Tgy) or central (T¢ey) memory T cells'. In the recent years it has become clear that some of the
effector memory T cells reside in non-lymphoid tissues, the site of infection, following pathogen clearance and
are considered as non-circulating memory cells named resident memory T cells (Tyy) which play a critical role
in immune protection®.

Ty are typically defined by the expression of surface markers including integrin molecules. Interaction of
integrins on T cells with extracellular matrix proteins is believed to play a critical role in T cell trafhcking and
retention in non-lymphoid mucosal tissues” 8. Furthermore, integrin molecules have also been implicated in
regulation of T cell differentiation” '® and survival-related signalling pathways'". In this regard Ty, persisting in
the lung after acute respiratory viral infection selectively express integrins o3, (also known as VLA-1/CD49a)
and oyf3; (CD103), as well as early-activation marker CD69, and provide robust protection against subsequent
infections™*®. In particular, abundant VLA-1-expressing Ty, were induced in murine lungs by influenza infection,
and VLA-1 was shown to play a role in retention and survival, but not in trafficking, of influenza-specific CD8 T
cells in the lung'> . The VLA-1-expressing Tpy have also been seen in human lungs and such lung Ty, appear
unique in that they differ from their skin and gut counterparts in their frequency®'* . Nevertheless, much still

IMcMaster Immunology Research Centre, Department of Pathology & Molecular Medicine, Hamilton, Ontario,
Canada. *Michael G. DeGroote Institute for Infectious Disease Research, McMaster University, Hamilton, Ontario,
Canada. MangalakumariJeyanathan and Zhou Xing jointly supervised this work. Correspondence and requests for
materials should be addressed to Z.X. (email: xingz@mcmaster.ca)
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Figure 1. Expression of candidate genes by Ag-specific CD8 T cells induced by replication-defective viral-
vectored respiratory mucosal immunization. (a) Experimental schema and flow chart showing the workflow.
(b) Venn diagram depicts genes that are commonly expressed on both respiratory mucosal (i.n.) and parenteral
intramuscular (i.m.) immunization-induced Ag-specific CD8 T cells, and the genes that are uniquely
expressed on i.n.- and i.m.-immunization induced Ag-specific CD8 T cells. (¢) Bar graph shows mean + S.E.M.
fold changes of genes expressed by i.n. immunization-induced Ag-specific CD8 T cells compared to i.m.
immunization-induced Ag-specific CD8 T cells. Data represent mean fold changes calculated from 3
independent experiments.

remains to be understood about the development of Ty, and the functional role of Tyy-associated integrins such
as VLA-1 in the lung following respiratory mucosal viral infection.

Viral vector respiratory mucosal route of immunization has emerged as a new strategy for generating effective
protective immunity against mucosal pathogens such as Mycobacterium tuberculosis'*~'® and enhanced knowl-
edge in vaccine-induced lung Ty, will help improve such strategies. Among the most promising respiratory
viral vector vaccines are the recombinant human or chimpanzee adenovirus, MVA and sendai virus express-
ing selected immunodominant microbial antigens shown to be protective against mucosal infections including
tuberculosis (TB), RSV, HIV or herpes virus'?=%. These viral vectors are designed to be replication-defective
for improved safety and are yet capable of infection to induce long-lasting T cell responses®. However, many
differences exist in the immune responses elicited to various viral species, and replication effective (wild type)
vs replication-deficient viral infections, and differential innate immune activation, and antigenic expression can
all influence Tpy generation?. Up to date, it still remains to be determined whether replication-defective viral
vector respiratory mucosal immunization induces Ty, in the lung and what are the functional roles of integrin
molecules in the regulation of Tpy

In the current study we have used a replication-defective adenovirus-vectored TB vaccine to investigate the
Try properties of respiratory mucosal immunization-induced Ag-specific T cells and the role of Tyy,-associated
integrin VLA-1 in such T cell responses. Our study shows that replication-defective viral vector respiratory
mucosal TB immunization promotes lung Tpy; generation. However, Ty, integrins, VLA-1 and CD103, were
acquired in different phases of T cell responses and differential tissue sites. We further show that VLA-1 was not
involved in T cell trafficking to the lung but rather, it played a regulatory role in the contraction phase of T cell
responses in the lung. Furthermore, we found that VLA-1 is dispensable for Ty, maintenance during the memory
phase.
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Figure 2. Protein expression of Ty, surface markers by replication-defective viral-vectored respiratory mucosal
immunization-induced Ag-specific CD8 T cells in the lung. Lung mononuclear cells from mice immunized
with viral vector vaccine via either respiratory mucosal (i.n.) or parenteral (i.m.) route for four weeks were
immunostained for surface markers CCR1, CCR6, CD103 and CD49a and analyzed using flow cytometry. (a)
Representative dot plots showing frequencies of tet+CCRI, tet4+CCR6+, tet+CD103+, tet+CD49a+CD8

T cells out of total CD8+tet+T cells in the lung of i.n. and .m. immunized mice. (b) Bar graph showing
absolute numbers of tet+CCR1, tet+CCR6+, tet+CD103+, tet+CD49a+CD8 T cells in the lung of i.n. and
i.m. immunized mice. Data are presented as mean £ S.E.M. of three mice per group, representative of three
independent experiments. *P < 0.05, *#*P < 0.001, *#***P < 0.0001 compared with i.m. immunization.

Results

Viral-vectored respiratory mucosal immunization induces Ag-specific CD8 T cells in the lung
with distinct gene expression profile.  To begin investigating whether respiratory mucosal immuniza-
tion promotes lung Ty generation, we first set out to characterize the properties of vaccine-induced Ag-specific
CD8 T cells in the lung. An adenovirus-vectored tuberculosis vaccine (AdAg85A) was used as a model repli-
cation-defective viral vector vaccine and this vaccine, when delivered via respiratory mucosal and parenteral
intramuscular routes, induced Ag-specific CD8 T cell responses in the lung?!: 8. Interestingly, using intravascular
immunostaining it has recently been shown that >95% of T cells in a naive lung are trapped in the pulmonary
vasculature and bona fide lung tissue T cells were detected only after respiratory mucosal infection or immuniza-
tion®*. Thus using such intravascular inmunostaining we first verified Ag-specific T cell distribution in the lung
at 4 weeks following respiratory mucosal and parenteral route of immunization. We found that the vast majority
of Ag-specific CD8 T cells induced by respiratory mucosal immunization were bona fide lung tissue T cells. In
sharp contrast, most of the Ag-specific CD8 T cells induced by parenteral intramuscular immunization were
located in the lung vasculature. To determine the unique properties of respiratory mucosal immunization-in-
duced (i.n.) lung tissue Ag-specific memory CD8 T cells, we compared gene expression of these cells with gene
profile in parenteral AdAg85A immunization-induced (i.m.) intravascular Ag-specitic CD8 T cells at 4 weeks
post-immunization and in naive CD8 T cells. Such comparisons help identify the genes commonly induced by
both routes of immunization and those uniquely expressed in respiratory mucosal immunization-induced lung
Ag-specific CD8 T cells. Genes encoding for chemokine receptors, integrin heterodimers, and some activation
makers (Supplementary Table 1) implicated in T cell trafficking, maintenance and differentiation® were profiled
in FACS sorting-purified Ag-specific (Ag85A-tetramer-positive) CD8 T cells (CD8+tet+T cells) by using a cus-
tom-made PCR array (Fig. 1a). The relative gene expression was determined using data from the real-time cycler
and the AACT method as previously described®'. For our first goal, that is, identifying gene profile related to
immunization, we focused on comparison of i.n. with control and i.m. with control (Fig. 1b). We found a set of
genes commonly induced in Ag-specific CD8 T cells by both i.n. and i.m. immunization compared to naive CD8
T cells (Fig. 1b). However, the genes encoding proteins CCR1, CCR6, CCRS8, and CD103 (itage) were uniquely
induced in i.n. immunization-induced CD8 T cells (Fig. 1b). Levels of Cerl, Cer6, Cer8 and itage gene expression
by i.n. immunization-induced T cells were at least 30-fold higher than those by i.m. immunization (Fig. 1¢). In
addition, expression of Cxcr5, Cer7, CD34, CD44 and itgal (o integrin of VLA-1 or CD49a) genes also increased
by more than 2 fold in i.n. immunization-induced memory CD8 T cells (Fig. 1¢). Taken together, these data indi-
cate that viral vector mediated respiratory mucosal TB immunization induces lung tissue Ag-specific memory
CD8 T cells with a unique set of genes that are implicated in T cell mucosal tissue trafficking and maintenance.

Viral-vectored respiratory mucosal immunization induces Ag-specific CD8T cells expressing
Try surface markers.  Based on their unique gene expression profile and differential localities in the lung, we
next selected to determine protein expression levels of CCR1, CCR6, CD103 (itage) and CD49a (itgalor VLA-1)
on respiratory mucosal immunization-induced Ag-specific memory CD8 T cells at 4 weeks post-immunization.
Although some genes such as Cxcr5 and Cer7 were also increased in these cells, they were not included in our
protein expression analysis as they pertains more to the homing of T cells to secondary lymphoid organs®. Nor
was CCRS protein examined due to limited murine immunoreagents. By flow cytometry only a smaller frequency
of CD8+tet+T cells (~20%) expressed CCR1 and CCR6 protein in the lung of i.n. immunized animals (Fig. 2a).
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Figure 3. Expression of Tpy surface markers on replication-defective viral-vectored respiratory mucosal
immunization-induced Ag-specific CD8 T cells in different phases of T cell responses. Mononuclear cells
from lung, BAL, peripheral blood and mediastinal lymph nodes (MLN) obtained at designated time points
post-immunization were immunostained for CD49a and CD103 and analyzed using flow cytometry. (a/b)
Representative dot plots showing frequencies of tet+ CD49a+ and tet+ CD103+ CD8 T cells out of total
CD8+tet+T cells in the lung of respiratory mucosal (i.n.) and parenteral (i.m.) immunized mice in the effector/
expansion phase (d10/d14), contraction phase (d14/d28) and memory phase (d28/d45) of T cell responses.

(¢) Line graph comparing kinetic changes in the expression of CD49a and CD103 on Ag-specific CD8 T cells
in the lung induced by viral vector respiratory mucosal immunization. (d) Line graph comparing kinetic
changes in the expression of CD49a and CD103 on Ag-specific CD8 T cells in the bronchoalveolar lavage fluid
(BAL) induced by respiratory mucosal immunization. (e) Representative histograms showing frequencies

of CD8+tet+T cells expressing CD49a in the blood at d14 and d28 post- viral vector respiratory mucosal
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immunization. (f) Representative dot plot showing the frequency of CD8+tet+T cells out of total T cells in
MLN at d14 post- viral vector respiratory mucosal immunization, and the representative histogram showing
the frequency of CD8+tet+T cells expressing CD49a. Data are presented as mean = S.E.M. of three mice per
group per time point, representative of three independent experiments. *P < 0.05, *#P < 0.01, ***P < 0.001,
##+4P < 0.0001 compared with i.m. immunization.

In sharp contrast, >80% of Ag-specific CD8 T cells expressed Tpy surface markers CD103 and CD49a (VLA-1)
(Fig. 2a). In consistent with increased frequencies, we also observed significantly higher numbers of Ag-specific
CD8 T cells expressing CD103 or CD49a than those expressing CCR1 or CCR6 in the lung (Fig. 2a). In compar-
ison, very few Ag-specific memory CD8 T cells induced by i.m. immunization expressed Tpy surface markers
CD103 and CD49a (VLA-1). Together, these data demonstrate that respiratory mucosal TB immunization gener-
ates Ag-specific T cells with typical properties of Ty, cells in the lung.

Viral-vectored respiratory mucosal immunization-induced Ag-specific CD8 T cells acquires
VLA-1 expression in the draining lymph node. Having established that the majority of respiratory
mucosal TB immunization-induced lung tissue Ag-specific CD8 T cells express classical resident memory sur-
face markers, CD103 and CD49a’ we sought to systematically examine the kinetic expression of these Ty, sur-
face markers during various phases (effector/expansion, contraction and memory) of T cell responses following
respiratory mucosal immunization. To this end we first characterized the phases of T cell responses following
viral vector immunization. The CD8+tet+T cells in the lung significantly increased at 10 days and peaked at 14
days post-respiratory mucosal immunization, consistent with the effector/expansion phase of T cell responses
(Supplementary Fig. 1). Between 14 and 28 days, the number of CD8+tet+T cells markedly decreased by more
than 80% from the peak time indicative of the contraction phase of T cell responses. From 28 days until 45
days, the number of CD8+-tet+T cells in the lung remained stable, hence being in the memory phase of T cell
responses. In comparison, parenteral intramuscular (i.m.) immunization led to much smaller levels of Ag-specific
T cell responses in the lung in various phases (Supplementary Fig. 1).

We next examined CD103 and CD49a expression on Ag-specific CD8 T cells in the lung in different phases
of T cell responses. The majority of CD8+tet+T cells in the lung of i.n. immunized animals expressed CD49a
upon arrival at the lung and in the expansion/effector phase (d10-d14) and became further enriched for CD49a
expression in the contraction (d14-d28) and memory phases (d28-d45) (Fig. 3a/c). In contrast to CD49a, only
a small frequency of CD8+tet+T cells (24% at d10) expressed CD103 in the expansion/effector phase and it
progressively increased over the contraction and memory phases (46% at d14 up to 85% at d45) (Fig. 3b/c).
'The expression profile of CD49a and CD103 on airway luminal (BAL) CD8+tet+T cells was identical to that
of the lung cells. Upon closer examination, from d28 onward the majority of CD8+4tet+T cells in the lung and
airway lumen co-expressed both CD49a and CD103 indicating the acquisition of a bona fide Tyy property
(Supplementary Fig. 2a/b). In comparison, parenteral intramuscular (i.m.) immunization-induced Ag-specific
CD8 T cells only temporarily expressed CD49a and mostly lacked CD103 expression in different phases of T cell
responses (Fig. 3a/b). These data suggest that following respiratory mucosal TB immunization the Ag-specific
CD8 T cells acquired CD49a (VLA-1) expression before their arrival at the lung whereas they acquired CD103
expression after they entered the lung.

To determine the geographical origin of CD49a acquisition, we examined the CD49a expression on
CD8+tet+T cells in the circulation and mediastinal lymph node (MLN), the draining lymph node of the lung.
Indeed, a significant number of CD8+tet+T cells in the blood expressed CD49a in the effector phase of T cell
responses (d14) (Fig. 3e), consistent with its marked expression on such T cells primed in MLN (d14) (Fig. 3f).
Circulating CD8+tet+T cells continued to show high levels of CD49a expression in the memory phase (d28)
(Fig. 3e). These data suggest that although respiratory mucosal TB immunization-induced Ag-specific T cells in
the lung co-express both CD49a and CD103, these Ty, markers are acquired in distinct tissue sites with CD49a
(VLA-1) expressed on respiratory mucosal vaccine-induced T cells even before they home to the lung.

VLA-1 is not required for trafficking of viral-vectored respiratory mucosal immunization-
induced Ag-specific CD8T cells to the lung. Having demonstrated that the prominent CD49a expres-
sion on Ag-specific CD8 T cells outside and within the lung, we postulated that VLA-1 played a role in the
trafficking of Ag-specific CD8 T cells to the lung. To address this question, we blocked CD49a during the ini-
tial stage of T cell activation (d6-d12) before Ag-specific CD8 T cells arrived en masse at the lung (Fig. 4a) by
using a well-established CD49a functional blocking antibody (CD49a mAb) delivered via intraperitoneal route™,
Analysis of CD49a expression on Ag-specific CD8 T cells in the MLN, blood, lung and BAL confirmed complete
blockade of CD49a receptor following delivery of CD49a mAb but the isotype control antibody had no effect
(Supplementary Fig. 3). Of interest, CD49a blockade did not change the recruitment of CD8+tet+T cells to the
lung and airway lumen during the effector/expansion phase (Fig. 4b). These data suggest that VLA-1 does not
play a significant role in T cell trafficking to the lung mucosal sites during the initial phase of T cell activation
following viral vector mediated respiratory mucosal TB immunization.

VLA-1 negatively regulates viral-vectored vaccine-induced Ag-specific CD8 T cells during the
contraction phase in the lung. Integrins such as VLA-1 have previously been implicated in intracellular
signalling pathways to regulate cell survival and cell death™'* which may be involved in the contraction phase of
T cell responses. To determine whether VLA-1 was involved in regulating the contraction of antigen-specific T
cells following their effector/expansion responses in the lung, immunized mice were treated with CD49a mAb
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Figure 4. Role of VLA-1 in trafficking of replication-defective viral vector respiratory mucosal immunization-
induced Ag-specific CD8 T cells to the lung during the effector phase of T cell responses. (a) Experimental
schema depicting the timing of administration of CD49a blocking mAb and isotype control antibody. Blocking/
isotype antibodies were administered 6-12 days post- viral vector respiratory mucosal immunization when Ag-
specific tet+ CD8 T cells clonally expanded in the draining lymph nodes and in the process of homing to the
lung. (b) Representative dot plots showing frequencies of CD8+tet+T cells out of total CD8 T cells in the lung
and bronchoalveolar lavage fluid (BAL) of the control and CD49a-blocked mice. Bar graphs comparing absolute
numbers of Ag-specific tet4 CD8 T cells in the lung and BAL. Data are presented as mean = S.E.M. of three
mice per group from one experiment.

starting from day 14 post-immunization to block VLA-1 pathway and CD8 +tet+ T cells were examined without
Ag re-stimulation at day 18 (Fig. 5a). CD49a blockade led to increased frequencies of CD8+-tet+T cells both in
the lung and airway (Fig. 5b). It also led to 2-3 times more CD8+tet+T cells in the lung, compared to the isotype
control (Fig. 5b). Using an intravascular staining protocol we found that the rise in CD8+tet+T cells in the lung
of anti-VLA-1 treated animals occurred only in the lung parenchymal tissue (LPT) while the CD8+tet+T cells in
the lung vasculature (LV) remained comparable in numbers to isotype Ab treated animals (Fig. 5¢). This finding
suggests that VLA-1negatively regulates only the CD8+tet+T cells in the LPT but not those in the LV during the
contraction phase.

That VLA-1 blockade increases the number of vaccine-activated CD8+-tet+T cell during the contraction
phase raised the question whether VLA-1 affects T cell contraction via regulating T cell proliferation. To test
this possibility, in separate experiments we examined the proliferation rate of Ag-specific CD8 T cells with and
without CD49a blockade by using an in vivo BrdU incorporation assay. T cell BrdU labeling was accomplished
following repeated intranasal deliveries of BrdU (Fig. 5a). We found the rates of CD8+tet+T cell proliferation in
the lung and BAL of animals with CD49a blockade (CD49a mADb) were comparable to isotype controls (Fig. 5d),
suggesting that VLA-1 impacts T cell contraction independent of regulation of T cell proliferation.

Apart from tetramer specificity and proliferation of CD8+tet+T cell following CD49a blockade, we further
examined other functional properties of CD8 T cells including IFN-~ production and degranulation as indicated
by CD107a expression upon ex vivo Ag re-stimulation. Indeed, compared to their control counterparts, in vivo
CD49a blockade led to significantly increased frequencies and numbers of Ag-specific CD8 T cells capable of
IFN-~ production (Fig. 6a) and degranulation (Fig. 6b) upon ex vivo Ag re-stimulation. Furthermore, we found
that in vivo CD49a blockade also led to significantly increased production of IFN-+ and degranulation marker
CD107a per cell basis measured by mean fluorescent intensity (MFI) of signals (Fig. 6a/b).

That VLA-1 blockade increased the number of vaccine-activated CD8+tet+T cell during the contraction
phase also raised the question whether VLA-1 affects T cell contraction via altering the viral clearance as such
affecting the level of Ag85A protein in the lung. Thus, in a separate experiment we quantified the antigenic
(Ag85A) load in the lung following immunization in isotype and CD49a blocking antibody treated animals
(Fig. 5a). Mouse either left without immunization (naive) or immunized and sacrificed 3 days post-immunization
was used as negative and positive controls, respectively. Western blot analysis of the total lung protein showed
comparable levels of Ag85A protein in isotype and CD49a blocking antibody treated animals, suggesting that the
differential contraction level of CD8+tet+T cell in CD49a blocking antibody treated animals is independent of
antigenic load in the lung (Fig. 6¢).
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Figure 5. Role of VLA-1 in regulation of replication-defective viral-vectored respiratory mucosal
immunization-induced Ag-specific CD8 T cells in the lung during the contraction phase of T cell responses.

(a) Experimental schema depicting the timing of administration of CD49a blocking mAb and isotype control
antibody. Blocking and isotype control antibodies were administered at d14 and d16 post- viral vector
respiratory mucosal immunization when Ag-specific CD8 T cells in the lung sharply declined. Mice were
sacrificed 3 min after i.v. injection of fluorochrome conjugated CD45.2 mAb to differentiate T cells in the lung
vasculature from those located in the lung parenchyma. In separate experiments, the mice were treated as above
and bromodeoxyuridine (BrdU) was administered i.n. for consecutive four days to assay the in vivo proliferation
rate of Ag-specific CD8 T cells. (b) Representative dot plots showing frequencies of CD8+tet+T cells out of
total CD8 T cells in the lung and bronchoalveolar lavage fluid (BAL). Bar graphs comparing absolute numbers
of Ag-specific tet+ CD8 T cells in the lung and BAL between isotype control antibody and CD49a mAb treated
mice. (¢) Representative dotplots showing frequencies of CD8+tet+T cells out of total CD8 T cells in the lung
parenchymal tissue (LPT) and lung vasculature (LV). Bar graphs comparing absolute numbers of Ag-specific
CD8+tet+T cells in the LPT and LV between isotype control antibody and CD49a mAb treated mice. (d)
Representative histograms comparing frequencies of BrdU+ proliferating Ag-specific CD8 T cells in lung and
BAL between isotype control antiobody and CD49a mAb treated mice. Data are presented as mean £ S.E.M. of
three mice per group, representative of two independent experiments. *P < 0.05, compared to isotype control
group.
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Figure 6. Role of VLA-1 in regulation of effector functions of replication-defective viral-vectored respiratory
mucosal immunization-induced Ag-specific CD8 T cells in the lung during the contraction phase of T cell
responses. Experimental conditions were described in Fig. 5a except that the cells were ex vivo re-stimulated
with Ag85A antigens. (a) Representative dot plots showing frequencies of CD8+ IFN-~+ T cells out of total
CDS8 T cells in the lung and BAL. Bar graphs comparing absolute numbers and [FN-~ mean fluorescence
intensity (MFI) of CD8+ IFN-~+ T cells in the lung and bronchoalveolar lavage fluid (BAL) between isotype
control antibody and CD49a mAb treated mice. (b) Representative dot plots showing frequencies of CD8+
CD107a+ degranulating T cells out of total CD8 T cells in the lung and BAL. Bar graphs comparing absolute
numbers and CD107a MFI of CD8+ CD107a+ T cells in the lung and BAL between isotype control antibody
and CD49a mAD treated mice. (¢) Western blot depicts levels of Ag85A protein and 3-Tubulin in the total lung
of 3 mice (1-3) treated with anti-CD49a mAb, 3 mice (1-3) treated with isotype antibody, a mouse immunized
for 3 days (3dpi) and an unimmunized mouse (Naive). Bar graph shows relative levels of Ag85A calculated in
respect to 3-Tubulin using Image Studio Lite. Data are presented as mean £ 5.E.M. of three mice per group,
representative of two independent experiments except western plot data, which is representation of one
experiment. *P < 0.05, #*¥P < 0.01 compared to isotype control group.
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Figure 7. Role of VLA-1 in maintenance of replication-defective viral-vectored respiratory mucosal
immunization-induced Ag-specific Tpy cells in the lung during the memory phase of T cell responses. (a)
Experimental schema depicting the timing of administration of CD49a blocking mAb and isotype control
antibody. Blocking and isotype control antibodies were administered at d28 and d30 post- viral vector
respiratory mucosal immunization after the development of Ag-specific memory CD8 T cells in the lung. (b)
Representative dot plots showing frequencies of Ag-specific tet4 CD8 T cells out of total CD8 T cells in the lung
and bronchoalveolar lavage fluid (BAL). Bar graphs comparing absolute numbers of CD8+tet+T cells in the
lung and BAL between isotype antibody and CD49a mAb treated mice. Data are presented as mean=+S.E.M. of
three mice per group, representative of two independent experiments.

Taken together these data suggest that VLA-1 pathway plays a critical role in negatively regulating Ag-specific
CD8 T cell responses during the contraction phase following viral vector based respiratory mucosal TB
immunization.

VLA-1 is not required for maintenance of viral-vectored respiratory mucosal immunization-
induced Ag-specific Ty, during the memory phase in the lung. VLA-1 was previously shown to
contribute to the retention of Ag-specific CD8 T cells in the lung tissue after influenza infection'. We have shown
that immune protective Ag-specific CD8 T cells induced by viral vector respiratory mucosal immunization per-
sist in the lung for a long time** ** and we have here found these cells to be of Ty phenotype (Fig. 2/3). We thus
next determined whether VLA-1 also played a role in maintenance of viral vector vaccine-induced Ty, cells in
the lung. To test this, CD49a receptor was functionally blocked for a total of four days beginning from day 28 of
the memory phase following respiratory mucosal immunization and CD8+tet+T cells were examined at day 32
(Fig. 7a). We found that CD49a blockade during the memory phase had no effect on both the frequencies and
numbers of CD8-+tet+T cells in the lung and airway, compared to the isotype control animals (Fig. 7b). These
data suggest that VLA-1 is not required for the retention of Ag-specific tissue resident memory CD8 T cells in the
lung following replication-defective viral vector respiratory mucosal TB immunization.

Discussion

Effective vaccines for infectious diseases such as tuberculosis, the leading cause of global morbidity and mortality,
are currently lacking®. Protection against these diseases relies on T cell immunity and the induction and mainte-
nance of tissue resident memory T cells (Tgy,) at the site of infection is critical for vaccine-induced protection®* .
Improved knowledge in the expression and roles of Ty surface integrin molecules following vaccination will
help develop effective vaccination strategies against infections at mucosal sites of pathogen entry. Here we show
that a replication-defective virus-vectored TB vaccine administered via the respiratory mucosal route induces
Ag-specific Tpy in the lung characterized by high-level expression of Tpy; surface markers VLA-1 and CD103. Of
importance, our study shows that expression of these surface markers is differentially regulated post-respiratory
mucosal vaccination. VLA-1 is initially markedly upregulated on T cells during the effector/expansion phase
in the mediastinal lymph node draining the site of mucosal vaccination and remains highly expressed after the
arrival of these T cells in the lung through both the contraction and memory phases. In comparison, CD103
expression is acquired by T cells primarily after they were primed in the draining lymph nodes and trafficked into
the lung. However, we find that despite its acquisition outside the lung, VLA-1 is not required for the trafficking of
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