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Abstract

A principal reason for the high global morbidity and mortality of tuberculosis (TB) is the lack of efficacy
of the only licensed TB vaccine, Bacillus Calmette-Guérin (BCG), as parenteral BCG does not induce
local pulmonary immune memory. Animal studies have shown that mucosal (inhaled) BCG vaccination
provides superior protection against TB due to generation of lung resident memory T cells (Trm). Here,
we demonstrated that following mucosal vaccination with the genetically modified virulent BCG strain,
BCG::RD1, distal airway epithelial progenitors were mobilized to assist with restoration of alveolar
epithelium. By way of their activation of latent TGF-B from alveolar interstitium, lung CD8* Tgm
differentiation was induced. Mucosal vaccinations using nonvirulent strains of BCG in which airway
epithelial progenitors were not mobilized, as well as genetic inhibition of migration-mediated
activation of TGF-B, resulted in significantly lower numbers of CD8" Tgm. In addition, we discovered
CD8* cells with ex-lung and stem-like Trm phenotypes that persisted in the lung-draining mediastinal
lymph nodes for up to four months following mucosal BCG vaccination. These results intimately link
airway epithelial progenitor-mediated repair of injured lung tissue with the induction of resident T cell
memory in the lung and delineate why the persistence of Trm in the lung is transient and short-lived.
These findings may explain why mucosal vaccination with virulent BCG strains is more protective

against TB and may thus have notable implications for future TB vaccine development.
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Background

The Covid-19 pandemic made people more aware of the ineffectiveness of a vaccine injection to
protect against lung infection, a problem that was well acknowledged amongst tuberculosis (TB)
immunologists for years (Kaufmann, 2013). TB is primarily a respiratory infection caused by
Mycobacterium tuberculosis (Mtb); boasting 10.6 million new infections in 2022 and 1.3 million deaths,
TB is one of the top ten fatal diseases globally (World Health Organisation, 2023). These statistics
highlight the inadequacy of the only licensed TB vaccine - BCG (Gengenbacher et al., 2017; Kaufmann,
2013; Kaufmann et al., 2014). BCG is an attenuated strain of Mycobacterium bovis which is given
parenterally to postnatal infants in TB endemic regions and confers immunity against acute septic
forms of TB in children (Mangtani et al., 2014), however, immunity is lost in adolescence (Mangtani et
al., 2017). Failure of BCG to provide life-long immune protection against Mtb is thought to be due to
insufficient generation of antigen-specific CD8" memory T cells in the lungs (Behr et al., 1999). This is
a key area of vaccine improvement where recombinant modifications of BCG aim to generate a more
persistent CD8" T cell memory. For example, mice and guinea pigs vaccinated with BCG strains in which
the region of difference 1 genes that encode Mtb virulence genes ESAT-6 and CFP-10 have been
recombined into M. bovis (Pym et al., 2002) showed improved protection against Mtb challenge
(Aguilo et al., 2017; Hsu et al., 2003).

A major goal of vaccination is to induce circulatory and tissue-resident (Trm) antigen-experienced
memory T cells that respond rapidly to secondary infection. It has been demonstrated that a mucosal
(or inhaled) BCG vaccination, as opposed to parenteral BCG, generated superior protection against TB
in animal vaccinations and this protection was linked to generation of lung Trm (parenteral BCG did not
lead to Trm in the lungs) (Aguilo et al., 2017; Perdomo et al., 2016). Mucosal delivery of BCG has been
further shown to induce significant numbers of airway Tam (Muruganandah et al., 2020) and conferred
superior immunity against aerosol Mtb infection in diabetic mice (Sathkumara et al., 2020). Thus,
inclusion of immunogenic antigens of Mtb into BCG (Aguilo et al., 2017) combined with a mucosal

delivery strongly contributes to vaccine-induced protection against Mtb.



Stem/progenitor cells perceive damage, and designate resident and recruited immune cell roles.
Evidence of interactions between immune and progenitor cells is seen in the array of immune
receptors and cytokine signalling systems of progenitor cells (Agudo et al., 2018; Alvarado & Lathia,
2016; Atladottir et al., 2010) and dysregulation of immune-progenitor cell crosstalk results in chronic
disease (Belkaid & Hand, 2014; Ordovas-Montanes et al.,, 2018; Rieder et al., 2007). In mouse
vaccinations of influenza infection, there is an invariable association of CD8" Tgm and lung epithelial
progenitor cells in areas of severe tissue destruction (Chua et al., 2020; Fang et al., 2020; Jyothula et
al., 2022; Kumar et al., 2011; Takamura, 2017; Vaughan et al., 2015; Zacharias et al., 2018; Zhao et al.,
2020). In that context it has been suggested that “cells constituting such auxiliary developed
regenerative tissues could be a source of unique factors necessary for differentiation and maintenance
of Trm cells, such as TGF-B” (Takamura et al., 2016).

Lung injury activates adult epithelial progenitors to regenerate the alveolar epithelium which consists
of Type 1 and Type 2 alveolar epithelial cells (AEC1 and AEC2, respectively). AEC1 are responsible for
gas exchange while AEC2 secrete surfactant to prevent alveolar collapse. Using a Cre-reporter for
Wingless-related integration site (Wnt) signalling, a rare AEC progenitor (AEP) that constitutes "20% of
all AEC2 was described (Nabhan et al., 2018). Although considered stem cells, AEP express AEC2
markers and function as AEC2 (Zacharias et al., 2018). Lineage-labelled AEP expanded six-fold relative
to unlabelled AEC2 during a 1-year chase, while injury was also shown to activate quiescent AEC2
(Messier & Leblond, 1960) to proliferate (Nabhan et al., 2018). Zacharias et al. (Zacharias et al., 2018)
reported the distinct functional AEP gene expression profile enriched in lung developmental genes and
epigenome. Thus, a small subset of AEC2 termed AEP possess bipotency while conventional AEC2 can
be recruited to repair alveolar damage.

Following severe injury and depletion of normally abundant local alveolar progenitor cells, wound-
healing responses originate from stem cells in the airways (Ray et al., 2016). Of relevance to our studies
are lineage negative epithelial progenitors (LNEP) and distal airway stem cells (DASC). LNEP in the distal

bronchioles are quiescent in uninjured lungs, however, alveolar injury can elicit their proliferation, such



that daughter cells migrate into alveolar tissue and differentiate into AEC1 or AEC2 (Kathiriya et al.,
2020; Strunz et al., 2020). LNEP are targeted by murine PR8 influenza virus and lose their proliferative
capacity (Quantius et al., 2016); therefore, rare, quiescent DASC proliferate, and daughters migrate to
occupy alveolar areas depleted of epithelium where they form Krt5" “pods” with CD8* Trm (Takamura,
2018; Vaughan et al., 2015).

How Tgrm induction and maintenance is regulated following mucosal exposure to mycobacteria,
particularly parental and recombinant strains of BCG, and if it is linked to airway progenitor-mediated
restitution of injured lung tissue, remained unknown. Thus, we studied CD8* lung Trm and lung
epithelial progenitors to elucidate how they cooperate for restoration of lung function following
inhaled BCG vaccination. We describe a novel mechanistic association between airway epithelial

progenitor paracrine cues and induction of CD8* lung Tgwm.



CHAPTER 1. LITERATURE REVIEW

Those who wish to succeed must ask the right preliminary questions.

ARISTOTLE, METAPHYSICS

1.1 CD8* Tissue Resident Memory T Cells

1.1.1 T Cell Mediated Immunity

T lymphocytes (T cells) are the central component of cell-mediated immunity which provides defence
against extra- and intracellular microbes. CD4" helper T cells secrete cytokines that recruit other
leukocytes to ingest and destroy extracellular microbes and stimulate expansion of CD8* T cells. CD8*
cytotoxic T cells directly kill cells infected with intracellular microbes such as Mtb. T cell receptors (TCR)
recognise antigen and when antigen binds a naive TCR in the context of major histocompatibility
complex (MHC) molecules on the surface of antigen presenting cells, complex cellular cascades
mediate downstream T cell specification and responses. Although T cells harbor a large repertoire of
different TCRs with diverse reactivity, there are only a small number of TCR-specific cells within the
total number of T cells a human can host. Therefore, effective guard of the body against pathogen
invasion involves T cell circulation, not only during active infection but also for maintenance of

protective immune memory after resolution of an infection.

A major goal of vaccination is to safely induce immune memory with a population of antigen-
experienced (or memory) T cells that are poised to respond rapidly to a secondary challenge by the
microbe. T cell memory not only has circulatory components throughout blood, lymphatic, and
peripheral tissue but also a significant proportion of non-circulatory tissue-resident memory cells (Trm)
in diverse sites throughout the body. In visceral organs Trm serve as an immune reservoir that sustains

durable tissue-autonomous immunity (Wijeyesinghe et al., 2021). This has important implications for



cancer (Molodtsov et al., 2021), human immunodeficiency virus (HIV) (Buggert et al., 2018) and TB
vaccine strategies (Perdomo et al., 2016). Hence, mechanistic understanding of Tzm responsiveness and
longevity are a contemporary focus of immunology research. Considering the facts that TB and HIV are
largely comorbid infections (Bruchfeld et al., 2015) where HIV destroys CD4* T cells thus greatly
impairing their responses to Mtb infection, as well as clinical trial failures of vaccine candidates
designed to generate Mtb-specific CD4* T cell immunity (Ndiaye et al., 2015; M. D. Tameris et al., 2013),
this project and its review of the literature focused on CD8* Tru fate distinction, specification and

persistence, particularly in the lungs.

First characterised in 2001 (Masopust et al., 2001; Reinhardt et al., 2001), archetypal CD8" Tgm are a
population of T cells that inherit a phenotype which not only grants the ability to permanently reside
in non-lymphoid tissue but also specifies their unique function as immune sentinel cells with rapid and
effective responses to previously encountered intracellular pathogens (Jiang et al., 2012; Mackay et
al., 2012; Shin & Iwasaki, 2012). CD8"* Tgm are anatomically poised within barrier tissues at key sites of
pathogen entry and infection (Ariotti et al., 2012; Gebhardt et al., 2011) where they secrete pro-
inflammatory cytokines and chemokines that recruit natural killer cells, B cells and circulatory memory
CD8' T cells to the site of pathogen re-entry (Ariotti et al., 2014; Schenkel, Fraser, Beura, et al., 2014;
Schenkel et al., 2013). The ontogeny of CD8* Trm from naive T cell has been elegantly unravelled over
two decades with several models of diversification hypothesised throughout this time (Kaech & Cui,

2012; Xu et al., 2023; Yuzefpolskiy et al., 2015) .

1.1.2 Fate Distinction of CD8" Trw

Following T cell priming by antigen activation, naive T cells proceed through sequential phases of clonal
expansion, contraction, and formation of memory populations, when transcriptional divergence
occurs in the first division (Kakaradov et al., 2017). When antigen-specific CD8* T cells clonally expand,
they differentiate into short lived effector cells (SLECs) or memory precursor effector cells (MPECs)

(Huster et al., 2004; Joshi et al., 2007; Kaech et al., 2003; Kalia et al., 2010; Sarkar et al., 2008) as they



enter the circulation and lymphatics to migrate to sites of infection. Distinct in vivo heterogeneity of
killer cell lectin-like receptor G1 (KLRG-1), IL-7 receptor subunit-a (IL-7Ra), CD27, CXC-chemokine
receptor 3 (CXCR3) and L selectin (CD62L) expression is strongly associated with diverse SLEC and MPEC
fates (Kaech & Cui, 2012; Yuzefpolskiy et al., 2015). Between 2005 and 2015 it was discovered that
primed naive T cells also provide a small subset of stem-like memory T cells (Tscm) with the capacity
to self-renew and furnish all future antigen-specific effector and memory T cell subsets (Fuertes

Marraco et al., 2015; Oliveira et al., 2015; Zhang et al., 2005).

In the setting of intracellular viral or bacterial infection, a Type 1 immune response is induced which in
turn promotes specification of CD8* T cells into cytotoxic T cells capable of killing infected cells with
perforins and granzymes. It has been shown that prolonged antigenic stimulation drives terminal
effector differentiation of SLECs through repeated rounds of killing in non-lymphoid tissue. Conversely,
MPECs preferentially localise to lymphoid tissues where lower levels of antigen (and more rapid
antigen clearing) are thought to direct their specification toward the memory phenotype (Yuzefpolskiy

etal., 2015).

After pathogen clearance, effector CD8* T cell contraction occurs with the majority of SLEC undergoing
apoptosis while MPECs survive and mature into distinct memory subsets classified by function,
localisation and identified by specific cell surface markers and gene expression profiles. Those that
routinely ‘patrol’ blood and lymphoid tissues are central memory T cells (Tcm). CD8* Tem express CC
chemokine receptor 7 (CCR7) and CD62L which provide access to secondary lymphoid organs where
they retain capacity to survey for cognate antigens. CD8" Tcm possess a high proliferative potential
upon reactivation in lymph nodes and provide a major source of secondary effector cells to expediate

pathogen clearance (Sallusto et al., 2004) (Fig. 1).

MPEC that fail to receive tissue-instructive signals for residency differentiate into effector memory T
cells (Tem) (lijima & lwasaki, 2015; Takamura, 2017). CD8" Tem transit between blood, lymphatics and

non-lymphoid barrier tissues such as skin, lung, intestines and female reproductive tract (Masopust &



Picker, 2012) express Kruppel-like transcription factor 2 (KLF2) and tissue exit receptor sphingosine 1-
phosphate receptor 1 (S1PR1) to facilitate their migration and exit through tissues back into blood and
lymphatics by binding signalling molecule sphingosine 1-phosphate (S1P) (Rosen, 2005). Upon
secondary infection, CD8* Tem exhibit immediate local effector functions while CD8" Tcm undergo

extensive clonal expansion in the interim (Sallusto et al., 2004) (Fig. 1).

Core Trm genes have been shown to be expressed by a subset of early post-activated Tem (Kok, 2022)
thus the fate decision of Trm precursors may occur prior to the effector stage, however, further
research is required to validate this. Early Inflammatory signals definitively guide the fate of CD8" Taw.
It is known that lymph node CD8a* DCs provide signals, including I1L-12, IL-15, and co-stimulation via
CD24, that contribute to early fate distinction of Trm (Iborra et al., 2016). Inflammatory cytokines also
downregulate expression of KLF2 and upregulate expression of cell surface CD69 and CD49a adhesion
molecules (Bankovich et al., 2010; Mackay, Wynne-Jones, et al., 2015). In these early CD8" Tgrm
precursor cells, gene-expression analysis demonstrated that 90-96% of characteristic genes associated
with tissue residency were upregulated and upon entry to non-lymphoid tissue during the effector
stage of infection, precursor CD8" Trm already have a unique chromatin landscape that foreshadows

their unique and distinct transcriptional fate (Milner et al., 2017) (Fig.1).

1.1.3 CD8* Tgrm Specification

Antigen-specific Trm are present in epithelial barrier tissues (skin, lung, intestine, and reproductive
tract), non-epithelial tissues (brain, liver, kidneys, pancreas, heart, and dorsal root ganglia) and
lymphoid tissues (lymph node, spleen, thymus and bone marrow) (Mueller & Mackay, 2016; Takamura,
2018) where instructive signals for their specification and maintenance differ significantly across

various tissues (Christo et al., 2021; lijima & Iwasaki, 2015).

Absence of chemokine receptor 7 (CCR7) and expression of the C-type lectin cell surface molecule

CD69 were first identified as key contributors to tissue resident phenotype of Trm (Sallusto et al., 1999;



Teijaro et al., 2011) as CD69 mediates internalisation and degradation of SIPR1 (Bankovich et al., 2010;
Mackay, Braun, et al., 2015) which is attracted to S1P ligand released by blood and lymph endothelial
cells. S1P/S1PR1 binding directs memory T cells from tissues back into circulation (Rosen, 2005).
Although forced expression of S1IPR1 inhibits establishment of tissue residency in memory CD8+ T cells
(Skon et al., 2013) and results in the return of precursor Tgm cells to circulation (Evrard et al., 2022),
parabiosis! and CD69 mutant studies have shown that Trm populations that lack CD69 can form (Beura,
Wijeyesinghe, et al., 2018; Steinert et al., 2015). As CD69 is expressed early in Tru development, before
tissue egress receptors are completely downregulated (Mackay et al 2015, Skon et al, 2013), it is said
possible for CD69* CD8" T cells to return to circulation. So, not only is the functional requirement for
CD69 in generation of Try tissue specific and highly variable (Walsh et al., 2019), but also, CD69 alone

is not a reliable marker for Trm residency (Mackay, Braun, et al., 2015).

Another important cell surface molecule found expressed on most CD8" Tgym is CD103 (Mackay et al.,
2013)- the oE subunit of the aE/B7 integrin which binds epithelial E-cadherin at mucosal barrier sites
(Pauls et al., 2001). When circulatory T cells are depleted from non-lymphoid tissues, most remaining
T cells express CD103 (Mackay, Braun, et al., 2015). These tissue-harboured CD103* CD8* memory T
cells are resistant to parabiotic equilibration (Wijeyesinghe et al., 2021) and survive in transplanted
mouse and human tissues (Gebhardt et al., 2009; Snyder et al., 2019). Blockade of CD103 binding to E-
cadherin results in a significant decrease of Tam (Y. T. Lee et al., 2011; Mackay et al., 2013; Sheridan et

al., 2014; Zaid et al., 2017) and E cadherin ligand adherence is thought to play a role in the initial

! Parabiosis is the conjoining of vasculature between two mice used to test for Trm residence as
compared to circulatory T cells that equilibrate between the two parabionts.



accumulation of Trm in non-lymphoid tissues (Reilly et al., 2020). Like CD69, CD103 expression is not
mandatory for all Trm residency programs (Casey et al., 2012; Topham et al., 2019), however, CD103*

CD8* tissue T cells are identified as the archetypal Trm (Carbone, 2023).

Comparative gene expression amongst a variety of tissue CD103* CD8"* Trm populations demonstrated
that Eomesodermin (Eomes) was significantly downregulated in Trm as opposed to circulatory memory
T cells (Mackay et al., 2013). Further examination of the roles of both T-box transcription factors (TF)
Eomes and T-bet showed that down-regulation of both TFs was required for Tgm differentiation while
forced expression of both TFs inhibited formation of Trmin the skin (Mackay, Braun, et al., 2015). While
Eomes expression is terminated in mature Trm, residual T-bet expression is required for surface
expression of the IL-15R B-chain. As IL-15 signalling is also requisite for Trm differentiation, Eomes and

T-bet expression is tightly regulated in Trm (Mackay, Braun, et al., 2015).

Another TF specific to Trm is Hobit; homologous to TF Blimp-1, both regulate the tissue residency
program of numerous populations of tissue Trm (Mackay et al., 2016; Wakim et al., 2012). Hobit and
Blimp-1 co-coordinate termination of the tissue exit pathways of CCR7 and S1PR1 (Mackay et al., 2016)
by direct competitive binding to KLF2 (drives expression of S1IPR1) and Tcf7 loci (upregulates CD62L
and CCR7) as well as binding downstream target loci of SIPR1 and CCR7 (Mackay et al., 2016; Skon et
al., 2013). It has long been known that TF Runx3 has a crucial role in the cytotoxic activity of mature
CD8* T cells (Cruz-Guilloty et al., 2009; Shan et al., 2017) and it is now known that Runx3 is a master
regulator of Trm differentiation and homeostasis. Retroviral microRNA-adapted short hairpin RNA to
suppress Runx3 expression and a tamoxifen-inducible deletion of Runx3, demonstrated a 50-150-fold
decrease in CD69" CD103* Trm in two independent infection mouse vaccinations in both barrier
(enteric) and non-barrier (salivary gland and kidney) tissues (Milner et al., 2017). Consistent with other
reports of Runx3 regulation of CD103 (Grueter et al., 2005; Reis et al., 2013) ectopic expression of
Runx3 was shown to accelerate Trm differentiation, enhance CD103 expression and significantly

increase Trm NumMbers. In cells that over-expressed Runx3, core Trm tissue residency genes were up-
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regulated whereas in Runx3-deficient cells, these were downregulated (Milner et al., 2017).

The tissue milieu of infection provides factors associated with metabolite availability and cytokines
required for Trm differentiation; of these, TGF-B is obligatory. TGF-B is a family of regulatory cytokines
consisting of three members- TGF-B1, TGF-B2 and TGF-B3 where TGF-B1 is the predominant cytokine
related to immune function (Li et al., 2006). TGF-B is produced as a precursor protein which is further
processed in the Golgi as a latent protein (LAP) which may be secreted or associated with a latent TGF-
B binding protein (LTBP) incorporated into the extracellular matrix (Robertson et al., 2015). TGF-B
cannot bind its receptor when in latent form but requires liberation from the LAP and LTBP to become
active (Robertson et al., 2015; Shi et al., 2011). Active TGF-B binds to TGF-B type | and type Il
serine/threonine receptor complexes to initiate Smad or Smad-independent signalling pathways and

further complex with TFs in order to regulate target gene expression (Li & Flavell, 2008).

CD8* Trm With mutant TGF-B receptors unable to bind TGF-B do not upregulate CD103 and do not
establish residency in non-lymphoid tissue (Casey et al., 2012; Y. T. Lee et al., 2011; Mackay et al., 2013;
Sheridan et al., 2014; Zhang & Bevan, 2013). Furthermore, continuous signalling by TGF-B is necessary
for long-term maintenance of CD8" Tgm in non-lymphoid tissue (Ma et al., 2017; Mohammed et al.,
2016). CD8" T cells stimulated in vitro with TGF-B and profiled using RNA sequencing (RNAseq)
demonstrated that a large part of the CD8" Trm transcriptome (including CD103 and CD49a) is
attributed to TGF-B signalling (Nath et al., 2019). TGF-B receptor signalling causes initiation of the core
transcriptional network including KIf2, Hobit, and Runx3 in precursor CD8" Trm (Casey et al., 2012;
Mackay et al., 2013; Sheridan et al., 2014; Skon et al., 2013; Zhang & Bevan, 2013) leading to the total

maturation of CD103* CD8* Trm (Christo et al., 2021; Hirai et al., 2021) (Fig. 1).

1.1.4 CD8* Trv Function and Persistence

CD8* Trm are spatially and temporally poised in tissues as first-responders to reinfection with a more

rapid, powerful, and sensitive ability compared to innate immune cells to induce and recruit bystander
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immune cells to the reinfection. When CD8* Trm of the female reproductive tract (FRT) encountered
their cognate antigen, their rapid and robust secretion of interferon gamma (IFN-A) led to a timely
accumulation of resting memory CD8" T cells from spleen and blood (Schenkel et al., 2013). In this FRT
vaccination, a fraction of bystander CD8* Tem and Tewm cells recruited to the site of reinfection by CD8*
Trm upregulated CD69 but not CD103 and persisted at the site of recruitment for longer than 75 days.
This indicated that circulatory memory T cells retain developmental potential to differentiate into CD8*
Trm following periodic reinfection (Beura, Mitchell, et al., 2018) and that their phenotypic diversion is
linked to the sentinel functions of reactivated CD8" Tgm. Other than their ‘sense and alarm’ role in this
vaccination, CD8" Trm were also demonstrated to actively survey the FRT. Using two-photon
microscopy of live female mice, it was visualized that local reactivation of CD8* Trm with cognate
antigen arrested 25% of highly motile cells as they underwent proliferation before regaining motility

following cytokinesis (Beura, Mitchell, et al., 2018).

More than reactivation of the acquired immune response to previously recognised
antigens/pathogens, CD8* Trm are potent inducers of the innate immune response with a role in DC
maturation and granzyme B upregulation in natural killer cells through secretion of cytokine
interleukin-2 (IL-2) and tumour necrosis factor alpha (TNFa) within 12 hours of local reactivation
(Schenkel, Fraser, Beura, et al., 2014). Importantly, CD8* Trm of the gut are also known to trigger an
‘organ-wide antiviral state’ through functional upregulation of antiviral interferon (IFN)- responsive
genes in local epithelial cells attributed to their production of type I, Il and Il IFNs which rendered the
epithelial cells resistant to murine norovirus within 40 hours of gastrointestinal infection (Swamy et
al., 2015). Thus CD8" Trm function as sensory cells for previously encountered intracellular pathogens
and they communicate re-entry of pathogens to innate and acquired immune cells as well as non-

immune cells.

1.1.5 Ex-CD8* Trm

It was originally thought that CD8* Trm were terminally differentiated, permanent residents of the non-
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lymphoid tissue in which they develop, however, a growing body of literature has shown that they not
only retain developmental plasticity but also have the capacity to recirculate in blood, rehome to
lymph nodes and other non-lymphoid tissues (including the tissue of their origin) as well as give rise to

both CD8* Tc|v| and TE|V|.

Recall that CD8* Trm have a unique transcriptional profile which is postulated to be acquired initially in
the lymph node and then further in response to inductive cues upon migration into non-lymphoid
tissues. As Trm Were not originally thought to patrol secondary lymphoid organs (SLO) (Mackay et al.,
2012) their bona fide residence (demonstrated by parabiosis) in SLO of mice (Schenkel, Fraser, &
Masopust, 2014) disclosed gaps in the knowledge of Trm. Several studies using in situ antigen
stimulation via peptide challenge have demonstrated that secondary antigen exposure of Trv at barrier
non-lymphoid sites can cause progeny Trmto gain access to draining lymph nodes during the activation
stage of the secondary immune response leading to abundant numbers of antigen-specific CD8* Trm in
draining lymph nodes (Beura, Wijeyesinghe, et al., 2018; Fonseca et al., 2020; Stolley et al., 2020).
Fonseca et al. further demonstrated that after local reactivation of CD8" Trm in skin, ‘displaced
residents’ were observed in draining lymph nodes with progeny CD8" Tcm and Tem found in distant
lymph nodes. In this study it was revealed that Trm share a phenotypic signature close to recently
activated effector T cells while at the epigenetic level they share similarities to resting memory T cells
(such as Tcw) and their developmental potential is comparable to CD8* T cells that have not undergone
terminal differentiation. Importantly, while durable maintenance of CD8* Trm has been demonstrated
in mice within most non-lymphoid tissues, dislodged circulatory ex-Tgm are thought able to contribute
back to long term maintenance of memory in tissues with high attrition of Trm such as liver, kidney and

lung (Wijeyesinghe et al., 2021).

1.1.6 Chronic Antigen Leads to Stem-like CD8" T cells that Differentiate into Tgm

Persistence of antigen and exposure to chronic antigen stimulation in unresolved infections such as

HIV, hepatitis C virus, Epstein Barr virus and TB causes CD8" Tcm and Tem cell exhaustion resulting in a
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transcriptional and epigenetic differentiation into cells with poor proliferation and effector function
linked to dysregulated cytokine production, metabolism and overexpression of inhibitory receptors,
such as programmed cell death protein 1 (PD-1) (Barber et al., 2006). PD-1 regulates CD8" T cell
exhaustion as interaction with cognate ligands PD-L1 and PD-L2 inhibits activation of T cells and
cytokine production while blockade of its inhibitory pathway augments T cell function during chronic

infections and cancer (Sharma & Allison, 2015).

Despite chronic antigen stimulation, however, subsets of CD8* T cells become resident in SLO that
retain a proliferative capability and can restrain chronic viral infection (Paley et al., 2012). TCF7
encodes transcription factor T-cell factor 1 (Tcfl) that has an essential role in maintenance of
protective immunity following acute infection; therefore, it was thought that its role may extend
during chronic infection. Using a Tcfl reporter mouse strain and Tcf7-null mice, a subpopulation of
Tcf1* CD8* T cells necessary for re-expansion of antigen-specific CD8* T cells during chronic lymphocytic
choriomeningitis virus (LCMV) infection was identified. Tcf1* CD8* T cells resemble Tem in terms of
proliferation potential, but their progeny has an exhausted PD-1* Tem phenotype (Utzschneider et al.,
2016). Wu et al. demonstrated that when CD8* T cells are chronically stimulated with antigen they
differentiate into a TCF1hign CD8" T cell that express lower levels of exhaustion markers, such as Tim3,
and act as progenitor cells resident within SLO whose progeny terminally differentiate into TCF1ow
Tim3 high CD8* T cells that will eventually exhaust after re-circulation. TCFlhgn CD8* T cells were also

shown to persist longer as SLO residents than their TCF1,,w CD8* T cell progeny (Wu et al., 2016).

This novel ‘less exhausted’ virus-specific CD8" T cell subset is located solely in lymphoid tissue,
characterized by a gene signature related to CD8" T memory precursors and hematopoietic stem cells,
express CXCR5 and are able to proliferate following PD-1 blockade, self-renew and provide a burst of
T cells with effector potential thus functioning as memory stem cells during chronic viral infection (Im
etal., 2016). As CXCR5 directs T cells to secondary B-cell follicles in the lymph nodes and spleen, virus-

specific CXCR5'CD8" T cells transferred into B cell-deficient mice were poorly maintained indicating
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that the less exhausted stem-like memory CD8* T cells are housed in B-cell follicles. This was supported
by the finding that HIV-specific CXCR5'CD8* T cells were found in the B-cell follicles of lymph nodes in
persons with chronic HIV infection (He et al., 2016). Further characterization went on to describe these
stem-like memory PD-1*Tcf1*CXCR5" T cells as cells that fail to recirculate following parabiosis, have
high levels of CD69 expression (with low expression of S1pr1) and are resident Tgm in SLO (Im et al.,
2020). Interestingly, Tcf1*PD1* stem-like CD8* T cells have a distinct transcriptome and epigenome
from both effector and memory CD8* T cells of acute infection (Beltra et al., 2020; Jadhav et al., 2019),
with the locus for granzyme B silenced (Jadhav et al., 2019) indicative of their adaptation to chronic
antigen stimulation. This adaptation has been aptly described as ‘an altered differentiation program
that provides some restrain on pathogen replication yet limits immunopathology. This adaptation is

imprinted in stem-like cells and propagated to their progeny’ (Ozga et al., 2022)

Knowledge of the molecular and cellular causes of T cell exhaustion as opposed to the antagonism of
exhaustion have paved the way for therapies that seek to ‘invigorate’ stem-like CD8* Trm cells in
persons with cancer. Tumour-specific CXCR5'Tim3" with a partially exhausted phenotype have been
seen infiltrating tumours (Brummelman et al., 2018), while in ovarian cancer, TCFlhign Trm Stem-like
CD8* T cells (and not their re-circulatory TCF1,. progeny) predict enhanced survival (Anadon et al.,
2022). A mouse melanoma vaccination demonstrated that tumour-draining lymph nodes harbour
antigen- experienced stem-like Tcf1*CD8* T cells that differentiate into CD69* CD103* Tgmin a TGF-B -
dependent manner with the percentage of Trmdirectly related to the size and late stage of the tumour.
It was further deciphered that CD4* T cell help, TGF-B and persistent antigen collectively contributed
to differentiation of antigen- experienced stem-like Tcf1'CD8* T cells into mature Trm. Adoptive-
transfer of TGF-8R27-CD8* T cells, followed by subcutaneous tumour cell inoculation and subsequent
anti-melanoma vaccine administration led to a significantly lower number of stem-like Tcf1*CD8" T
cells with enhanced differentiation of CD8" Tem. These findings suggest that Trm differentiation in
tumour-draining lymph nodes is late tumour-stage dependent (linked to chronic antigen stimulation),

and that early vaccine augments anti-tumour immunity before stem-like Tcf1*CD8* T cell tissue
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residency is fully established in tumour-draining lymph nodes (Z. Li et al., 2022)(Fig. 1).

In chronic Mtb infection, prolonged overexposure to antigens also causes T cells to lose effector
functions and exhibit an exhausted phenotype (Pan et al., 2023) including expression of PD-1
(Jayaraman et al., 2016) while anti-TB therapy promotes reduced expression of PD-1 and its ligands
(Bandaru et al., 2014; Hassan et al., 2015). Compared with mice that received transient Mtb antigen
stimulation (boosted twice), mice that received persistent antigen stimulation (boosted > 10 times)
showed a reduction of memory CD8* T cells, over-expression of PD-1 and impaired protective immunity
against bacterial challenge induced by T cell dysfunction (Liu et al., 2022). Although there are ample
research findings that discuss exhaustion of CD8* T cells in both chronic and latent Mtb infection, a
Boolean search in Pubmed of the literature using combinations of the terms “Tcf1” OR “CXCR5” OR
“stem-like CD8* T cell” AND “Mtb” OR “BCG” OR “tuberculosis” did not bring up any research studies
investigating the development of Tcf1+CXCR5+ stem-like CD8" T cells or their Tru differentiated

progeny in chronic or latent TB infection.
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1.2 Development and Persistence of Lung CD8* Trm

Not many years ago, there was lofty optimism that ‘vaccine induced CD8" Trm against Mtb could be
established against the backdrop of existing Trm to protect a large organ such as the lung’ (Ogongo
2019). Alas, lung CD8"* Trm are now known to have a distinctive development and lack of endurance as
compared to other tissues which is best understood in context with the harsh environment of the
conducting airways, the highly vascularised, thin-walled distal parenchyma and the expansive surface
area necessary for gas exchange. This pulmonary architecture has been theorised to be non-conducive
to a permanent anatomical niche for CD8" Tgm from which to function, such as that known for skin, for
example. Undeniably, lung CD8" Trm have unique organ-specific mechanisms for maturation,
persistence, and egress by which ‘the complexity of this system and interdependence between the
various components and changes that affect parameters such as the timing of T-box TF modulation
and the coordination with TGF-B availability would have a profound effect on Tgm cell maturation’

(Mackay 2015).

1.2.1 The Structure and Histology of the Normal Lung

Please note that it is out of the scope of this review to discuss all pulmonary cell types but is focused

on those that are relevant for sake of understanding the present project goals.

The intrapulmonary airways are those entering the lungs that transition from the bronchus to
bronchiole. The first bronchioles are purely conductive; the last distal bronchioles (or acinus) have
alveoli opening directly off them and thus are respiratory bronchioles that participate in gas exchange.
Histologically, proximal epithelium of primary airways is pseudostratified where all cells rest on the
basement membrane, but many do not reach the lumen. Here, epithelial cells are columnar and
ciliated and interposed with mucous cells, neuroendocrine cells, basal cells, brush cells, nerve

terminals and migratory lymphocytes and mast cells.
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Distal bronchioles are composed of cuboidal epithelium consisting of ciliated, club, brush, mucous,
neuroendocrine, and basal cells. Ciliated cells have microvilli and cilia that pulse synchronously and co-
ordinate with secretory cells for effective mucociliary clearance of particulate matter (Yoshisue et al.,
2004). Club cells are most abundant in terminal bronchioles where they extend above ciliated cells into
the airway lumen to secrete secretoglobin 1A1 (Scgblal) also known as CC10 which inhibits
inflammatory cytokines and thus modulates bronchiolar inflammation (Hay et al., 1995; Nie et al.,
2013). Brush cells occur infrequently throughout the airways; they have closely packed microvilli
possibly related to fluid absorption (Reid et al., 2005). Mucous cells function through cycles of
secretory activity to excrete mucus into the airways (Lillehoj et al., 2013). Neuroendocrine cells occur
singly or in groups known as neuroepithelial bodies; they control lung development in embryogenesis
and have a regulatory role of pulmonary regeneration (Noguchi et al., 2020). Basal cells are located
primarily in large proximal airways and diminish in number distally within bronchioles, in both human
and mouse. Their principal function is adhesion of the columnar and cuboidal epithelial cells to the

basement membrane (Ruysseveldt et al., 2021) (Fig. 2).

Distal to bronchioles, terminal bronchioles lead to respiratory bronchioles that have alveoli opening
directly off them via alveolar ducts; here is the merging point of cuboidal airway epithelium with
squamous alveolar epithelium. Alveoli are polyhedral-like boxes with one open side which enables
stretch oninspiration without occlusion of alveolar capillaries; alveoli are structurally comprised of two
types of epithelial cells. Type 1 alveolar epithelial cells (AEC1) are very fine cells that cover the largest
portion of alveolar surface to facilitate rapid gas exchange and prevent fluid loss (Fig. 2). Type 2
alveolar epithelial cells (AEC2) are twice as numerous yet cover a small percentage of the alveolar
surface in adult mammals. Typically situated in corners of alveoli, the AEC2 free surface has apical blunt
microvilli and openings through which pulmonary surfactant is secreted to prevent alveolar collapse

due to the polar surface tension of water inside the alveolar space (Whitsett & Weaver, 2015) (Fig. 2).
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1.2.2 Specification of Lung CD8" Trm

There are indications of mechanisms involved in preferential generation of memory T cells in the acute
phase of lung influenza infection. For example, CD103* DCs migrate from lung to mediastinal lymph
node and prime during the early stage of infection (Kim & Braciale, 2009) to activate potent effectors
(GeurtsvanKessel et al., 2008) while CD11b respiratory DCs migrate and prime later in the infection
(Kim & Braciale, 2009) when it is thought that their weaker stimulatory potential preferentially
generates a memory CD8* T cell population that persists in secondary lymphoid organs (Kim et al.,

2014), in line with that reported by Yuzefpolskiy (Yuzefpolskiy et al., 2015).

Using an influenza virus mouse vaccination, the kinetics of CD8" Trm specification during the expansion
phase of the T cell response showed that CD69 is upregulated in the mediastinal lymph node by
recently activated T cells and precedes their migration into the lungs (Eriksson et al., 2022). When
CD69  CD8" Trum cells are transferred to recipient naive mice prior to influenza infection, T cells that lack
CD69 expression fail to reach the lung mucosa efficiently after infection (Y. T. Lee et al., 2011; Walsh
et al., 2019). At 8 days post-influenza infection in mice, in the expansion phase of T cell responses, a
dominant subset of migratory (Reilly et al., 2020) CD8* CD103  CD49a"* T cells coincides with the height
of infection (Eriksson et al., 2022; Haddadi et al., 2017). CD49a binds interstitial collagen | (Bank et al.,
1994) where it has been shown to facilitate cell motility both in vitro and in vivo (Reilly et al., 2020).
These cells acquire CD49a expression before they home to the lung and become further enriched for
CD49a expression in the contraction and memory phases (Haddadi et al., 2017). CD49a blockade leads
to an increase of vaccine-activated T cells in the contraction phase of post-infection, in line with its key
negative regulatory role of T cell numbers and responses in the lung at that time. CD49a blockade in
the memory phase of post-infection has no effect on frequency or numbers of CD8" Trm and is thus

dispensable for CD8* Trm maintenance (Haddadi et al., 2017).

In contrast to CD49a, following mucosal infection with either influenza or an adenoviral-vectored TB

vaccine in mice, a small proportion of CD8"* T cells express CD103 during the effector and expansion
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phase of T cell responses. CD103 expression, however, increases significantly over the contraction and
into the memory phases and from the memory phase onward, the dominant Tgy is CD8"CD103*CD49a*
(Eriksson et al., 2022; Haddadi et al., 2017). CD103 expression is acquired in the lung (Lee 2011; Wakim,
2015) and CD8*CD103*CD49a* Trm lodge and survey interstitium and epithelium after clearance of
influenza virus owing to the binding capacities of CD103 to epithelial E-cadherin and CD49a to basal
lamina collagen IV. Whether the origin of CD8'CD103*CD49a* Trm are CD8*CD103'CD49a" cells that
reach the epithelium (and therefore upregulate CD103) or the two cell types are distinct, remains

unknown.

A third subset of CD8"CD103*CD69*CD49a" airway epithelial effector CD8* Trm (Topham et al., 2019) do
not expand significantly after influenza infection of mice (Eriksson et al., 2022) and are specified
transcriptionally and epigenetically by environmental cues (eg hypoxia and glucose starvation) for sole
lodgement within airway epithelium where they are fated for apoptosis (Hayward et al., 2020). Thus,
three distinct subsets of lung CD8" Trm have been characterised where the primary cell surface proteins
that specify their residency program throughout the expansion, contraction and memory phases of
infection are CD69, CD49a and CD103 (Topham et al., 2019). CD103 and CD49a proteins have also been

characterised on Mtb-specific CD8" Tgm (Perdomo et al., 2016).

Development of CD8" Trm subsets in the lung are heavily dependent on cues from the local
microenvironment received from local cognate antigen recognition, cellular interactions, and the
cytokine milieu (Zheng & Wakim 2022). Mice infected intranasally with either an influenza virus or flu
strain engineered to express the antigen OVA and subsequently inoculated with OVA-specific activated
OT-lI CD8* T cells demonstrated that only mice that received the influenza-OVA contained OT-I
CD8*'CD103* Trm (Wakim et al., 2015). This proved that once in the lungs, local cognate antigen

recognition is necessary to drive differentiation of CD8" effector T cells to pulmonary CD8* Tgm.

Takamura et al. (Takamura et al., 2016) demonstrated that antigen-independent inflammation

recruited CD8" T cells to the lungs, however, they completely disappeared upon resolution of



20

inflammation. In contrast, combination of local inflammation and cognate antigen robustly promoted
Trm development. They purported that antigenic and inflammatory signals, redundant early in
infection, bias CD8" T cell differentiation toward terminal effector cells, while weak signalling later
promotes memory differentiation. This is in line with the theory that activated T cells may be pre-
committed as SLEC or MPEC before recruitment to the lung, while terminal differentiation to effector
or memory cells, respectively, is secured following local reactivation (Joshi et al., 2007; Mackay et al.,

2013; Yuzefpolskiy et al., 2015).

CXCR3 chemokine receptor has a key role in recruitment of effector CD8 * T cells to the interstitium
and airway (Abboud et al.,, 2016) as does IL-15 produced by CD11b* macrophages in the lung
interstitium (Verbist et al., 2011; Yoshizawa et al., 2018). Local inflammatory cytokines type I IFN, IL-
33 and TNF-a downregulate expression of KLF2 and upregulate expression of key cell surface molecule
CD69 (Skon et al., 2013) and activate CD49a to promote CD8" retention in lung interstitium (Ray et al.,
2004; Takamura et al., 2016). The transcriptional control of T cell residency in mouse lung is under
direct regulation of TGF-B where local exposure to the cytokine is necessary for CD103 expression (L.
N. Lee et al.,, 2011; Wakim et al., 2015), causes downregulation of T-bet and Eomes (Mackay, Wynne-
Jones, et al., 2015) and promotes localisation along the walls of small airways (Wu et al., 2014). Mice
seeded with naive OT-I T cells deficient in expression of TGF-f3 receptor showed that following infection
with flu-OVA, OT-I T cells failed to upregulate CD103 (Wakim et al., 2015). Virus-specific CD8* T cells
harbouring a dominant-negative form of TGF-B receptor Il (under the control of a T cell specific
promotor) demonstrated that following transfer into naive mice, a significantly smaller percentage of
cells that reached the lungs of recipient mice expressed CD103 (L. N. Lee et al., 2011). Phenotypic
analysis of these cells indicated a preferential loss of CD69 which illustrated that recently activated T
cells respond to TGF-B derived signals by upregulation of CD103 to prevent egress of CD69*CD8* T cells

from the lungs in early infection (L. N. Lee et al., 2011).

Laidlaw et al. (Laidlaw et al., 2014) demonstrated a critical role for CD4* T cells of mice in the acute
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phase of influenza infection as ablation of CD4 help resulted in CD8* Trm that were not only displaced
from airway epithelia but also had an impaired ability to upregulate granzyme B following challenge.
CD4 T cell-secreted IFNy was theorised to prime the lung parenchyma for optimal influx of CD8* Tgm
precursors and subsequent exposure to local TGF-B. Their work demonstrated that TGF-3 promotes T-
bet downregulation which releases the CD103 locus from transcriptional repression. Loss of CD4* T
cells resulted in impairment of Trm to upregulate CD103, CXCR3 and CD69. Interestingly, CD4 help was
only required during the early phase of Trm development, with elimination of CD4* T cells having little
impact after Trm specification. Lastly, using virus-specific mouse CD8* T cells that lack TGF-P receptors,
it has been shown in influenza challenge experiments that the size of the KLRG1* T effector population

increased while CD103* Trm Wwere completely absent (Hu et al., 2018).

1.2.3 Persistence of Lung CD8* Trm

Following resolution of viral and mycobacterial respiratory infections in mice, large numbers of antigen
specific CD8" Trm persist in both the airways and parenchyma (Hogan et al., 2002; Perdomo et al., 2016)
and both populations are capable of mediating limitation of secondary infection (Hogan et al., 2001;
McMaster et al., 2015; Perdomo et al., 2016; Roberts & Woodland, 2004; Wu et al., 2014). Initially, it
was proposed that lung CD8" Trm are maintained by continual recruitment from circulatory memory T
cells, rather than survival- or cytokine-driven homeostatic proliferation within the lung itself (Ely et al.,
2006). A vaccination arose in which it was described that reactivation of circulatory memory T cells by
residual antigen in the mediastinal lymph nodes was required for continual precursor Tgm recruitment
and residence in lung (Zammit et al., 2006). Using intravenous staining (to mark circulatory T cells)
coupled with parabiosis following intranasal administration of influenza in mice, this concept was
challenged (Takamura et al., 2016). Results described distinct populations of pulmonary CD8* Tgm and
their de novo niches that form following influenza infection in mice. Referred to as repair-associated
memory depots (RAMDs), these regenerative parenchymal niches are segregated from lymphatic-rich

regions, conventional inducible bronchus-associated lymphoid tissue and lack CD8" Tem. Enriched for
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CD8* Trm, RAMDs are described as ‘peribronchiolar foci of lymphocytic infiltrates surrounded by
aggregates of cytokeratin-expressing basal (progenitor) cells within thickened adjacent alveolar walls’

(Takamura et al, 2016).

Their work further demonstrated that 2-7 weeks following influenza infection in mice, memory CD8" T
cells in distal lung consist of a major population (~80%) in parenchymal RAMDs and abutting airways
that are highly activated and have a resident memory phenotype. They described the minor population
(~20%) as Tem that have not been reactivated by antigen, retain S1IPR1 expression and are able to
transit through the interstitium either into the circulation in response to S1P or into the airways in
response to CXCR3. Using a timed parabiosis approach they demonstrated that Tem recruited to the
lung later than the peak of T cell effector response (around day 10 post influenza virus infection) fail

to occupy the RAMD niche or become Trm (Takamura et al., 2016).

In mice, further characterisation of CD8* Trm of parenchymal RAMDs and those that migrate to become
tethered in airway epithelium unveiled that they are phenotypically and functionally distinct. CD8* Tam
of RAMDs are known to be stable several months after recovery from viral infection and although
relatively quiescent, undergo homeostatic self-renewal within the RAMD. RAMD CD8* Trm have
significant production of granzyme B, IFNy and TNFa when stimulated in vitro compared with airway
tethered CD8" Trm (Takamura et al., 2019). RAMD Tgrm have increased expression of CXCR6 (a
chemokine receptor that regulates T cell migration) compared to airway Tgm or Tem. CXCL16, chemokine
ligand for CXCR6, is widely expressed in alveolar epithelium where it is theorised to guide RAMD Tgum
to airways. Indeed, blockade or genetic deletion of CXCL16 led to decreased numbers of virus-specific
airway CD8" Trm. (Wein et al., 2019). Collectively, research supports a vaccination where airway Tryv are
recruited from a pool of self-renewing RAMD-associated Trm rather than the circulation (Takamura et
al., 2019) and residual antigen-driven reactivation in the mediastinal lymph node independently drives
continual recruitment of Tem to the lung several months after infection (Slutter et al., 2017; Zammit et

al., 2006). In mice, once localised in the airway epithelium, airway Trm lose proliferative capacity
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(Takamura et al., 2016), downregulate integrin LFA-1, lose cytolytic function (Ely et al., 2006; Hogan et

al., 2001) but retain ability to produce IFNy (McMaster et al., 2015; Perdomo et al., 2016).

1.2.4 Attrition of Lung CD8* Trm

Another characteristic of pulmonary CD8* Tgrwm is that they wane over a short time (Hogan et al., 2001;
Jozwik et al., 2015; Slutter et al., 2017; Wu et al., 2014) and cell-mediated protective immunity is lost
in the lungs of mice 4-6 months post-infection (Perdomo et al., 2016; Takamura, 2017; Wu et al., 2014).
This is unique in that in several other tissue types, Trm persist for many years (Takamura, 2018). First-
line airway CD8* Trm are subjected to the harsh airway environment and mechanics of the mucociliary
elevator, and this has been shown to contribute to their short-life span (Ely et al., 2006; Hayward et
al., 2020; Perdomo et al., 2016; Slutter et al., 2017). It is intuitive that over the lifespan of a human
whose lungs encounter a myriad of respiratory pathogens, numerous depots of accumulative
parenchymal CD8* Trm could be deleterious for the delicate architecture of the lung and the surface
area required for efficient gas exchange. It has also been suggested that waning of local immune
memory in lung is an organ-intrinsic protective mechanism which safeguards against the potential of
CD8* Tgrm in successive infections to mediate considerable tissue damage (Carbone, 2023; Stolley et al.,
2020) as was seen in persons with successive SARS-CoV-2 infections (Hu et al., 2021; Merad & Martin,

2020).

It has been shown that the waning of lung Trm following influenza infection may also be attributed to
their migration via the lymphatics to the draining mediastinal lymph node (mLN) where they retain
residency markers and resist parabiotic equilibration. mLN Trm were shown to persist for 4 months
after clearance of infection, retained cytolytic function, and were not senescent but able to proliferate
following in vitro restimulation or secondary infection (Stolley et al., 2020). Explanations of this
peculiar phenomenon of lung Trm to egress to the draining mLN are that the intensity of tissue damage
due to influenza infection may physically ‘dislodge’ Trminto draining lymphatics; alternatively, a lack of

tonic TGF-B signalling results in an immature CD103" phenotype that favours egress to the mLN
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(Carbone, 2023). Again, it could also be a lung-specific mechanism to protect the delicate and
functionally vital architecture of the lungs from ongoing cytolysis and yet provide a robust regional
(rather than local) immune memory arsenal. In any case, many questions remain. What mechanisms
are linked to Trm egression from lung? What is the specific function of mLN Trm? If reactivated, do mLN
Trm migrate back to the lung to function as lung Trm again? Do mLN Trm lose residency overtime to re-

join the circulation? Could antigen-specific mLN Tgm be harnessed for improved anti-TB immunisation?

1.2.5 Lung CD8"* Trm Response to Mycobacteria

There are relatively few studies that have investigated the development, responses, and maintenance
of Mtb- or BCG-specific CD8" Trum in the lungs, which may be primarily linked to the supposition that
CD4* T cells confer superior protection against Mtb (Flynn et al., 1993; Ndiaye et al., 2015; O'Garra et
al., 2013; Sakai et al., 2014; M. Tameris et al., 2013). As stated previously, impairment of CD4* T cell
responses and overall CD4* cell losses associated with HIV, however, greatly diminish the practicality
of CD4* and CD4" Trm targeted TB vaccine candidates. Therefore, this review of the CD8* Trm responses

to mycobacteria is limited to scarce studies.

Early studies blocked peripheral T-cell recruitment during mycobacterial challenge infection after
vaccination as a way of demonstrating the importance of Tgrwm, although CD8" Tru were not
characterised per se (Connor et al., 2010). Perdomo et al. (Perdomo et al., 2016) found that
intratracheal (IT) and intranasal (IN) BCG vaccination enhanced generation of CD8" Trm and when
adoptively transferred from the airway of vaccinated mice into naive mice showed improved
protection against Mtb challenge compared to subcutaneous (SC) delivery of BCG and subsequent
adoptive transfer into naive mice. These findings have been recently supported by a study of IN
vaccination with BCG which induced CD8* Trm throughout the upper and lower respiratory tract and
IN vaccinated animals had superior protection against Mtb challenge compared to control animals (Wu

et al., 2021).
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Hu et al. showed that 2 weeks following IN vaccination with a Sendai virus- vectored TB vaccine, CD8*
Trm IFN-y responses were strong in the mLN yet weak in the lung and spleen compared to lung CD8*
Trm IFN-y responses from the SC BCG vaccinated group. At 8 weeks however, numbers of lung CD8*
Trm had diminished in the SC BCG group while those from the Sendai-vectored vaccine had increased,;
CD8"* Trm IFN-y responses were also reversed compared to 2 weeks after vaccination. Only the lung
CD8* Trm of the Sendai-vectored vaccine group had rapid and strong antigen-specific responses against
Mtb challenge. Further, a SC BCG prime and IN Sendai- vector boost vaccination approach significantly
enhanced protection against Mtb challenge compared to SC BCG vaccination alone. This protection
was lost when CD8* Trm Were depleted, which was not the case in the SC BCG vaccinated group (Hu et

al., 2017).

Copland et al. (Copland et al., 2018) enhanced CD69* CD103* Trm by boosting BCG vaccinated mice with
intranasal Bacillus subtilis spores coated with TB antigens. This approach improved protection against
Mtb challenge over BCG vaccination alone. Boosting BCG vaccinated mice via IN or IT nanoparticles
coated with Mtb antigens was also found to induce TB-specific CD8" Trm compared to SC BCG or
uncoated nanoparticle vaccination (Hart et al., 2018). Haddadi et al. (Haddadi et al., 2019) showed that
mucosal vaccination of SC BCG-primed mice using a nanoparticle coated with three Mtb antigens
significantly enhanced protection against Mtb challenge; the enhanced protection was equated with
improved CD8* proliferation and CD8* Tgm seeding of the lungs. The boost strategy was also shown to
be most effective when carried out during the memory phase (as opposed to effector phase) of T cell

response to parenteral BCG prime vaccination.

An initial study to characterise Mtb-specific CD8* Trm from humans undergoing surgical excision of lung
as treatment for ongoing or previous TB demonstrated that individuals with active TB had significantly
higher numbers of CD8" Trm than control groups. Although ~50% of these cells expressed both CD69
and CD103, the authors suggest that there were CD8" Trm that lacked CD69 expression (such as seen

in mouse vaccinations). Individuals with comorbid HIV infection had lower CD4* Trm with decreased
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functionality while CD8" Tam numbers and functionality were comparable to matched controls (Ogongo

et al., 2021).

Summary

CD8* Trm reside to protect non-lymphoid tissue due to their role as immune sentinel cells with rapid
and effective responses to previously encountered pathogens. Their ontogeny from naive cells is highly
diverse across a spectrum of tissue lineages and is linked to varieties of physiological milieu as well as
complex transcriptional programs. Lung CD8" Trm are an excellent example of diversity where the
pulmonary architecture has undoubtedly underscored their unique developmental program and
persistence. Currently, a model exists in mice where airway Trm are recruited from a pool of self-
renewing parenchymal Trm While residual antigen-driven reactivation in the mediastinal lymph node
independently drives continual recruitment of circulatory CD8"* Tem through the lung for several months
after infection. A unique characteristic of lung CD8" Trm is that they wane over a short time and cell-
mediated protective immunity of the lungs is lost by 6 months after infection. Studies of CD8" Tgrm
following mycobacterial vaccination support the rationale of the use of mucosal delivered vaccine as
this strategy consistently demonstrated superior generation of lung CD8" Trm and subsequent superior

protection against Mtb challenge as opposed to parenteral BCG vaccination.
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1.3 Lung Epithelial Stem and Progenitor Cells

In the mouse models of influenza and in many cases of human SARS-CoV-2 infection, there is a spatial
and temporal association of RAMD CD8* Trm and lung epithelial progenitor cells in areas of severe
tissue destruction (Chua et al., 2020; Fang et al., 2020; Jyothula et al., 2022; Kumar et al., 2011;
Takamura, 2017; Vaughan et al., 2015; Zacharias et al., 2018; Zhao et al., 2020). As stem cells and
immune cells depend on each other for tissue repair, the interdependence between these two cell
types is a major focus of these studies. A review of the literature did not produce any research studies
that have investigated or reported the roles of lung epithelial stem/progenitor cells following Mtb or
BCG infection, therefore the literature discussed herein focuses on the stem/progenitor mechanisms
associated with restitution of lung in mouse models such as naphthalene, hyperoxic or bleomycin

injury as well as influenza and SARS-CoV-2 infections.

1.3.1 Alveolar Epithelial Progenitors

Animal studies have shown that the homeostatic turnover time of AEC2 is 4-5 weeks (Bowden, 1983)
and when bulk labelled, their marked percentage over one year does not decrease, suggesting that
new AEC2 originate from pre-existing ones (Barkauskas et al., 2013). By 1977, data had established
AEC2 as a progenitor cell for lost AEC1 in response to injury (Mason & Williams, 1977). [3H]-thymidine
incorporated ultrastructural analysis in nitrous dioxide-challenged animals? demonstrated that 1 hour

after radiographic pulse, 88% of labelled cells were AEC2 with <1% AEC1 (Evans et al., 1973). It was

2 Nitrous oxide solely depletes AEC1.
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concluded that this unusually short period for labelling was a strong dispute against cell kinetics of a

minor, yet unknown, stem cell population other than AEC2 (Uhal, 1997).

In animal models with accelerated alveolar epithelial cell turnover, AEC2 were capable of self-renewal
and trans-differentiation into AEC1 (Adamson & Bowden, 1974; Evans et al., 1975; Kapanci et al.,
1969). Lineage tracing of AEC2 in transgenic reporter mice confirmed that the AEC2 tag was evident in
AEC1 during normal aging and following bleomycin injury® (Desai et al., 2014; Rock et al., 2011). Clonal
analysis of AEC2 using Confetti Cre-dependent reporter mice determined that a single, long-lived, self-
renewing AEC2 generates multiple AEC1 and/or AEC2 forming ‘foci’ of progeny across contiguous
alveoli. It was demonstrated that while AEC2 are stem cells they also function as mature pneumocytes
capable of surfactant secretion. Using hyperoxic injury®, exposure of reporter mice to 88% oxygen

tripled the number of renewed lineage- traced AEC1 (Desai et al., 2014).

It has been a debate whether all AEC2 or a subpopulation act as progenitors (Uhal, 1997); using a Cre-
reporter for Wnt signalling, a rare AEC2 progenitor (AEP) that constitutes '20% of all AEC2 was found
(Nabhan et al., 2018) (Fig. 2). Again, AEP express AEC2 markers and function as AEC2. Unlike quiescent
AEC2 (Messier & Leblond, 1960), AEP undergo division where lineage-traced daughters remain local;
lineage-labelled AEP also expanded six-fold relative to unlabelled AEC2 during a 1-year chase. Labelled

AEP gave rise to AEC1 daughters that were also closely associated with founder AEP, supporting

3 Bleomycin administration results in widespread bronchiolar and alveolar damage.

4 Hyperoxia is toxic to AEC1 but not AEC2.
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previous descriptions of “foci” of proliferation (Desai et al., 2014). Nabhan et al. (Nabhan et al., 2018)
showed that in normal lung, AEP have active Wnt signalling and are adjacent to a single, Wnt-
expressing fibroblast in a niche that provides juxtacrine Wnt for their maintenance. Inhibition of Wnt
secretion depleted AEP by 68% and supports previous reports of interaction between AEC2 and
fibroblasts following lung injury (Kasper & Haroske, 1996; O'Reilly et al., 2008). Daughter cells leaving
the Wnt niche transdifferentiate into AEC1 as Wnts are local signals with a range of only one or two
cells (Farin et al., 2016). Injury was shown to induce autocrine AEC2 Wnts that activated quiescent
AEC2 to become proliferative. Thus, a small subset of AEC2 termed AEP possess bipotency while other

AEC2 can be efficiently recruited to repair alveolar damage.

Zacharias et al. (Zacharias et al., 2018) concurred that a Wnt-responsive AEP lineage within the AEC2
population acts as a stable facultative progenitor in distal lung that expands rapidly after acute lung
injury. They described the AEP distinct functional gene expression profile enriched in lung
developmental genes and an epigenome that contains 40% differential genomic open chromatin near
master genes of progenitor cell behaviour and cell cycle regulation all upregulated two weeks after
influenza infection. Again, Wnt inhibition promoted AEC1 differentiation while activation promoted
AEC2 differentiation in mouse and human organoids. Collectively, research efforts delineated a rare
Whnt responsive subset of AEP that are phenotypically poised as progenitor cells while at the same time
function as mature AEC2, undoubtedly preserving the efficiency of gas exchange across the alveolar

epithelium.

1.3.2 Bronchioalveolar Stem Cells

At the junction of the respiratory bronchiolar and alveolar epithelium, a population of bronchioalveolar
stem cells (BASC) that express club cell (Scgblal) and AEC2 surfactant protein c (SPC) markers (Fig. 2)
have been reported (Giangreco et al., 2009; Kim et al., 2005) where lineage tracing demonstrated their

role as progenitors for repair of bronchiolar epithelium but not alveolar epithelium in mouse
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vaccinations of naphthalene® and hyperoxic injury (Rawlins et al., 2009).

Following bleomycin injury, Scgblal-CreER:ROSATomato mice demonstrated a significant increase in
lineage-labelled AEC2 and AEC1 cells in fibrotic regions (Rock et al., 2011). Results of two further
studies using Scgblal transgenic reporter mice also showed lineage-labelled cells in the alveolar
region adjacent to the alveolar duct after bleomycin and influenza injury (Zheng et al., 2012, 2013).
Notably, use of these three reporter animal vaccinations could not conclusively determine the origin
of lineage-labelled alveolar cells as it was subsequently demonstrated by Vaughan et al. that using a
chase period of 7-10 days following tamoxifen administration led to an erroneous result of Scgblal-
labelled cells due to residual tamoxifen which continued to activate Cre driven promotors following

lung injury (Vaughan et al., 2015).

Using a dual recombinase (Liu et al., 2019) and intein-mediated assembly of split-effectors (Salwig et
al., 2019) lineage-tracing systems to track BASC in vivo, results showed that BASC respond distinctly to
various lung injuries with the ability to differentiate into multiple lineages including club and ciliated
cells after naphthalene-induced bronchiolar injury or AEC2 and AEC1 cells after bleomycin-induced
alveolar injury (Fig. 3). In these BASC-related studies, all lineage- traced cells resided adjacent to the
bronchioalveolar junction while daughter cells in alveoli were minimal, implying that club cells or BASC

are not a primary source of replacement alveolar cells following lung injury.

5 Napthalene administration selectively destroys club cells.
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1.3.3 Distal Airway Stem Cells

Exposure of mice to murine-adapted H1N1 influenza A (PR8) induces significant loss of club, ciliated
and AEC2 cells early after infection. During infection, there is a concomitant rise of stem cell marker
tumour protein 63 (p63) expressing cells in bronchioles as they undergo expansion and migration to
affected lung parenchyma (Kumar et al., 2011; Vaughan et al., 2015; Zuo et al., 2015). Coined distal
airway stem cells (DASC) (Fig. 2), in normal mice, p63* DASC were scarce in bronchioles (Kumar et al.,
2011; Ray et al., 2016; Xi et al., 2017). However, by 7 days past infection (dpi) following PR8 exposure,
they were evident. By 11 dpi, p63* DASC and club cells were intermingled in bronchiolar epithelium
and by 21 days bronchiolar epithelium was restored. In damaged distal alveolar lung parenchyma at
11 dpi, p63* DASC were co-stained with basal stem cell (BSC) marker keratin 5 (Krt5) and found to
cluster in large concentric pods around terminal bronchioles where they proliferated robustly (of note,
these are the Krt5" pod cells incorporated into the RAMD described by immunologists). Zuo et al. (Zuo
et al., 2015) proposed that these clusters of DASC were in early stages of de novo alveoli formation. In
a mouse model in which DASC were conditionally ablated, assembly of alveolar Krt5" pods in interstitial
inflamed alveolar tissue were prevented; rather, distal lung showed persistent leukocyte infiltration,
inflammatory and pro-fibrotic gene expression, as well as a decrease of gene expression linked to

vasculature development.

Vaughan et al. (Vaughan et al., 2015) directly observed the migration of p63* Krt5 cells throughout
injured small airway after PR8 infection of mice and identified co-expression of integrin a634. To define
cell-of-origin, they lineage traced using CC10- or SPC-CreERT2 driver reporter mice for club and AEC2
cells, respectively, and showed that at 11 dpi after PR8 infection, p63* Krt5* cells were completely
untraced. Given that BSC of nasal and epithelia of the upper airways also express p63 (Rock et al.,
2009), reporter tracheal transplants into syngeneic animals also revealed that proximal BSC were not
the source of alveolar Krt5* pods. To locate quiescent lineage negative DASC, they used R4 expression

in CC10-CreERT2 mice to segregate progenitors from club cells in uninjured lungs. The CC10- R4*
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(progenitor containing) population distinctively expressed p63 and p63* cells were also identified in
situ scattered very rarely throughout distal airways. RNA-seq analysis identified enrichment for CD14
in p63* CC10- R4* cells. In combination with CD200, which further selects against ciliated cells, B4*
CD200* CD14" cells were isolated and transplanted into Krt5-CreERT2 animals prior to bleomycin or
PR8 infection. Interestingly, relatively normal histology was seen in Krt5-CreERT2 traced tissue after
bleomycin injury. After PR8 injury, however, only a few traced AEC2 were seen but large regions of
Krt5-Cre traced epithelial cysts were evident in all mice up to 200 dpi. These persistent cysts resemble
the micro-honeycombing of idiopathic pulmonary fibrosis (IPF); thus, abnormal Krt5* pods that arise

following influenza infection were said to represent a failed regenerative process.

Using several reporter lines, Ray et al. (Ray et al., 2016) clarified that Krt5* pods originated from
proliferative SRY-box 2 (Sox2*) Krt5" Scgblal progenitor cells from distal airways, not proximal Krt5*
BSC, BASC or club cells. In 2017, Xi et al. (Xi et al., 2017) quantified p63* cells throughout uninjured
airways as <0.01% of all lung epithelial cells. They theorised that scarcity of these p63* lineage negative
epithelial progenitors and their infrequent contribution to AEC2 regeneration suggested an additional
p63- Sox2* epithelial progenitor. Using studies of hypoxia following PR8 infection in mice, they showed
that Krt5" areas formed after infection in hypoxic regions; when they deleted the key mediator of cell
response to hypoxia (HIF1a), HIF1a™/~ mice showed significant decrease in alveolar Krt5* cell expansion,
had a higher fraction of AEC2 and a quicker recovery. It seemed evident that HIFla deletion
substantially improved lung function by a mechanism that directed lineage negative epithelial
progenitors toward AEC2 expansion and bypassed Krt5* basal-like metaplasia. It was shown that injury-
induced hypoxia, via HIF1a, promoted lineage negative epithelial progenitor differentiation towards a
motile Krt5" p63* basal-like cell. It was concluded that these Sox2* p63* progenitors are the major
responders to HIF1a signals following PR8 influenza infection and produce a metaplastic BSC response,
whereas Wnt suppresses this pathway to favour Sox2* p63" progenitor differentiation to AEC2. (Xi et
al., 2017) (Fig. 3). They concluded that because activated Krt5* cells in vivo were derived entirely from

rare Sox2* p63* cells that Sox2* p63" LNEP were rendered dysfunctional by PR8 infection (Ray et al.,
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2016).

1.3.4 Lineage Negative Epithelial Progenitors

A complex epithelial progenitor population in distal lung to isolate and characterise has been this Sox2*
p63° LNEP. These cells are multipotent stem cells that reside in terminal bronchioles and lack mature
epithelial cell markers (Fig. 2). First reported by McQualter et al. (McQualter et al., 2010) using a novel
clonogenic assay, a population of epithelial colonies was able to generate airway, alveolar, or
intermediates of lung epithelial cell lineages when co-cultured with lung mesenchymal cells.
Clonogenic cells were fractionated from mouse lung with pan-epithelial cell marker (EpCAM) and a6
integrin (CD49f); subsequently, colonies were restricted to the EpCAMM CD49f"° cell fraction. All cells
of the EpCAM" fraction were CD104° (B4 integrin) and immunostaining showed that this integrin

localised to basal membrane of epithelial cells in bronchi and terminal bronchioles but not with AEC2.

Chapman et al. (Chapman et al., 2011) also reported a regenerative subpopulation ('8-10%) of mouse
epithelial cells present in bronchoalveolar regions that expressed a6p4 and lacked AEC2 or club cell
markers. Ex vivo, these cells expanded as progenitors and differentiated toward mature AEC2 and club
cell types. In vivo embryonic lung organoids demonstrated that purified f4* cells organised into club
cell airway-like and SPC* saccular structures. Using a bleomycin mouse model and an SPC-driven
inducible Cre animal to fate-map AEC1 and AEC2, they found that AEC2 in repaired areas were not
derived from pre-existing AEC2. They suggested that, in the context of severe alveolar loss, pre-existing

SPC epithelial progenitors contribute to repair.

Isolation of mouse airway epithelial cells using EpCAM, integrin B4 and negative expression of ciliated
cell marker CD200 (Kathiriya et al., 2020), determined that 40% of isolated cells did not stain for any
mature lineage markers and single-cell RNA sequencing (scRNA-seq) revealed high expression of
antigen-presenting genes and MHC class | marker H2-K1. Transcriptomes were clustered using a gene

signature assigned to embryonic epithelial stem cells which identified an enriched population with
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negligible mature lineage markers, high expression of MHC and cell cycle genes. These cells were also
distinguished by activation of host-defence-related signalling pathways and genes associated with viral
infection and an interferon signature. When B4/H2-K1 cells were established in 2D culture and 3D
organoids, they represented all colony-forming cells and were maintained for at least three passages.
Immunostaining of whole colonies or cytospins from cultured cells revealed that these cells were able

to differentiate toward AEC2 or Krt5* basal-like cells (Fig. 3).

Study of mice injured with bleomycin revealed that there is an initial expansion of H2-K1 progenitors
with migratory capacity and a phenotype leaning toward alveolar fate prior to their restoration of AEC2
and AEC1 lineages in vivo. p4/H2-K1 progenitor cells isolated from unlabelled SPC-CreERT2:mTmG mice
were in vitro SPC* labelled (using 4-hydroxytamoxifen), then transplanted into bleomycin-injured mice.
85% of restored regions were tdTomato* thus arisen from undifferentiated H2-K1 progenitors. Of
relevant note is that in widespread bleomycin injury, Krt5" pods did not form. That Krt5" pods form
with PR8 infection is thought due to virally targeted tropism to and loss of H2-K1 progenitors (Quantius
et al., 2016). Consequently, after HIN1 (or PR8) infection, the lung is thought consigned to use airway
p63* basal-like cell mobilisation for alveolar regeneration (Kathiriya et al., 2020). This opinion is
supported by the fact that exposure to less virulent influenza strains does not trigger formation of Krt5*

pods or proximal basal stem cell-associated alveolar epithelial cell replacement (McQualter, 2019).

1.3.5 Krt8 Transitional Progenitors

A novel distinct transitional progenitor cell population has been recently described by several groups
that is relevant to this project. These cells represent the intermediate cell state in which cuboidal AEC2
and airway progenitor cells with a secretory phenotype convert physically, structurally, and

mechanically into squamous AEC1 that function for gas-exchange.

In humans, IPF is a progressive fibrotic disease that is linked to ineffective regeneration of injured

alveolar epithelium and excessive TGF-B signalling (Blackwell et al., 2014). As IPF epithelium is
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hyperplastic with a transitional gene profile (Xu et al., 2016), it was theorised that regenerative defects
of IPF may be linked to inadequate AEC2 to AEC1 transition. Lipopolysaccharide (LPS), a bacterial
endotoxin, induces acute lung injury in mice when administered intratracheally and resembles acute
respiratory distress syndrome in humans; LPS induced injury leads to lung fibrosis. Using lineage
labelled AEC2 and an LPS mouse vaccination, scRNAseq uncovered an early (characterised by moderate
expression of AEC1 markers and downregulation of AEC2 markers) and late (characterised by high
expression of AEC1 markers and downregulation of AEC2 markers) transitional state of AEC2 to AEC1
differentiation. TGF-B signalling was necessary for early differentiation whereas inactivation was
required later to promote terminal differentiation into AEC1 (Jiang et al., 2020). In vitro, when TGF-
was activated in the early state, keratin 8 (Krt8) was also upregulated. Inhibition of TGF-B signalling
decreased Krt8 expression and short hairpin RNA mediated Krt8 knockdown attenuated AEC1
differentiation. Immunostaining of IPF mouse and human lungs confirmed clusters of hyperplastic cells
that expressed high levels of Krt8 in fibrotic regions only. It was theorised that the Krt8 early state of

transition was perpetuated in IPF linked to persistent TGF-B activation (Jiang et al., 2020).

Time-series scRNA in a bleomycin lung injury vaccination with trajectory modelling and lineage-
labelling revealed that both airway and alveolar progenitors converge on a Krt8* transitional cell state
during alveolar restitution which they termed Krt8* alveolar differentiation intermediate (ADI). Using
Sftpc-CreERT2 (AEC2) and Sox2-CreERT2 (airway epithelial cell) reporter mice, they showed that
around 40% of the new AEC1 cells after bleomycin injury were derived from the airways with an
increased contribution in severely injured areas. Immunostainings of tissues from human acute
respiratory distress syndrome linked to influenza and pneumococcal infection also demonstrated

intense alveolar Krt8 expression in fibrotic areas (Strunz et al., 2020).

To further define states of AEC2 that respond to bleomycin injury, lineage labelled SPC-CreERT2 cells
were isolated on day 14 (acute injury) and day 28 (injury resolution) where scRNAseq uncovered three

distinct cell populations consisting of primed AEC2, cycling AEC2 and Krt8* damage associated
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transitional progenitors (DATP) after day 14. It was further demonstrated that macrophage-secreted
IL-1B primed a subset of interleukin 1 receptor type 1 (//1r1)* AEC2 to convert into DATP and that
chronic inflammation mediated by IL-1B prevented AEC1 maturation leading to an aberrant
accumulation of Krt8* DATP. The authors went on to query whether there was a relationship between

II1r1* AEC2 and AEP (Choi et al., 2020).

The pre-alveolar type-1 transitional cell state (PATS) was also described in vitro in cultured organoids
and in vivo following lung injury, where PATS were found to undergo extensive stretching and were
therefore prone to DNA damage; scRNAseq analysis indicated DNA damage and senescence-associated
genes were highly enriched. PATS were defined by tumour protein 53, Claudin 4 and Krt8 expression.
This study also reported the expression of PATS-like markers specifically in fibrotic regions of human

IPF lungs but not in healthy control lungs (Kobayashi et al., 2020).

The group that developed kinase-inhibiting RNase attenuators (KIRAs) showed that KIRAs protected
mice from pulmonary fibrosis induced by bleomycin (Thamsen et al., 2019) and reasoned that
maladaptive cell fate switches related to regulated IREla-dependent decay (RIDD) were active in
DATPs (Auyeung et al., 2022). RIDD is a process by which the endoplasmic reticulum (ER) stress sensor
IRE1la, under continuous or high levels of ER stress, leads to degradation of mRNAs and microRNA
localized in the ER membrane causing maladaptive cell fate outcomes such as senescence.
Administration of kinase inhibitor of IRE1la decreased DATP number, DATP expression of /tgB86 (a
critical activator of TGF-B in lungs) and TGF-B induced gene expression while accelerating the

differentiation of DATPs into AEC1 (Auyeung et al., 2022).

For the sake of clarity, in this study DATPs, ADI and PATS are called Krt8* progenitors; these transitional
progenitors have now been shown to have a role not only in the healthy restitution of lung following
injury, but also a role in pathogenesis of IPF as discussed, COVID-19 (Melms et al., 2021) and most

likely bronchopulmonary dysplasia in pre-mature infants (Treutlein et al., 2014).
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Summary

To summarise, homeostasis of alveolar epithelium responsible for gas exchange is accomplished
through stable, slow turnover of selected mature progenitor cells. Exposure of the alveolar epithelium
to injury results in activation of stem/progenitor cells in a regionally- and context-distinct manner. In
alveolar tissue, a subset of ~20% functionally mature AEC2 cells termed AEP is uniquely poised
phenotypically for rapid provision of new AEC2 and AEC1 following mild injury. Moderate-severe
alveolar injury further recruits the normally non-proliferative AEC2 into multiplication. Where injury
overwhelms the capacity of local alveolar epithelial cells to replenish lost alveolar epithelial cells,
airway epithelial progenitor cells can differentiate into AEC2s and AEC1s. Both alveolar and airway
epithelial progenitor cells converge into a Krt8" transitional cell state mediated by the injury milieu
before terminal differentiation into AEC1. With widespread severe bronchiolar and alveolar damage
and LNEP loss due to severe influenza infection, DASCs are mobilised for distal AEC2 and AEC1
replacement, albeit alveolar restitution is suboptimal. Importantly, prior to these studies, it remained

unknown how and which pulmonary epithelial progenitors respond to Mtb or BCG infection.
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Figure 2. Epithelial stem and progenitor cells of the lungs.

Drawing depicts how stem and progenitor cells reside amongst their mature lineage-restricted

counterparts.
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Figure 3. Airway epithelial stem and progenitor cell contributions to alveolar lung regeneration.
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1.4 Interactions Between Lung Epithelial Progenitor Cells and CD8" Tgm

There is an increasing understanding of the capacity of stem/progenitor cells to perceive damage,
correspond with, and designate resident and recruited immune cell roles. Evidence of crosstalk
between immune and stem cell types is seen in the array of immune receptors and cytokine signalling
systems found in stem cells (Agudo et al., 2018; Alvarado & Lathia, 2016; Atladottir et al., 2010). It is
also known that immune cell signals are required for activation of quiescent stem cells in many tissues
(Biton et al., 2018; Hirata et al., 2019; Lindemans et al., 2015; Naik et al., 2017; von Moltke et al., 2016)
and that dysregulation of immune-stem/progenitor cell crosstalk results in aberrant healing and
chronic disease (Belkaid & Hand, 2014; Ordovas-Montanes et al., 2018; Rieder et al., 2007). Three
essential components of lung injury and restitution related to tuberculosis, namely, mycobacteria, lung
epithelial stem/progenitors and CD8*Trm have never been studied in conjunction. Therefore, this
section of the review focused on studies across several vaccinations of lung infection and injury to
provide compelling evidence that development and persistence of CD8* Tru may be dependent upon

lung epithelial progenitor cells during and following lung injury.

1.4.2 Specification of CD8* Trm Coincides to Spatial Merging with Epithelial Progenitors

Following the acute phase of inflammation associated with PR8 murine influenza infection, viral
clearance is accomplished due to elevation of immune infiltrates such as neutrophils and macrophages
(Kumar et al., 2011). Cytolysis of infected cells leads to a peak of tissue damage (Kumar et al., 2011;
Takamura et al., 2016) and there is a widespread destruction of club cells, ciliated cells and AEC2
(Kumar et al., 2011; Vaughan et al., 2015; Zacharias et al., 2018). CD8" T cells are seen in the
interstitium and bronchioles where they are “distributed into the lung before the peak of T cell
responses” (Takamura et al., 2016). At the same time, epithelial p63* Krt5" progenitor cells undergo
robust proliferation both in bronchioles and, significantly, in the alveolar interstitium as tight clusters
of cells where interstitial Krt5* pods are formed at the peak of tissue damage (Kumar et al., 2011;

Takamura et al., 2016). This has been called “the critical turning point” for creation of the milieu
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essential for differentiation of CD8" Trm in this vaccination (Takamura et al., 2016). Temporally
coincident with the ‘window of memory’ in which Try are differentiated (Kaech & Cui, 2012; Takamura
et al., 2016), there is an increase of interstitial Krt5* pods now with lumens reminiscent of alveoli
(Kumaretal., 2011). Importantly, Krt5* pods are only found in peribronchiolar zones of complete tissue
damage and the peribronchiolar Trm niche forms solely in the vicinity of Krt5* progenitor cells. The
molecular mechanisms associated with CD8* Trm and Krt5* cell migration and proliferation exclusively

to zones of complete destruction remain unknown.

1.4.3 Do Lung Epithelial Progenitors Interact with CD8" T cells?

There is evidence that Krt5* cells may have a role in the development of Trm in the RAMD. During
development, Notch signalling is known to suppress alveolar differentiation in the lung (Guseh et al.,
2009) and gRT-PCR of Krt5* cells following PR8 infection in mice revealed expression of nuclear
Notch1ICD, Hesl, Heyl and Jagged2 (Vaughan et al., 2015). Single-cell transcriptional profiling of
human AEC2 from fibrotic lungs revealed a hypoxic subpopulation with activated Notch, suppressed
SPC and trans-differentiation toward a Krt5" basal-like state (Vaughan et al., 2015). Therefore, Vaughan
et al. (Vaughan et al., 2015) cultured bronchoalveolar lavage fluid in the presence of y-secretase
(Notch) inhibitors and observed strong induction of SPC expression and went further, in subsequent
studies, to show that local lung hypoxia, via HIF1a, drives Notch signalling and Krt5* basal-like cell
expansion (Xi et al., 2017). Interestingly, Notch signals in Drosophila stem cells occur at varying levels
that in turn determine daughter cell fate (Ohlstein & Spradling, 2007). This finding has been
recapitulated in BSC in that they regulate the maintenance of their own progeny through production
of Jag2 which activates Notch2 in daughter cells to prevent differentiation into ciliated cells (Pardo-

Saganta et al., 2015).

Samples of healthy lung tissue and peripheral blood from patients undergoing lung resection showed
the most significantly enriched gene sets in an analysis of Trm compared to Tem were targets of HIF-1a,

NOTCH1 and RBPJ (encodes Notch DNA binding factor); furthermore, expression of NOTCH1 was high
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in human lung Trm that also had surface expression of NOTCH2 (Hombrink et al., 2016). To study the
function of Notch in mouse Trm, lungs from Notchifl/fINotch2fl/fICd4-Cre* mice (inactivated Notch1
and Notch 2) had considerably fewer Trm than did those from their control littermates while surface
expression of CD103 by the few remainder Trm was also lower (Hombrink et al., 2016). Intranasal
infection of wild-type mice by influenza followed by y-secretase inhibitor from 35-40 dpi to block Notch
signalling resulted in a significant decrease of Tam and demonstrated that Notch signalling was required
for persistence of Trm (Hombrink et al., 2016). Inhibition of Notch not only significantly decreased Tam
expression of Itgae (gene that encodes CD103), but also genes that encode transporters for amino
acids, metabolites, trace elements and nutrients. Therefore, Notch signalling in Trm also has an
essential role in the regulation of metabolic programs imperative for cell survival in a hypoxic
environment (Borges da Silva et al., 2018; Hombrink et al., 2016; Liu et al., 2018). No studies have
directly investigated whether forward Notch signals employed by Krt5* pod progenitors to alter
distribution of their progeny influence CD8* Trm With which they share cell-cell contact in the RAMD

(Fig. 4).
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Figure 4. Krt5* pod and CD8" Tam.

A) An illustration of the Repair Associated Memory Depot (RAMD) that forms in areas of complete
destruction of lung tissue in mice following PR8 influenza infection. From (Takamura, 2017). B) Image
of a Krt5* pod with co-related CD8* Trm day 11 following mouse PR8 influenza infection. Scalebar 20pum.

From (Vaughan et al., 2015).
1.4.4 aVB6 regulation of TGF-B: a Role in Development of Lung CD8* Trm?

In the PR8 mouse model of influenza, lung CD8" Trm are segregated into specific niches associated with
progenitor cells in the foci of tissue regeneration (Takamura et al., 2016) and these Krt5* cells are
known to migrate from the airway epithelium into the peribronchiolar interstitium (Vaughan et al.,
2015). Takamura et al have suggested that “it is conceivable that cells constituting such auxiliary
developed regenerative tissues could be a source of unique factors necessary for differentiation and

maintenance of Trum cells, such as TGF-B” (Takamura et al., 2016).

The integrin aVB6 is expressed solely by epithelial cells and has been shown to bind and activate latent
TGF-B in the lungs (Munger et al., 1999). TGF-B1 LAP is a ligand for aVP6 and when latent TGF-f1

complexes bind to aVpB6, the B6 cytoplasmic domain is made able to fasten to its actin cytoskeleton.
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This cytoskeletal-associated 6 integrin with LAP-bound aV combines with the mechanical tension of
cell migration where extracellular matrix (ECM) provides traction to induce a conformational change
in the LAP and releases free TGF-B (Giacomini et al., 2012; Munger et al., 1999; Shi et al., 2011).
Importantly, active TGF-B generated by aVB6 is only utilised by cells in direct contact with aVp6

expressing cells (Annes et al., 2004; Henderson & Sheppard, 2013; Munger et al., 1999) (Fig. 5).

RGD.
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Figure 5. aVB6 binds and activates latent TGF-3.

A & B) Diagram depicts the tethering of aVB6 to LAP RGD and cytoskeleton to generate mechanical

force required to activate latent TGF-B. A) From Munger et al. 1999. B) From Shi et al. 2011.

In mouse lungs, steady-state abundant levels of TGF-B are present (Sheppard, 2006) and these levels
have been shown not to change after treatment with bleomycin (Munger et al., 1999; Pittet et al.,
2001); conversely, diffuse low levels of aVB6 are apparent in normal airway and alveolar epithelial cells
(Breuss et al., 1995), while aVB6 expression in these cells is significantly increased throughout lungs of
injured mice (Huang et al., 1998; Munger et al., 1999). A vaccination has been suggested in which tissue
injury induces aVB6 expressing migratory cells that locally activate TGF-B already present in the lungs.

TGF-B, once activated, enhances ECM deposition, and downregulates the inflammatory response of
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injury (Munger et al., 1999) or, if aberrantly over-expressed, leads to fibrosis (Henderson & Sheppard,

2013).

Migratory Krt5" cells, airway and alveolar Krt8" transitional epithelial progenitors all express aVp6
(Auyeung et al., 2022; Strunz et al., 2020; Takamura, 2017; Topham et al., 2019). These Krt5* pod cells
and Krt8* transitional progenitor cells are unable to differentiate into AEC1 but accumulate in human
fibrotic lungs (Auyeung et al., 2022; Kobayashi et al., 2020; Strunz et al., 2020; Takamura, 2017;
Vaughan et al., 2015). Kinase inhibitor of IRE1a KIRA8 decreased expression of aVp6 and decreased
TGF-B- induced gene expression resulting in resolution of the Krt8* transitional state, amelioration of
fibrosis and promotion of lung regeneration (Auyeung et al., 2022). Following IT bleomycin (known to
induce both pulmonary oedema and fibrosis), mice in which the B6 subunit of aVp6 is knocked out
develop persistent inflammation of the lungs but are protected from oedema (Pittet et al., 2001) and
subsequent fibrosis (Munger et al., 1999). Additionally, B6 inhibition by anti-aVB6 antibodies
prevented radiation-induced fibrosis (Puthawala et al., 2008), while B6 null mice were protected from
ventilator-induced lung oedema (Jenkins et al., 2006). A microarray analysis of differentially
upregulated genes in wild-type and 6 null mice following IT bleomycin showed substantially reduced
levels of TGF-B inducible genes in the B6 knockout mice (Kaminski et al., 2000). These studies

demonstrate that epithelial aVp6 is a key regulator of TGF-B activation during lung injury.

It remains unknown whether migratory Krt5* pod cells or Krt8* transitional progenitors that express
aVpB6 activate TGF-B (necessary for CD49a and CD103) to locally establish the CD8* Trm niche in the
precise areas of focal alveolar reconstruction where CD8" Trm sentinels are most required. In the
epidermis, TGF-B activation is mediated by aVB6 and in /tgB67" mice following 1-Fluor-2, 4-
dinitrobenzene (DNFB) treatment, CD8* T cell effectors were recruited into the epidermis, but no CD8*
Trm formed later. Also, blocking of aVB6 with monoclonal antibodies in this vaccination could partially
deplete CD8* Trm in wild-type mice, suggesting that aVp6-activated TGF-B is required for development

and persistence of epidermal CD8* Trm (Hirai et al., 2021). Therefore, a principle aim of this project was
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to investigate the role of migratory aVp6 lung epithelial progenitors in the development and

persistence of pulmonary CD8* Trm through activation of latent TGF-B in mycobacterial infected lungs.

Summary

Early in pulmonary infection, epithelial injury causes secretion of growth factors, chemokines,
interleukins, and prostaglandins that coordinate complex processes involving epithelial restitution. As
discovery of various stem cell populations in the distal lung are on-going, studies that specify
mechanisms associated with their activation by immune mediators during acute inflammation are
lacking. Similarly, it is unknown how AEPs, LNEP, BASC or DASC contribute to the acute inflammatory
and adaptive immune responses. In zones of minimal, moderate, or severe distal tissue damage due
to infection, facultative mature progenitors such as AEP, AEC2 and club cells are capable of local
epithelial restitution where distinctive signalling pathways induce chemokines, cytokines and
antimicrobial peptide secretion that not only modulates immune cell function but also provides

paracrine signals into the local milieu that support tissue immune protection and restitution.

Pathogen clearance usually ensues due to innate immune responses but can eventuate in areas of
complete cytolysis of club cells, LNEP, AEP and AEC2 linked to the adaptive effector stage of immune
response. Where this loss of local distal stem cell pools occurs, proximal stem cells are activated,
migrate to hypoxic areas where they proliferate and organise into pod- or cyst-like structures which
‘restore’ the epithelial barrier. Coincidently with formation of progenitor Krt5" pods, CD8" Trm are
differentiated in the vicinity possibly because TGF-B and IL-15 are available to upregulate expression

of cell surface adhesion molecules CD103 and CD49a.

Notch signalling is the constitutive mechanism by which stem cells specify fate of daughter cells;
evidenced in the hypoxic distal environment of the RAMD, Krt5* pod cells use Notch signalling to
specify daughter cell fates (hence bronchiolisation of alveolar epithelium). The integrin aVp6 is

expressed by migratory Krt5" progenitor cells, airway and alveolar Krt8* transitional epithelial
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progenitors; it remains unknown whether these migratory epithelial progenitors activate TGF-p
(necessary for CD49a and CD103) to locally establish the CD8" Trm niche in the precise areas of focal
alveolar reconstruction where CD8* Trm sentinels are most required. Importantly, mycobacteria, lung
epithelial stem/progenitors and CD8* Trm have never been studied in conjunction and therefore,

together, were the basis of this project.
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RESEARCH DESIGN

Hypothesis
It was hypothesised that lung epithelial progenitor cells have a key role in the development of local
and regional pulmonary tissue immune memory following mycobacterial mucosal vaccination; namely,

that they provide paracrine development and survival cues for lung CD8" Trm.

Project aims

To address the hypothesis above, there were three specific aims:

AIM 1) Characterise lung epithelial progenitor cell responses to mucosal vaccination with BCG strains
of distinct dose and virulence.

AIM 2) Characterise the development and persistence of lung and mLN CD8* Tgm following mucosal
vaccination with BCG strains of distinct dose and virulence.

AIM 3) Investigate spatial, temporal, and mechanistic relationships between lung epithelial progenitor

cells and lung CD8* Trm following mucosal vaccination with BCG strains of distinct dose and virulence.
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CHAPTER 2. LUNG EPITHELIAL CELL RESPONSES TO MUCOSAL BCG VACCINATION

To find out what is natural, we must study specimens which retain their nature and not those which have been corrupted.

ARISTOTLE, POLITICS

2.1 Introduction

Our first experimental aim was to characterise lung epithelial progenitor cell responses to mucosal
BCG vaccination. We initially conceived that these responses would be heterogeneous based on
numbers of alveolar epithelial cells lost linked to virulence and dose of the vaccine; therefore, we
devised our experimental approach to include various doses and strains of Mycobacterium bovis BCG.
The virulent BCG vaccine was comprised of M.bovis BCG recombined with the genes that encode
M.tuberculosis virulence factors ESAT-6 and CFP-10 (Pym et al., 2002; Pym et al., 2003). These
experiments were necessary to understand and describe the timeline of alveolar epithelial cell losses,
innate and acquired immune cell responses as well as define which specific progenitor cells responded

to tissue damage linked to the various vaccine doses and virulence factors.
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2.2 Methods

2.2.1 Animals

C57BL/6 mice sourced from the ARC (Western Australia), Krt5¢€f™2 mice (kindly provided by Dr Felicity
Davis, University of Queensland), Gt(ROSA)26Sorm#AcT8-tdTomatoEGFP)Luo /] (3150 known as mTmG) mice
(kindly provided by Prof Scott Mueller, University of Melbourne) were genotyped by Genetic Research
Services (University of Queensland), bred and maintained in the animal facilities at James Cook
University, Australia. Female mice were 6—8 weeks old at the time of vaccination and maintained in a

biosafety level 2 facility under specific pathogen free conditions.

2.2.2 Bacteria

BCG SSI (ATCC no. 35733) and BCG::RD1 (kindly provided by Dr Roland Brosch, Institut Pasteur) were
grown in Middlebrook 7H9 broth (BD Biosciences) supplemented with 0.2% glycerol, 0.05% Tween 80,
and 10% ADC enrichment (BD Biosciences). Briefly, 250 ul- 500 pl stock BCG (1 x 108/ml) were
incubated into 10 ml 7H9 medium; BCG::RD1 required addition of 50 pg/ml Hygromycin (Thermo
Fisher). Bacterial cultures and no bacteria controls were cultured at 37° C shaking at 100 rpm for ~4-7

days until optical density (ODego) reached 0.6-0.8 by spectrophotometry.

Bacteria were passaged by addition of 10 ml BCG culture into sterile flask with 150 ml 7H9 (and 50
pg/ml Hygromycin for BCG::RD1); 10 ml of negative control culture was incubated into a sterile 50 ml
Falcon tube with 10 ml 7H9 (and 50 pg/ml Hygromycin for BCG::RD1). All were cultured at 37° C shaking

at 100 rpm for ~2-4 days to until ODgoo reached 0.8-1.0.

BCG cultures were subsequently aliquoted into 3 sterile 50 ml Falcon tubes, centrifuged at 4000 rpm
for 15 minutes at 25° C prior to discard of supernatant and addition of 10 ml sterile PBS for washing.
Bacteria were resuspended by gentle tapping and pipetting to break up clumps, centrifuged at 4000

rpm for 15 minutes prior to discard of supernatant. Following washing, bacteria were resuspended in
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10 ml sterile PBS/15% glycerol, pooled in a sterile flask and brought up to a volume to reach desired

OD ~1.0. Bacteria were distributed into 1ml labelled cryotubes and frozen at -80° C.

To enumerate vaccine stocks, random 1 ml frozen BCG stock aliquots were chosen to perform serial
dilutions using sterile 1 x PBS with 0.15% glycerol in a 48 well plate (Sigma-Aldrich). 100 pl of the serial
dilutions were plated on Middlebrook 7H11 agar plates supplemented with Middlebrook OADC
(Sigma-Aldrich) and 50 ug/ml Hygromycin (Thermo Fisher Scientific) for BCG::RD1. Negative control
plates consisted of LB broth with 100 ul ‘neat’ BCG. Agar plates were wrapped in 10% TriGene (Ceva)

disinfected aluminium foil and incubated at 37° C for 3-4 weeks.

2.2.3 Mucosal Vaccination

Mice were immunised by IT instillation of 1x10° or 5x10° colony forming units (CFU) of BCG diluted in
sterile phosphate buffered saline (PBS)as described previously (Perdomo et al., 2016). For vaccination,
mice were anesthetised via inhalation of isoflurane administered with a calibrated vaporizer.
Subsequently, the tongue was pulled out sideways using a blunt forceps, inoculum was administered

into the oral cavity and the nostrils were covered to direct the inoculum into the trachea.

Animals were monitored on a weekly basis, with determination of weight and scoring of body condition
(BCS) using the mouse BCS scale. Animals which lost >30% of weight or developed a BCS score of 1
(indicative of clinically relevant weight loss or dehydration) were sacrificed humanely prior to death.
At the doses utilised in this study, none of animals met institutional animal care and use committee

approved endpoints and they were analysed at the planned time-points.

2.2.4. Tissue Harvest

After euthanasia by CO, inhalation, animals were exsanguinated by the caudal vena cava to prevent
flow of blood into bases of lungs. The thorax was carefully opened with a midline incision past the

sternum, diaphragm cut away and lateral chest walls removed to expose lungs. A tracheostomy was
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performed by surgical exposure of the ventral side of the trachea and small incision below the larynx
before insertion of an 18-gauge stub needle tip and securing with an artery forceps. The luer end of
the needle was connected to a reservoir containing fixative (described below). Lungs were inflated via
the trachea by gentle infusion of fixative at a constant fluid pressure of 25 cm for 3 min. After the
needle was removed and trachea tied off with a ligature, inflated lungs and heart were dissected out

en bloc.

2.2.5 Development of an Original Fixation Method for Mouse Lung Tissue

Current literature demonstrates that formaldehyde-based fixatives denature proteins and hamper
immunohistochemical visualisation of many antigens, particularly, immunological cell surface markers
(Beckstead, 1994; Hicks et al., 2006; Mori et al., 2015). Moreover, downstream molecular analyses of
BCG vaccinated lungs were thought to benefit from a more optimal fixation method as it is also known
that formaldehyde-based fixatives have detrimental effects on DNA and RNA quality (Lykidis et al.,
2007; Wester et al., 2003). Thus, development and optimisation of novel lung inflation, fixation and
processing was undertaken using a 0.5% Zinc acetate, Zinc chloride in 0.5% Tris-calcium acetate buffer
(Beckstead, 1994) zinc-based fixative (ZBF; BD Biosciences) as immunohistochemistry (IHC) is superior
in ZBF-fixated tissue compared with formaldehyde-fixated for majority of tested antibodies, including
CD3 and CDS8 (Beckstead, 1994; Hicks et al., 2006; Mori et al., 2015). ZBF has also been shown to be
significantly better than formaldehyde fixatives for DNA, RNA, and protein preservation. ZBF preserves
flow cytometry scatter, fluorescence parameters, simultaneous analysis of DNA, intracellular and

surface epitopes. ZBF is a reliable, cost-effective, and non-toxic fixative.

Thus, after tissue harvest as described above, excised tissues were placed in 30 ml ZBF at 25° C for 67
hrs. All inferior vena cava, thymus, oesophagus, and heart were removed prior to separation of the left
and right lung lobes at the right main bronchus inferior to the bifurcation of the carina. Left and right

lung lobes were further immersion fixed in ZBF at 25° C for 6 hrs followed by a one-hour wash in tap
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water on an automated rocker at 49 rpm (ELMI) prior to a 24-hour incubation at 25° C in 50% ethanol

(necessary to eliminate viable mycobacteria, see 2.2.5)

Not without short-comings, ZBF is known to poorly penetrate tissues (Beckstead, 1994) and is known
not to be mycobacteriocidal ("Evaluation of Tissue Fixation Methods to Inactivate Mycobacterium
bovis Under Routine Laboratory Conditions," 2017). Tissue penetration shortcomings of ZBF were
overcome by using a ZBF lung inflation (to fix the tissue from within) and was combined with post-
fixation of individual lung lobes in ZBF. Results demonstrated that whole ZBF inflated lungs excised en
block with heart and postfixed in ZBF for 72 hours at 25° C exhibited optimal cell and tissue morphology
(Fig. 6) on par with a 2% paraformaldehyde (PFA) inflated lung fixed overnight in 2% PFA (data not

shown).

Figure 6. Lung tissue preservation and morphology following zinc-based fixation.

A) Cross section through proximal left lung lobe. B) ZBF preserves the fine structures of the ciliated
epithelial cells of main bronchus shown in section A (arrow). C) The fine architecture of the alveolar

walls is intact; alveolar macrophages are preserved in their intra-alveolar location (arrows). D) Alveolar
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epithelial cells are distinguished by light microscopy; blue block arrow shows AEC2 in corner of alveoli
while arrow shows two adjacent AEC1 that make up an alveoli wall. Representative images taken from
6 animals from two pooled independent experiments. A) Magnification, 1x; Scale bar 2 um. B-D)

Maghnification, 20x; Scale bar 200 um.

2.2.6 Determination of BCG Viability Following Zinc Fixation of Lung Tissue

It is known that zinc fixative does not inactivate M. bovis (Thacker, 2017); therefore, lung tissues
required post-fixation with a mycobacteriocidal to render tissues safe for transition to biosafety level
2/1 laboratories for histopathologic examination. An analysis of clinical microbiology reviews
demonstrated that mechanisms of action of alcohols are efficacious as mycobacteriocidals
("Evaluation of Tissue Fixation Methods to Inactivate Mycobacterium bovis Under Routine Laboratory
Conditions," 2017; McDonnell & Russell, 1999; Russell et al., 1986), although the time and
concentration for lung tissue immersion was to be determined in the context of ZBF fixation in the

mucosal vaccination of mouse lung.

Across 2 independent experiments (n=4), animals were IT vaccinated with 5 x 10° CFU BCG SSI. 48
hours after IT BCG vaccination and ZBF fixation as described above, lungs were immersed in 50%
ethanol (described in the literature as optimal concentration for ethanol penetration through tissue)
for 0, 24 and 48 hours. Whole lungs were then homogenized in sampling bags (Nasco Whirl-Pak™)
containing 1ml of PBS supplemented with 0.05% Tween 80. Dilutions of tissue homogenates were
plated onto Middlebrook 7H11 agar supplemented with 10% OADC Enrichment (BD Biosciences). CFU
were determined after 3—4 weeks incubation at 37° C based on dilution factor and organ size. These
experiments demonstrated that following 72-hour fixation in ZBF with a 24-hour post-fix in 50%

ethanol at 25° C, BCG were not viable (Fig. 7).
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Figure 7. BCG are not viable following fixation protocol.

A) Lung lysates plated without 50% ethanol postfix (* control) show numerous CFU. B, C) Lung lysates plated after
24-hour immersion in 50% ethanol show no viable bacilli D) Lung lysates plated after 48-hour immersion in 50%

ethanol show no viable bacilli.

After fixation and ethanol immersion, experimental tissues were dehydrated overnight with an
automated tissue processor (Leica Biosystems) and promptly embedded in paraffin blocks. Routine 4
um sections were cut, floated out on water at 39° C and sections collected on Polysine adhesion slides
(ProSciTech). Slides were dried at 25° C overnight prior to deparaffinisation in three changes of xylene
(5 minutes each), followed by three changes of absolute ethanol (3 minutes each), one immersion in
75% ethanol (2 minutes) and one in tap water (1 minute). Routine H & E staining was performed using
an automated processor (Leica Biosystems) to analyse cell and tissue morphology using light

microscopy.

2.2.7 Lineage Tracing

A single dose of 0.125mg/g body weight tamoxifen (Sigma-Aldrich) was dissolved in 50ul corn oil

(Sigma-Aldrich) and administered to Krt5“*f2/mTmG mice intraperitoneally at day 14 after IT
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vaccination with BCG::RD1. Tamoxifen-independent recombination in Krt5¢®f2/mTmG mice was 0%

with no systemic effects in floxed littermate controls.

2.2.8 Immunohistochemistry

Tissue sections were immunostained after washing slides twice with Tris-buffered saline (TBS) for 5
minutes each; blocking was then performed with 10% normal serum derived from species specific to
the secondary antibodies at 25° C for 2 hours. Primary antibodies were incubated overnight at 4° C at

optimised dilutions (Table 2).

Tissues were washed twice for 5 minutes with TBS and twice for 3 minutes with TBS before incubation
with peroxidase inhibitor (Thermo Fisher) for 30 minutes at 25° C. For ABC IHC, endogenous avidin
binding activity was quenched with avidin blocking buffer (Abcam) for 15 minutes at 25° C, tissue was
washed once for 3 minutes with TBS and once for 3 minutes before incubation with biotin blocking
buffer (Abcam) for 15 minutes at 25° C. Tissue was washed twice for 5 minutes with TBS, dipped in *%
TBS-Tween (TBS-Tw) before incubation with secondary antibodies for 1 hour at 25° C at the optimised

dilutions (Appendix 1).

For the avidin biotin complex (ABC) method, tissue was then washed twice for 5 minutes with TBS
before incubation with 45 pl of Vectastain ABC kit reagents (Vector Laboratories) in 10 ml TBS for 30
minutes at 25° C. Tissue was washed 6 times for 5 minutes with TBS before incubation with DAB
chromogen (Abcam) for 3-5 minutes. At 25° C, tissues were washed 3 times for 2 minutes in distilled
water, counterstained with 25% haematoxylin (Sigma-Aldrich) for 10 seconds before final 5-minute
rinse in distilled water. Tissues were cleared through changes of 50%, 70% and 90% ethanol (3 minutes
each) followed by two changes of absolute ethanol (3 minutes each), three changes of xylene (3

minutes each) prior to cover-slipping with Surgipath mounting media (Leica) and #1 coverslips (Leica).
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2.2.9 Microscopy

Images were acquired using an Aperio CS2 Digital Slide Scanner (Leica Biosystems) and analysed using

Aperio ImageScope v12.4.3.5008 software (Leica Biosystems).
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2.3 Results

2.3.1 BCG Virulence and Dose Affects Loss of Alveolar Epithelial Cells

To study the response of lung epithelial cells to mucosal vaccination with BCG strains across a spectrum
of dose and virulence over time, we used IT vaccination of C57BL/6 mice (n=6/time point) with the
Danish strain of BCG (BCG SSI) at a dose of 100,000 CFU, BCG SSI at 500,000 CFU, BCG::RD1 at 100,000
CFU or PBS (Fig. 8A). BCG::RD1 is the strain in which the region of difference 1 (RD1) genes that encode
Mtb virulence genes ESAT-6 and CFP-10 have been recombined into M. bovis (Pym et al., 2002)
Mycobacteria can enter and replicate in AEC2 following inhalation, so AEC2 are frontline cells of
invasion (Chuquimia et al., 2012); moreover, loss of cell-to-cell contacts due to infection-related
cytolysis of AEC2 also affects AEC1 that are particularly sensitive to damage (Whitsett & Weaver, 2015).
To determine the relative number of AEC lost (the impetus for immune and subsequent epithelial
progenitor cell responses) across our vaccinations, lung sections were immunostained using type 1
alpha protein (T1a), an apical membrane protein expressed exclusively by AEC1 cells in the lung
(Gonzalez 1998) and a polyclonal antibody directed against pro-surfactant protein C (pSPC), expressed
exclusively by AEC2 in the lung (Beers & Mulugeta, 2005; Kalina et al., 1992; Mulugeta & Beers, 2006).
All lungs were analysed by a defined semi-quantitative scoring system using interpretation constancy
(Crissman et al., 2004; Klopfleisch, 2013) where cell loss was graded as normal (Grade 0), minimal
(Grade 1), moderate (Grade 2) or severe (Grade 3) (Fig. 8B). Haematoxylin and eosin (H&E) staining
were employed to observe and report histopathology guided by the US Department of Health and

Human Services National Toxicology Program (Lung) website (Cesta et al., 2024).

Following BCG SSI low dose vaccination, overall minimal AEC1 losses were observed. Losses peaked at
14 days past vaccination (dpv), reduced at 21 dpv and peaked again at 42 dpv with a subsequent
reduction at 49 dpv before clearing across the lung by 120 dpv (Fig. 8C). Similarly, AEC2 loss was

minimal across the BCG SSI low dose timeline with a peak at 28-35 dpv before clearing by 120 dpv (Fig.
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8D). The AEC pathology of this vaccination consisted of small focal areas of lesions (Fig. 9A), as well as

alveolar wall hyperplasia where the alveoli structure stayed intact.

After the BCG SSI high dose vaccination, minimal to moderate AEC1 loss was observed. Cell loss peaked
at 21 dpv, was reduced at 70 dpv, and was largely cleared across the lung by 120 dpv (Fig. 8C).
Moderate AEC2 losses in the SSI high dose vaccination appeared to have waves of peak and reduction
from 21 dpv through to 70 dpv before clearing at 120 dpv (Fig. 8D). The AEC pathology of this

vaccination consisted of numerous global focal areas of lesions. (Fig. 9B).

After the BCG::RD1 vaccination, a marked AEC1 loss occurred that peaked at 21 dpv, was reduced to
moderate at 49 dpv, and continued with minimal losses across the lung until 120 dpv (Fig. 8C). Marked
widespread loss of AEC2 was observed from 21 to 35 dpv across the alveolar epithelium and remained
moderate from 49 dpv to 70 dpv with minimal continual losses until 120 dpv (Fig. 8D). The AEC
pathology of this vaccination consisted of large global areas of complete destruction of both AEC1 and

AEC2, and AEC necrosis evidenced by T1la* and pSPC* cell debris in bronchiolar lumen (Fig. 9C).

Taken together, these results illustrated a direct relationship between dose and virulence of the BCG
vaccine and AEC losses. The results raised the likelihood that immune responses to mucosal BCG would

also vary significantly with dose and virulence.
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Figure 8. AEC losses are directly related to IT BCG dose and virulence.

A) Experimental design to define AEC losses and immune responses. B) Examples of relative tissue
grading of AEC1 and AEC2 losses using immunohistochemical (IHC) staining for Tla and pSPC,
respectively. Semi-quantitative enumeration of C) AEC1 and D) AEC2 losses over time. Results are
presented from representative images and pooled data means + SEM from 6 mice per time group from

two pooled independent experiments. B) Magnification, 5.2x; Scale bar, 400 um.

Figure 9. Alveolar pathology due to mucosal BCG vaccination.

A-C) Lesions with loss of Tla AEC1 marker staining (blue areas indicated by arrows) due to vaccine
pathology. C) Necrotic AEC debris within bronchiole lumen (indicated by asterisk) due to BCG::RD1
vaccination. D) H&E staining shows focal areas of hemorrhage (arrows) due to the SSI low dose
vaccination, E) interstitial giant cells (arrows) due to the SSI high dose vaccination F) alveolar giant cells

(arrowheads) and foamy cells (arrows) due to the BCG::RD1 vaccination. Results are presented from
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representative images from 3 mice per group and pooled data means + SEM from two independent
experiments (n=6). A-C) Magnification, 6x; Scale bar 400 um. D) Magnification, 5x; Scale bar 500 pum.

E) Magnification, 4.8x; Scale bar 500 um. F) Magnification, 10x; Scale bar 300 pum.

2.3.2 BCG Dose, Virulence and Delivery Impacts Lung Inflammation and T Cell Influx

We next sought to broadly define immune responses to AEC loss to determine the time of peak tissue
destruction associated with inflammation and cytotoxic T cell responses. Inflammation was an
important aspect of the vaccinations to analyse as lack of resolution of inflammation leads to delay or
disruption of tissue regeneration/restitution by epithelial progenitor cells. Here, inflammation was
defined by leukocyte infiltration and vascular changes that resulted in haemorrhage or oedema and
disruption of the normal architecture due to inflammatory infiltrates. T cell infiltration was graded
distinctly from inflammation (due to lack of other tissue changes associated with inflammation) and
generally corresponded to the peak of tissue damage. To determine the relative grade of inflammation
and the number of T cell infiltrates across the timeline of each of the vaccinations, lung sections from
each animal across the timeline were stained with H&E and analysed by a defined semi-quantitative
scoring system using interpretation constancy (Crissman et al., 2004; Klopfleisch, 2013) where
inflammation was graded as normal (Grade 0), minimal (Grade 1), moderate (Grade 2) or significant
(Grade 3) (Fig. 10A). A monoclonal antibody directed against CD3 epsilon (CD3e), expressed by CD4*
and CD8*T cells was used to identify and characterise T cell infiltration using the same relative grading

scale (Fig. 10A).

After the BCG SSI low dose vaccination, inflammation rose slowly to peak at moderate levels by 28 dpv
and was largely resolved by 35 dpv (Fig. 10B). T cells infiltrated relatively early compared to the other
two vaccinations, reaching moderate numbers by 21 dpv and declining steadily thereafter (Fig. 10C).
The inflammatory response associated with this vaccination consisted of minimal, small haemorrhagic
lesions due to vascular changes (Fig. 9D) and minimal focal peribronchiolar and perivascular

inflammation. T cell infiltration was noted in the interstitium; however, as we did not perform
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intravascular staining prior to tissue harvest, it is unknown whether these T cells were in the circulation

or parenchyma of the tissue.

When BCG SSI was administered at a high dose, inflammation did not peak until 35 dpv (Fig. 10B).
Instead of a steady decline of inflammation, there were 3 waves of inflammation with a last peak at 70
dpv before resolution. T cell infiltration peaked later at 35 dpv and was graded relatively lower than
the SSI low dose vaccination (Fig. 10C). The inflammatory response consisted of numerous (global)
focal areas of haemorrhage due to capillary changes and moderate peribronchiolar (primarily T cells)
and perivascular immune cell infiltrates, as well as moderate numbers and clusters of proximal

peribronchiolar interstitial giant cell macrophages (Fig. 9E).

After the BCG::RD1 vaccination, global inflammation escalated to severe levels by 21 dpv and remained
severe until 42 dpv (Fig. 10B). T cell infiltration also peaked by 21 dpv and T cells continued to infiltrate
in high numbers until 56 dpv (Fig. 10C). The inflammatory response related to this vaccination
consisted of early haemorrhage secondary to inflammation, marked peribronchiolar and perivascular

infiltrates, and marked numbers of interstitial giant cells and foamy macrophages (Fig. 9F).

We observed that in distal areas of the lung at the level of the terminal bronchioles and alveolus, the
BCG SSI high dose vaccination did not show infiltrating CD8 T cells (Fig. 11B). This was in marked
contrast to that seen in the low dose BCG SSI and BCG::RD1 vaccinations (Fig. 11A, C). We reasoned
that the concentrated numbers of bacilli in the vaccine may have made the vaccine more viscous and
therefore bacilli may not have been delivered into the most distal parts of the lungs. Therefore,
sections were cut into the more proximal levels of the BCG SSI high dose lungs where infiltration of T

cells was noted, particularly in peribronchiolar regions (Fig. 11D).

Overall, we were able to determine the timeline associated with the expansion and contraction phases
of the immune response in each of our vaccinations which gave insight into the corresponding times

of tissue restitution and progenitor cell responses for each of the vaccinations. With these
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experiments, we demonstrated that dose, virulence, and delivery of mucosal BCG vaccination had

direct effects on inflammation and acquired immune responses.
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Figure 10. Lung inflammation and acquired immune responses are directly related to IT BCG dose

and virulence.

A) Examples of relative alveolar tissue grading for inflammation and infiltration of T cells using H&E
and CD3e, respectively. Semi-quantitative data of B) inflammation and C) T cell infiltration across the
vaccinations and timeline. Results are presented from representative images and pooled data means
+ SEM from 6 mice per time group from two pooled independent experiments. A) Magnification, 4.2x;

Scale bar 500 um.
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Figure 11. T cell influx is directly related to delivery of IT BCG.

Representative images of distal alveolar epithelium and terminal bronchioles (arrows) show
significantly more infiltration by CD8* T cells in the A) BCG::RD1 and C) BCG SSI low dose vaccinated
lungs as compared to B) BCG SSI high dose. D) Proximal sections of lungs vaccinated with BCG SSI high
dose show CD8* T cell infiltration. Results are presented from representative images and pooled data
means * SEM from 6 mice per time group from two pooled independent experiments. A-C)

Magnification, 2.5x; Scale bar 900 um. D) Magnification, 1.5x%; Scale bar, 2 mm.

2.3.3 Only Sox2* Distal Airway and Alveolar Epithelial Progenitors Respond to AEC Losses Associated

with Mucosal BCG Vaccination

We next undertook an original characterisation of lung epithelial progenitor cell responses to mucosal
BCG vaccinations. Lung sections were probed using antibodies against Krt5 for DASC, Sox2 for distal
airway epithelial progenitors and pSPC for alveolar progenitors across the timeline. Results
demonstrated that although Krt5 was expressed in basal cells of the large conducting airways, we did
not observe Krt5* cells in alveolar tissue at any time after vaccination (Fig. 12A). We confirmed these
findings using Krt5¢t"2/mTmG reporter mice to indelibly tag DASC progeny with green fluorescent
protein (Muzumdar et al., 2007)(Fig. 12B). Again, we observed green fluorescent protein in the large

airway basal cells but never in alveoli (Fig. 12C).
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Figure 12. DASC do not respond to injury following IT BCG vaccination.

A) Representative image showing Krt5 staining evident in the large conducting airways (arrows) of
C57BL/6 mice was not seen in alveolar regions at any timepoint following any IT BCG vaccination. B)
Experimental design for lineage tracing of Krt5" DASC that restituted the alveolar epithelium after
mucosal BCG vaccination. C) Lineage tracing confirmed that basal cells of the proximal airways
expressed green fluorescent protein (arrows) but that Krt5* DASC were not incorporated in the alveolar
epithelium (asterisk) at 56 days past virulent BCG::RD1 IT vaccination. Results are presented from
representative images and data means + SEM from 3 mice per group from two pooled independent
experiments (n=6/timepoint). A) Magnification, 20x; Scale bar 50 um. B) Maghnification, 1.5x; Scale bar

2 mm.

In contrast, by 7 dpv after the BCG::RD1 vaccination, rounded cells with nuclear Sox2* expression were
seen in and adjacent to the terminal bronchiole (where cuboidal airway epithelium discontinues); in

the contiguous alveolar epithelium, squamous cells with cytoplasmic Sox2* expression were noted (Fig.

13).
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Figure 13. Sox2* distal airway epithelial progenitors respond to mucosal BCG vaccination.

Representative image at 7 days after BCG::RD1 vaccination, where Sox2 expression is seen in cells in
(arrows) and adjacent to distal terminal bronchioles (arrowheads). Results are presented from
representative images and data means + SEM from 3 mice per group from two pooled independent

experiments (n=6/timepoint). Magnification, 10x; Scale bar 200 pm.

Therefore, across our vaccination’ timeline, relative enumeration of Sox2* distal airway and pSPC*
alveolar epithelial progenitors were undertaken using the respective markers and analysed by a
defined semi-quantitative scoring system using interpretation constancy (Crissman et al., 2004;
Klopfleisch, 2013) where tissues were graded for normal (Grade 0), mild (Grade 1), moderate (Grade
2) or significant (Grade 3) numbers of the two epithelial progenitor cell types (Fig. 14A). Results
demonstrated that following the BCG::RD1 vaccination, significant numbers of Sox2* airway
progenitors were observed early but subsequently waned after day 21; conversely, numerous pSPC*
alveolar progenitors were observed only after day 21 (Fig. 14B, C). In areas of severe destruction, pSPC*
progenitors were not seen, although they were seen on the periphery of these lesions (Fig. 28B). After
the SSI high dose vaccination, Sox2* airway progenitors were seen to peak in numbers later at 49 dpv
(Fig. 14C) probably related to the later peak of cell losses, inflammation, and T cell responses; these
cells were confined largely to proximal peribronchiolar regions. After the SSI low dose vaccination,
pSPC* alveolar epithelial progenitors appeared largely as doublets recapitulating the pattern of ‘foci’
of progeny across neighbouring alveoli described by Desai (Desai et al., 2014), while Sox2* airway
progenitor numbers were very minimal (Fig. 14C). Of note, Sox2* cells were seen throughout all areas
of alveolar damage-from mild to severe in each of the three vaccinations, bar the BCG SSI low dose

vaccination which did not cause any severe alveolar damage (Fig. 14D).
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Figure 14. Activation of distal airway and alveolar progenitors is dependent upon dose and virulence

of IT BCG vaccination.

A) Examples of relative alveolar tissue grading for proliferation of alveolar and distal airway epithelial
progenitors using pSPC and Sox2 IHC staining, respectively. B, C) Semi-quantitative data are presented
from representative images and pooled data means + SEM from 3 mice per time group from two
independent experiments (n=6/timepoint). D) Sox2* airway progenitors (arrows) are seen throughout
all areas of alveolar damage following each of the vaccinations. Results are presented from
representative images and data means + SEM from 6 mice per group from two pooled independent

experiments. A) Magnification, 10x; Scale bar 200 um. D) Magnification, 20x; Scale bar 200 um.

2.3.4 Characterisation of Krt8* Transitional Progenitor Responses to Mucosal BCG Vaccination

More recently, a Krt8" transitional progenitor (TP) cell state that precedes differentiation of both Sox2*
airway and pSPC* progenitors into AEC1 was described (Choi et al., 2020; Kobayashi et al., 2020; Strunz
etal., 2020). We investigated Krt8" TP using our vaccinations as we reasoned that these lung epithelial
progenitors interact with lung CD8" Trm. In many serial sections, we observed an inverse staining
pattern in which alveolar areas void of Sox2 staining had Krt8 staining and vice versa (Fig. 15A); this
supported the notion that Sox2* airway cells were transitioning into Krt8* progenitors. By 14 dpv, the
BCG SSI low dose had punctate areas of Krt8" TP, while the BCG::RD1 vaccination had broad diffusion
of Krt8* TP throughout lungs (Fig. 15B). At 21 dpv after BCG SSI low dose, Krt8* cells acquired a
squamous morphology and were likely transitioning into AEC1 (Fig. 15B); conversely, after BCG::RD1
vaccination, Krt8* cells remained round (Fig. 15B) and did not become squamous until after 28 dpv
(data not shown). Quantification of Krt8* TP for both vaccinations showed a peak of Krt8* TP at 21 dpv
where BCG::RD1 vaccinated lungs had an average alveolar area of ~20% occupied by Krt8* cells, while
those of the SSI low dose had an area of ~5% (Fig. 15C). Recall that the BCG SSI high dose vaccination

had little effects on distal alveolar epithelium, therefore was not included in these analyses.
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Figure 15. Distal airway and alveolar epithelial progenitors transition through the Krt8" cell state

following mucosal BCG vaccination.

Krt8 staining revealed that A) the TP state was seen within tissue areas of Sox2 expression, in an
‘inverse’ relationship. B) Lungs 14 days after vaccination with BCG SSI showed punctate areas of Krt8*
TP (arrows), while those from BCG::RD1 lungs showed diffuse Krt8* TP throughout (arrows). C) 21 days
after BCG SSI vaccination, Krt8" cells had a squamous morphology (arrows) while in BCG::RD1
vaccinated lungs, Krt8* TP retained round morphology (arrows). D) Quantification of Krt8* TP numbers.
Results are presented from representative images and data means £ SEM from 6 mice per group from
two pooled independent experiments. A, C) Magnification, 10x; Scale bar 200 pum. B) Magnification,

4.2x; Scale bar 500 pm.

In summary, we demonstrated that solely Sox2* distal airway and alveolar epithelial progenitors
responded to AEC losses associated with mucosal BCG vaccination. Where alveolar tissue damage was
mild or moderate, alveolar epithelial progenitors were seen, whereas, where alveolar tissue damage
was severe, Sox2* distal airway progenitors were seen while pSPC alveolar progenitors were not. Both
progenitor cell types transitioned through the Krt8" TP state into AEC1, as evidenced by tissue

restitution around 120dpv.
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2.4 Discussion

We note first that although individual scoring systems for particular IHC markers was thought the best
possible way to answer our initial scientific questions, due to nonstandardised approach, subjectivity
and variability of visual inspection, the method of manual scoring IHC slides was less than precise.
However, IHC is a well-established tool, which is used to help identify specific pathological processes
and widely used in experimental research. Here, we combined descriptive analyses and
semiquantitative scoring systems to evaluate different parameters; both represent a universal
approach to include histopathologic information in biomedical research (Fedchenko & Reifenrath,

2014).

Our study demonstrated that dose and virulence of mucosal BCG vaccination had a direct influence on
alveolar epithelial cell losses. Although AEC1 are particularly sensitive to damage due to their long, thin
delicate cytoplasmic extensions, (Whitsett & Weaver, 2015), lost AEC1 are rapidly and efficiently
regenerated by AEP (and AEC2 under certain conditions). Conversely, severe damage to or loss of AEC2
results in considerable vulnerability of the alveolus (Fehrenbach, 2001). More than just progenitor cell
of the alveolar epithelium, AEC2 are also immunoregulatory (Fehrenbach, 2001) and have long been
described as ‘the defender of the alveolus’ (Mason & Williams, 1977). AEC2 constitute 15% of all lung
cells (Castranova et al., 1988) and due to their location, the chance that they encounter pathogen is
notable. Moreover, compared to bronchiolar epithelial cells, AEC2 are more susceptible to BCG
infection in vitro (Bermudez & Goodman, 1996; McDonough & Kress, 1995). Mycobacteria can enter
and replicate in AEC2 and in early lung infection, AEC2 are frontline cells of invasion (Chuquimia et al.,

2012).

AEC2 are non-phagocytotic, however, in vitro studies have demonstrated that receptors such as
integrins, carbohydrate receptors and ECM components (Dias et al., 2012; Kinhikar et al., 2010; Kuo et
al., 2012; Kuo et al., 2013; Lerner et al., 2015) facilitate BCG adherence and internalisation

(Zimmermann et al., 2016) by macropinocytosis (Bermudez & Goodman, 1996; Garcia-Perez et al.,
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2003) and endocytosis following binding. It has been shown that AEC2 internalise mycobacteria at a
high rate in vitro co-culture (Ganbat et al., 2016) and it has been demonstrated that once internalised,
AEC2 are able to control BCG bacterial growth and go on to play a prominent role in shaping the

ensuing immune response.

Inflammatory cytokines secreted by AEC2 not only modulate immune cell function but also provide
paracrine signals into the local milieu to activate inflammatory transcription factors such as signal
transducer and activator of transcription (STAT), nuclear factor-kappa beta (NF-kB) and interferon
regulatory factors (IRFs) in adjacent epithelial cells (Lin et al., 1998; Mendez-Samperio, Miranda, &
Vazquez, 2006; Mendez-Samperio et al., 2008b; Sharma et al., 2007). AEC2 also produce biomolecules
involved in enhancement of phagocytosis and microbial killing, including complement proteins and
antibiotics such as defensins (Lin et al., 1998; Mendez-Samperio et al., 2007; Mendez-Samperio,
Miranda, & Trejo, 2006; Mendez-Samperio, Miranda, & Vazquez, 2006; Mendez-Samperio et al.,

2008b; Sharma et al., 2007).

A549 cells (immortalised AEC2) stimulated by BCG cause the inhibition of the Wnt/B-catenin pathway
which leads to the secretion of IL-6 and TNFa pro-inflammatory cytokines (Li et al., 2014; Ma et al.,
2014). Following in vitro BCG infection, of A549 cells activate various signalling pathways to induce
chemokines CXCL8, CXCL10, CCL5, CCL2, cytokine IL-10, and antimicrobial peptides b-defensin- 2,
cathelicidin LL-37 and hepcidin (lliopoulos et al., 2009; Johnnidis et al., 2008; Mendez-Samperio et al.,
2008a; Sheedy et al.,, 2010; Tili et al.,, 2007). Importantly, AEC2 that express homing receptor
chemokines during inflammation provide access to precursor Trm for their entry into inflamed tissue
(Kohlmeier et al., 2008; Mackay et al., 2013). Thus, from this perspective, the lesser magnitude of AEC2
losses and inflammation seen in our BCG SSI vaccinations combined with a transitory yet robust
adaptive immune response, allude to the ability of AEC2 to initiate and control the magnitude of both

the innate and adaptive immune responses of the host.
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The recombinant BCG::RD1 strain used in our vaccinations possessed the ESX-1 secretion system
encoded by the RD1 gene group; in this strain, early secreted antigenic target 6 (ESAT-6) and culture
filtrate protein 10 (CFP-10) are secreted by the ESX-1 system (Wong, 2017). Therefore, in contrast to
the repercussions of non-virulent BCG invasion of AEC2 as described above, BCG::RD1 that replicate in
AEC2 use ESAT-6 to anchor onto the basolateral laminin-expressing surface of AEC2, damage basement
membrane, cause membrane lysis and cell necrosis to directly disseminate through the alveolar wall
into the pulmonary interstitium (Krishnan et al., 2010). Our results confirmed that these virulence
factors of the mucosal BCG::RD1 vaccine had a direct influence on both the severity and extended time

of AEC cell losses, inflammation and acquired immune responses.

Restoration of cell number and tissue function are the roles of stem cell progeny; these progenitors
begin migration the first day of injury and will continue to proliferate and differentiate onsite of injury
for weeks following primary infection (Puchelle et al., 2006; Stripp & Reynolds, 2008; Zahm et al., 1991;
Zahm etal., 1997; Zahm et al., 1992). Restitution of the epithelial barrier occurs as epithelial progenitor
cells spread and migrate to cover denuded areas; if the basement membrane underlying the injured
epithelium is intact, epithelial progenitor cells migrate along the matrix using filopodial and
lamellipodial extensions (Puchelle et al., 2006; Tam et al., 2011) until they meet adjacent epithelial
cells and form new tight junctions. Restitution is supported by growth factors secreted by
mesenchymal and epithelial cells, such as hepatocyte growth factor (HGF), keratinocyte growth factor,
epidermal growth factor, TGF-B and fibroblast growth factors (Fgf) (Puchelle et al., 2006; Vaughan &

Chapman, 2013).

The dynamics of progenitor cell responses to lung infection, across spatially heterogeneous zones of
injury, are influenced by factors such as pathogen burden, stage of infection, numbers of cells infected,
differences in host susceptibility, virulence of pathogen strain and host lung health. At the start of our
research, most of what was known about epithelial progenitor cell responses in the lung was gleaned

through influenza and bleomycin models. In both these models, airway progenitors that migrate into
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the alveolar regions to assist with tissue restitution are of a basal cell-like Krt5* phenotype (Kumar et
al.,, 2011; Vaughan & Chapman, 2013; Xi et al., 2017; Zuo et al., 2015). It has been theorised that
exhaustion or depletion of alveolar epithelial progenitors in areas of complete alveolar destruction
activates Krt5" airway progenitors to respond for restitution following influenza infection (Vaughan et
al., 2015). Thus, we investigated whether Krt5* airway progenitors had a role in alveolar restitution in
our mucosal BCG::RD1 vaccination; remarkably, despite significant alveolar destruction, IHC histology
showed that proximal Krt5* airway epithelial progenitors did not proliferate and migrate into alveolar
regions as they have been reported to in other lung infection models with similar magnitude of alveolar

loss (Kumar et al., 2011; Vaughan et al., 2015; Zacharias et al., 2018).

The Sox2 TF is constitutively expressed and required for the maintenance of bronchiole airway
epithelial cells (Tompkins et al., 2009). Moreover, Sox2* lineage positive progenitors (these express
mature epithelial lineage markers such as Clara cell marker SCGB1A1) and Sox2* lineage negative
progenitors (these do not express any epithelial lineage markers) are known to be a major source of
replacement cells in zones of airway and alveolar cell loss associated with influenza infection (Ray et
al., 2016). In the bleomycin vaccination of alveolar injury, in severely damaged areas, 40% of newly
formed AEC1 are derived from airway stem cells as determined by Sox2“*f"? |ineage tracing (Strunz et

al., 2020).

In the distal terminal bronchioles, by virtue of strong peribronchiolar Sox2 expression, distal airway
progenitors appeared to migrate into the alveolar regions robustly after the BCG::RD1 vaccination. We
also observed squamous cells in the alveolar epithelium with cytoplasmic Sox2* expression, suggestive
of acetylation-mediated nuclear export of Sox2. Acetylation-mediated nuclear export leads to
reduction in Sox2 TF levels by ubiquitination and proteasomal degradation, thus abrogating the TF’s
ability to drive transcription of target genes. This a commonly used regulatory mechanism for many
Sox family members (Baltus et al., 2009) and importantly, the Sox2 TF is known to regulate cell

proliferation and differentiation of airway progenitors (Tompkins et al., 2009). We reasoned that cells
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with cytoplasmic Sox2 expression within the alveolar regions may be airway progenitor cells

undergoing transition into Krt8 TP.

We further characterised the contribution of Sox2* progenitors to restitution of areas of mild,
moderate and severe alveolar epithelial cell losses, as it has been reported in influenza vaccinations
that the airway progenitor’s role in alveolar tissue restitution may be restricted to areas of severe
epithelial cell loss (Vaughan et al., 2015; Zacharias et al., 2018). After the BCG::RD1 vaccination, which
included areas across the spectrum of mild-severe epithelial losses, we showed that Sox2* progenitors
were not restricted to areas of severe/complete cell losses but were seen throughout the entire
regenerative alveolar epithelium. These findings were in direct contrast to those seen for pSPC*
alveolar epithelial progenitors; in areas of severe/complete destruction, we did not see proliferative
foci of these cells. However, pSPC* progenitors were abundant after all our vaccinations throughout
areas of mild and moderate alveolar damage suggesting a model in which pSPC* progenitors are the
major lineage contributing to restitution of lungs with mild or moderate injury, while airway
progenitors assist with restitution throughout lungs that have been severely damaged by mucosal

BCG::RD1 vaccination.

We also investigated the transitional Krt8* progenitor’s contribution to tissue restitution across areas
of mild, moderate, and severe/complete alveolar epithelial cell losses as it was unknown whether
airway and alveolar progenitors transition through this cell state associated with mycobacterial lung
injury. Here, we demonstrated that this transitional progenitor cell did function after mucosal BCG
vaccinations. We observed Krt8* TP in all areas of regenerative tissue, and because restitution did
(primarily) occur within four months of mucosal BCG vaccination across the vaccinations, we concluded

that the airway and alveolar progenitors did successfully transition through Krt8* TP into AEC1.
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CHAPTER 3. DEVELOPMENT AND PERSISTENCE OF LUNG CD8"* Trm FOLLOWING MUCOSAL BCG

VACCINATION

There is a sense in which no doctor ever heals...what the treatment does is to stimulate natural functions or to remove what hinders them.

C.S. LEWIS, Miracles

3.1 Introduction

Although Trm are a contemporary focus in immunology, there are gaps in the knowledge of lung CD8*
Trm following mucosal BCG vaccination. For example, is there a diverse CD8* Trm bionetwork linked to
mucosal BCG vaccination? There is nothing in the literature that describes RAMD formation such as is
described in depth in the PR8 mouse model of influenza. Other important unresolved concepts include
the kinetics of lung CD8* Trm development, characterisation of CD8" Try subsets and demonstration of
CD8* ex-lung Trm found in the lung-draining mediastinal lymph nodes after mucosal BCG vaccination.
Moreover, although it was originally thought that CD8* Trm were terminally differentiated, permanent
residents of the lungs in which they developed, a growing body of literature has shown that CD8" Tgrm
retain developmental plasticity, as well as their unique properties of attrition and egression from the
lungs. Thus, our next aim was to characterise the development and persistence of lung CD8" Trm using
our three mucosal BCG vaccinations across a protracted timeline to better understand the possibilities

to harness them for novel TB vaccination strategies.
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3.2 Methods

3.2.1 Animals

C57BL/6 mice sourced from the ARC (Western Australia) were bred and maintained in the animal
facilities at James Cook University, Australia. Female mice were 6-8 weeks old at the time of

vaccination and maintained in a biosafety level 2 facility under specific pathogen free conditions.

3.2.2 Bacteria

Bacterial culture and enumeration were as described in section 2.2.2.

3.2.3 Mucosal Vaccination

IT mucosal vaccinations were performed as described in section 2.2.3.

3.2.4 Lung and Mediastinal Lymph Node Dissociation

Lung and spleen dissociation kits (Miltenyi Biotec) were used to dissociate lung and mLN into single-
cell suspensions, respectively, according to manufacturer’s instructions. Briefly, PEB (FACS) buffer
contained PBS (pH 7.2), 0.5% bovine serum albumin (BSA) and 2 mM EDTA and were kept at 2-8 ° C.
Lung and mLN enzyme mixes were prepared by adding 2.4 mL of 1x Buffer S, 100 pL or 50 pL,
respectively, of Enzyme D, and 15 puL of Enzyme A into gentleMACS C Tubes (Miltenyi Biotec). After
euthanasia by CO, inhalation, animals were exsanguinated by the caudal vena cava. The thorax was
opened with a midline incision past the sternum, diaphragm cut away and lateral chest walls removed
to expose lungs. Lungs were perfused via the right ventricle with 10 ml PBS. Lungs were dissected out
into single lobes (without extrapulmonary airways) and rinsed in a petri dish containing PBS to remove
remaining blood. Each lung lobe was inflated with enzyme mix by injecting enzyme slowly using 25 G

needle connected to 3 mL syringe. Lobes of one mouse were transferred into a gentleMACS C Tube
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containing lung enzyme mix. The right superior mLN was dissected out and transferred into a

gentleMACS C Tube containing spleen enzyme mix.

gentleMACS C Tubes were attached onto sleeves of the gentleMACS Dissociator (Miltenyi Biotec) and
run without heating function using the gentleMACS Program m_lung 01 or m_spleen_02. Samples
were then incubated for 30 minutes at 37 °C with gentle agitation. The gentleMACS Program
m_lung_02 or m_spleen_03 were run to further dissociate the tissues. A short centrifugation step for
1 minute at 300g at 25° C was performed to collect sample material at the tube bottom. Samples were
resuspended and applied to 70um MACS SmartStrainer (Miltenyi Biotec) placed on a 15 ml Falcon tube.
MACS SmartStrainers were washed with 2.5 ml FACS buffer and cell suspension centrifuged at 300 x g
for 10 minutes at 25° C. Supernatant was aspirated before addition of 3 ml RBC lysis buffer (Thermo
Fisher Scientific), resuspension and incubation for 2 minutes. FACS buffer was added up to 10 ml to
stop reaction prior to centrifugation at 1500 rpm for 5 minutes at 25° C. Supernatant was discarded

and cells resuspended with FACS buffer to 500 pl.

3.2.5 Flow Cytometry and Data Analyses

150 pl of lung and mLN sample cells were pipetted into wells of a 96 round bottom well plate and spun
at 1500 rpm at 4° C for 5 min. Supernatant was flicked off and cells were resuspended in 50 pl
Live/Dead cell stain 1:1000 (APC-Cy7 channel) (BD Biosciences) prior to incubation at 25° C for 10 min
in the dark. Samples were washed with 100 FACS buffer, spun at 1500 rpm for 5 min. at 4° C.
Supernatant was discarded and samples resuspended in 50 pl antibody master mix consisting of FACS
buffer, CD49a/BV421 (1:200) (BD Biosciences), CD8a/FITC (1:200) (BD Biosciences), CD69/PE (1:100)
(BD Biosciences), CD103/AF647 (1:200) (BD Biosciences), and CD16/32 (1:500) (BD Biosciences).
Samples were incubated for 30 min on ice in the dark, washed twice with 100 pl FACS buffer, spun at
1500 rpm at 4° C for 5 min and supernatant discarded. 150 pl Sphero Blank Calibration Particles (BD

Biosciences) at 1:75 was added to resuspend samples. Samples were filtered before cytometry
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analyses were performed on a LSR Fortessa cytometer using FACSDiva software (BD Biosciences). The

data were analysed by FlowJo software (Treestar).
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3.3 Results

3.3.1 Lung CD8* Trm Induction Depends on BCG Virulence and Dose

To define induction and persistence of CD8" Trm subsets following vaccination with the three different
BCG dose/virulence combinations, mice were given IT BCG vaccination as previously described in
section 2.3.1. Whole lungs of experimental animals were harvested and processed into single-cell

suspensions before CD8* Trm quantification using flow cytometry (Fig. 16A).

The CD103*CD69'CD49a* Trm subset that patrol airway epithelium and adjacent interstitium (Topham
et al., 2019) is described as the archetypal CD8" Trm as it is less malleable and restrained in its
differentiation capacities due to a ‘mature’ Trm phenotype linked to TGF-B-mediated upregulation of
CD103 (Carbone, 2023; Christo et al., 2021; Zhang & Bevan, 2013). These CD8" Trm are not stationary,
but migrate slowly along the airway epithelial/ interstitial interface due to CD103 binding to E-cadherin
and CD49a binding to collagen IV of the epithelial basement membrane (Reilly et al., 2020; Topham et
al., 2019). Outside-in signalling due to direct contact with E-cadherin maintains expression of CD103
(Wu 2022 iELs). The interstitial subset of CD103'CD69*CD49a* Trm are described as early, highly
migratory effector Trm (Reilly et al., 2020) that function as robust perforin producers within the
interstitium to combat early interstitial pneumonia (Fukushi et al., 2011; Reilly et al., 2020; Topham et
al., 2019). By virtue of CD103 binding to E-cadherin at airway epithelial cell junctions (Topham et al.,
2019), short-lived (~28 days) CD103*CD69*CD49a" epithelial effector Trm take up static residence solely
in the airway epithelium (Eriksson et al., 2022; Reilly et al., 2020; Takamura et al., 2019; Topham et al.,
2019; Wein et al., 2019). They have an apoptotic phenotype up-regulated by the harsh airway
environment (Hayward et al., 2020) and are said to be replaced by proliferative CD103*CD69*CD49a*

Trv (Takamura et al., 2019; Wein et al., 2019).

BCG::RD1 vaccination led to a robust expansion of CD103*CD69*CD49a* Trm from 14 to 35 dpv, with a

peak at day 28; numbers contracted at day 42 yet remained significant until 120 days (Fig. 16B). After
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BCG SSI high dose vaccination, the magnitude of CD8"* T cells in the lung were about half the numbers
of the BCG::RD1 vaccination (Fig. 16C). Of those, 25% were CD103*CD69*CD49a* Trm at day 21 past-
vaccination but waned consistently each week down to negligible numbers by day 120 (Fig. 16C). After
the BCG SSI low dose vaccination, the magnitude of CD8" T cells in the lung were about one third the
numbers of the BCG::RD1 vaccination (Fig. 16 D). Of those, 10% were CD103*CD69*CD49a* Trm at day
21 past- vaccination and waned consistently each week down to negligible numbers by day 120 (Fig.

16D).
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Figure 16. CD8a* T cell numbers and percentages of lung CD103, CD69 and CD49a Trm subsets

following mucosal BCG vaccination.

A) Flow cytometry gating strategy for CD8" Trm quantification. Flow cytometry analysis of the
percentages of CD8a* Trm subsets and numbers of CD8a* T cells in the lungs of mice vaccinated with
B) BCG::RD1 C) BCG SSI high or D) low dose. Pooled data from two independent experiments where

n=4-10.

Following BCG::RD1 vaccination from day 14-120, CD103*CD69*CD49a* Tsm were the highest
proportion (45% of CD8" T cells in the lung at their peak) and increased ~40% from 14-28 dpv (Fig. 16B;
17A). CD103°CD69*CD49a* Trm early effectors (Eriksson et al., 2022; Topham et al., 2019) were also
abundant (Fig. 17B). The short-lived CD103*CD69*CD49a" epithelial effectors (Fig. 17C) that patrol the
airway epithelium only (Hayward et al., 2020; Topham et al., 2019) were significant at days 21-35
before waning at day 70 while CD103'CD69*CD49a" precursor Trm (Eriksson et al., 2022) were

continually replenishing the lung from day 14 to 120 (Fig. 17D).

Atday 21in the SSI high dose vaccination, numbers of CD103*CD69"CD49a" epithelial effector Try were
higher than those seen in the BCG::RD1 vaccination (Fig. 17C). Although higher numbers of CD103"
CD69*CD49a" precursor Trm Were seen particularly in the early weeks of this vaccination (in fact higher
than BCG::RD1 at day 21) numbers of all subsets of Tru peaked at day 21 and waned rapidly thereafter

across the timeline (Fig. 17).

CD103°CD69'CD49a* Trum interstitial effectors were observed at later days after the BCG SSI low dose
vaccination (Fig. 17B). Although lower in numbers than the BCG::RD1 and BCG SSI high dose
vaccinations, CD103°CD69*CD49a" precursor Trm Were kept at steady state levels throughout the time
course of the BCG SSI low dose vaccination (Fig. 17). Taken together, we demonstrated that lung CD8*
Trm induction was virulence- and dose-related in all vaccination regimens and that CD8" Tgm waned in

the lungs by 120 days after mucosal BCG vaccination.
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Figure 17. Lung CD8" Trm counts.

Quantification of CD8* Trm that A) patrol the airway/interstitial border of the airways B) patrol the

lung interstitium C) solely patrol the airways D) are of the CD8* Trm precursor phenotype
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3.3.2 Lung-draining Mediastinal Lymph Node Harbour CD8* Trm Following Mucosal BCG Vaccination

It has been consistently demonstrated that lung CD8* Trm wane over a short time (Hogan et al., 2001;
Perdomo et al., 2016; Slutter et al., 2017; Wu et al., 2014), despite continual circulation of antigen-
specific T cells in blood (Takamura, 2017). As lung CD8" Trm are known to egress to the lung-draining
mLN, (where they are said to provide regional immune memory for the lungs), (Stolley et al., 2020) we
next investigated whether this was the case following mucosal BCG vaccination. Mice were given IT
vaccination as previously described, the right superior mLN was extracted from all experimental
animals across 7-120 dpv and processed into single-cell suspensions before quantification of CD8"* Trm

using flow cytometry.

We discovered all phenotypes of ex-lung CD8* Tgm in the mLN. CD103*CD69*CD49a* Trm that patrol the
airway/interstitial border of the airways and CD103*CD69*CD49a Trm that solely patrol the airways
were conceivably sweptinto lymphatics due to tissue damage that physically dislodged them (Carbone,
2023) (Fig. 18). We observed CD103*CD69'CD49a* Trm subsets early, associated with the time of
severe damage following BCG::RD1 vaccination (Fig. 19A) and later after BCG SSI high dose vaccination,

likely associated with its characteristic late immune response (Fig. 19A).

CD103°CD69'CD49a* Trm that patrol the lung interstitium (Fig. 18) and lack CD103 maturation are said
to preferentially egress to the mLN (Carbone, 2023); also, when restimulated, CD103*CD69*CD49a"* Tam
proliferate in the mLN and lose CD103 expression (Stolley & Masopust, 2017). Here, we showed for
the first time that following mucosal BCG vaccination, mLN harbor cells with the CD103°CD69*CD49a*
Trm phenotype which, importantly, may have the capacity to repopulate the lungs as Trm following

secondary infection (Brewitz et al., 2017; Christo et al., 2021; Paik & Farber, 2021) (Fig. 19B).

We also noted CD103'CD69*CD49a Trm of the precursor phenotype (Eriksson et al., 2022) at the /atest
stages of the timeline in the mLN (Fig. 19D) when numbers of lung CD8* Trm had steadily declined, and

tissue was largely restituted. We reasoned that these may be exhausted effector T cells that home to
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B cell follicles of draining lymph nodes due to chronic antigen stimulation where they become stem-
like CD8" Trm (Beltra et al., 2020; G. Li et al., 2022; Ozga et al., 2022). With chronic Mtb infection,
prolonged overexposure to antigens has been reported to cause T cells to lose effector functions and
exhibit an exhausted phenotype (Pan et al., 2023) including expression of PD-1 (Jayaraman et al.,
2016); also anti-TB therapy has been shown to promote reduced expression of PD-1 and its ligands

(Bandaru et al., 2014; Hassan et al., 2015).
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Figure 18. Diagram of distribution of CD8" Trm subsets in mildly injured lungs and their dissociation

into lymphatics in severely injured lungs.
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Figure 19. Ex-lung CD8* Trm counts in mLN after mucosal BCG vaccinations.

A-D) Flow cytometry quantification of CD8" Tsm phenotypes in mLN of mice vaccinated with BCG::RD1,

BCG SSI high or low dose.

3.3.3 Chronic M. bovis Antigen Leads to Cells with CD8" Stem-like Trm phenotypes in the mLN

As previous studies have shown the persistence of viable BCG in IT vaccinated lungs of mice up for to

6 months (Muruganandah et al., 2020), we next aimed to determine whether CD8*CD103'CD69*CD49a"

Trm in the mLN were exhausted effector T cells with a stem-like Trm phenotype. Mice were given IT

vaccination with either SSI low dose or BCG::RD1 and mLN of experimental lungs harvested across 70,

90, and 120 dpv. mLN tissues were processed into single-cell suspensions and exhausted CD8" T cell

subsets (Beltra et al., 2020; He et al., 2016; Im et al., 2016) quantified using flow cytometry.
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After both IT vaccinations, we observed cells in the mLN with a CD69*CXCR5*PD-1* Trm phenotype that
have been reported to be quiescent stem-like progenitors (Beltra et al., 2020) (Fig. 20A) as well as cells
with a CD69'CXCR5*PD-1* phenotype that are reported to be actively cycling (Fig. 20B). These highly
proliferative cells gave rise to reinvigorated mildly cytotoxic CD69'CXCR5PD-1* effector T cells (Fig.
20C) and CD69*CXCR5PD-1" effector T cells (Fig. 20D)(Beltra et al., 2020). Both subsets of progeny are
reported to regain access to circulation, and the latter ultimately may become resident of non-
lymphoid infected tissues (Beltra et al., 2020; Im et al., 2016). Although functional characterisation of
these T cell subtypes could not be carried out as a part of our study, data across the 7-week timeline
indicated that following IT vaccination with BCG SSI low dose an average 40% of all stem-like Trm were
proliferative and these cycling stem-like Trm produced an average amount of ~13,000 reinvigorated
circulatory memory T cells of which ~5,000 were mildly cytotoxic and ~8,000 had the capacity to regain
residency within the infected lungs. 70-120 days after BCG::RD1 IT vaccination we observed an average
of 44% cycling stem-like Trm produce an average amount of ~130,000 reinvigorated circulatory
memory T cells of which ~80,000 were mildly cytotoxic and ~50,000 had the capacity to regain lung
Trm status. After both vaccinations, the proliferative potential of the mLN stem-like Trm were

appreciable, as one cycling cell produced between 50-200 progeny.
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Figure 20. Stem-like CD8* Trm counts in mLN after mucosal BCG vaccinations.

A-D) Flow cytometry quantification of mLN stem-like CD8* Trm and progeny phenotypes from 70-120
dpv. Pooled data of mLN CD8* Trm from two independent experiments where n=4-10. *P < 0.05; ns:

not significant by unpaired Student’s t test.

Taken together, our experiments demonstrated that development of CD8* Trm following mucosal BCG

vaccination was primarily virulence and, to a lesser extent, dose related. In agreement with many other
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published pulmonary Trm models, CD8" Trm were shown to wane in the lungs following all the
vaccinations. Our study demonstrated, for the first time, that mucosal BCG vaccination induced cells
with ex-lung Trm phenotypes to persist in the mLN for at least 4 months. This is significant in that many
of these CD8" Trm subpopulations are thought to retain the ability to migrate back into the lung forming
an effective regional, rather than local, immune memory. Our discovery of persistent cells in the mLN
with stem-like Trm phenotypes may have notable implications for future therapeutic interventions for

latent TB.



94

3.4 Discussion

Firstly, our decision not to use intravascular labeling to discriminate between CD8"* T cells in the lung
circulation as opposed to those in the lung parenchyma was because across our vaccinations, we
observed vascular leakage (extensive in many animals) where exudation of the antibodies into the
tissues would have compromised interpretation of the staining. Moreover, previous studies have
shown that CD69* and CD103* T cells were found only in lung non-lymphoid parenchyma and were

protected from intravascular labelling (Anderson et al., 2014; Anderson et al., 2012).

Counts of CD103*CD69'CD49a* Trm in the lungs after BCG SSI high and low dose vaccinations
demonstrated a peak at 21 dpv and a gradual waning to 120 dpv; after the BCG::RD1 vaccination,
however, the numbers of these cells peaked at 28 dpv and were largely maintained across the four-
month period of investigation. In the PR8 mouse influenza model, CD103*CD69*CD49a* are said to
undergo homeostatic proliferation as well as seed replacement airway CD8" Trm (Takamura, 2018).
Although homeostatic proliferation may have been a mechanism behind the persistence of
CD103'CD69*CD49a* Trm cells across the BCG::RD1 timeline, their proliferation must have been
regulated by an injury-intrinsic mechanism that did not function in the BCG SSI high and low dose
vaccinations. Of note, it remains unknown whether highly migratory interstitial CD103'CD69*CD49a*
Trm differentiate into CD103*CD69*CD49a* Trm should they reach the airway epithelium and upregulate
CD103 (Eriksson et al., 2022); this could also explain the persistence of CD103*CD69*CD49a* Trm seen
across the timeline after the BCG::RD1 vaccinations as this vaccinations induced high persistent

numbers of interstitial CD103°CD69*CD49a* Trw across the timeline.

Recall that during the expansion phase of the T cell response to PR8 mouse influenza infection, CD69
is upregulated in the mLN by recently activated T cells and precedes their migration into the lungs
(Eriksson et al., 2022). Takamura et al. have stated that inflammation-mediated recruitment, cognate
antigen and arrival of CD8" T cells into the lungs earlier than the peak of tissue damage is essential for

the establishment of CD8" Trm cells; moreover, they stated that the Tam RAMD is populated with Trm



95

precursors by the peak of CD8* T cell responses and the RAMD is no longer available for CD8'CD69" Trm
precursors recruited later (Takamura et al., 2016). The presence of precursor CD8"CD69* Trm Was
evident in all our vaccinations at the early expansion phase from 7-28 dpv; however, it remains
unknown whether the continued numbers of CD103'CD69*CD49a" Trm precursors seen in the BCG::RD1

vaccinated lungs continued to develop into CD103*CD69*CD49a* Trm throughout the timeline.

In the BCG SSI high dose and BCG::RD1 vaccinations, early Trm effectors counts at 14 dpv were higher
than counts of CD103*CD69*CD49a* Trm, possibly indicative of their role to combat interstitial
pneumonia. Like CD103*CD69'CD49a* Tgwm, interstitial CD103°CD69*CD49a* Trm numbers were also
maintained across the BCG::RD1 post-vaccination timeline to day 120 which may allude to the notion
that ongoing inflammation of alveolar septa requires their ongoing function, and therefore

persistence, of this subset of interstitial effector CD8" Trw after the virulent vaccination.

At 21 dpv after the SSI high dose vaccination, numbers of CD103*CD69'CD49a" airway epithelial
effector Trm were higher than those seen in the BCG::RD1 vaccination, possibly indicative of dose
delivery to the proximal areas of airways thus leading to the Trm phenotype described by Hayward et
al. (Hayward et al., 2020); indeed, this subset of Trm Was not abundant at any time of the BCG SSI low
dose vaccination. Finally, despite relatively abundant CD103*CD69*CD49a* Trm Nnumbers across the
BCG::RD1 timeline, CD103*CD69*CD49a" airway epithelial effectors waned appreciably, suggesting

they were not replaced by CD103*CD69*CD49a* Trm as reported by Wein et al. (Wein et al., 2019).

That CD103*CD69*CD49a* archetypal Trm were seen in the mLN early after vaccination may have been
linked to their dislodgement from the lungs due to the extreme tissue damage (Carbone, 2023)
associated with the high dose or virulence of the mucosal vaccinations as imaged after the BCG SSI
high dose and BCG::RD1 vaccinations. This phenomenon may also explain a further peak of these Tgrm
later after the SSI high dose vaccination as this equated with the vaccination’s peak of tissue damage
and T cell infiltration. Moreover, TGF-B signalling is required for CD8* Trm maintenance in the lungs and

interruption of this signalling is thought to allow CD103*CD69*CD49a* Trm to egress to the mLN
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(Carbone, 2023). This phenomenon may have accounted for the presence of those mLN Tgrm cells seen
in the SSI low dose vaccination at later stages; that these numbers increased across the timeline may
be linked to the fact that these cells are not senescent and are known to proliferate in the mLN (Stolley

et al., 2020).

Lung CD103°CD69'CD49a* Trm are thought to preferentially egress to the mLN linked to a lack of TGF-
B-mediated maturation (Carbone, 2023). In the mLN they are thought to retain an increased trans-
differentiation potential (Christo et al., 2021), an enhanced capacity to repopulate the lungs (Brewitz
etal., 2017) and ability to convert back into secondary lung CD8* Trm (Christo et al., 2021; Paik & Farber,
2021). Notably, when mLN CD103*CD69*CD49a* Trm are restimulated with antigen (whether chronic
infection or secondary infection), they lose CD103 expression and become mLN CD103'CD69*CD49a*
Trm (Stolley et al., 2020). Thus, these ex-lung TRM that we reported deserve further study to unveil

their potential to function back in the lung after secondary mycobacterial challenge.

Our animals harboured CD103°'CD69*CD49a Trw of the precursor phenotype at the /atest stages of the
timeline when tissue was largely restituted. CD8* T cells are known to respond to chronic infection by
adaptation of a phenotype that restrains pathogen replication yet reduces immunopathology. This
adaptation, or T cell exhaustion, has a hallmark of expression of various inhibitory receptors that
becomes imprinted in stem-like cells and propagated to their progeny (see section 1.1.6). Once the
chronic phase of infection has been established, stem-like exhausted CD8* T cells acquire a resident
program in SLO where it is crucial for them to be protected in a specialised niche that allows
maintenance of their quiescence, multipotency, and proliferative potential (Im et al., 2020). A
signature of these stem-like Trm cells of the lymph node (G. Li et al., 2022) is high expression of CD69
(Im et al., 2020) which antagonises S1P-mediated egress from SLO (Shiow et al., 2006). As we provided
an initial report of stem-like CD8*CD69*CXCR5*PD-1* Trm in the mLN following mucosal vaccinations
with BCG and suggest that further study of these cells may reveal their potential to be harnessed for

TB vaccination strategies.
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CHAPTER 4. RELATIONSHIPS BETWEEN LUNG EPITHELIAL PROGENITOR AND CD8* Tgm CELLS

FOLLOWING MUCOSAL BCG VACCINATION

The human understanding is of its own nature prone to suppose the existence of more order and regularity in the world than it finds. And
though there be many things which are singular and unmatched, yet it devises for them parallels and conjugates and relatives which do not

exist. Hence the fiction that all celestial bodies move in perfect circles.

F. Bacon, Novum Organum

4.1 Introduction

We next investigated putative relationships between lung epithelial progenitor cells and lung CD8* Tam
following mucosal BCG vaccination as we hypothesised that distal airway epithelial progenitor cells
provide paracrine induction cues for lung CD8" Trm. The sum of our analyses thus far inferred that
induction and maintenance of lung CD8* Trm Was linked to the tissue milieu associated with alveolar
damage. As described in influenza mouse models, CD8" Trm form in areas of severe alveolar
destruction, precisely the areas into which airway epithelial progenitor cells home (Takamura, 2017,
2018; Takamura & Kohlmeier, 2019; Takamura et al., 2016; Vaughan et al., 2015). Thus, we first looked
at spatial and temporal relationships of Krt8* TP and CD8* Trm using imaging. Given that BCG::RD1
vaccine was associated with the most severe tissue damage, we used it to further dissect mechanistic

relationships between distal airway progenitor cells and immune memory in the lungs.
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4.2 Methods

4.2.1 Animals

Axin2CeERT2TdT-RDGREVFP mijce (a gift from Prof Edward Morrisey, University of Pennsylvania), Sox2¢¢R2
(Jackson Laboratories), /tgB86 knockout mice (developed by and a gift of Prof Dean Sheppard, University
of California San Francisco), B6.Cg-Gt(ROSA)26Sormi#(AG-tdTomato)ize /5 (3150 known as Ail4) mice (a gift
of Prof Scott Mueller, University of Melbourne) were all genotyped by Genetic Research Services
(University of Queensland), bred and maintained in the animal facilities of the Australian Institute of

Tropical Health and Medicine at James Cook University, Australia.

4.2.2 Bacteria

Bacterial culture and enumeration were as described in section 2.2.2.

4.2.3 Mucosal Vaccination

IT mucosal vaccinations were performed as described in section 2.2.3.

4.2.4 Immunofluorescence

Fluorescence of reporter proteins is known to be ‘leaky’ or quenched by fixation and tissue processing
involved with paraffin embedding (Kusser & Randall, 2003; Remington, 2011; Scandella et al., 2020).
Therefore, to preserve the endogenous fluorescence of the reporter mice used in the study, several
methods for lung inflation, fixation and freezing were tested to optimise the morphology of the lung

tissues and cells (Table 1; Fig. 21).
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Table 1. Approaches for optimisation of inflation, fixation, and freezing methods of mouse lung

sections for downstream imaging and analyses.

30% sucrose
until tissue sunk

Lung Inflation Immersion | Sucrose Freezing Cutting Post-fixation | Reference
Fixation Dehydration Method Procedure
(Thickness)
ocT None None Snap frozenin | 7 um 4% PFA 5m Vaughan et al,
liquid 2015
nitrogen
4% PFA 4% PFA 1h None Embedded in 7-10 um None Zuo et al,
25° OCT, frozen in 2014; Vaughan
thawing et al, 2015
isopentane
2% PFA 2% PFA 12h | None Embeddedin | 7 um None
25° OCT, frozen in
thawing
isopentane
1:1 OCT/PBS None None Snap frozenin | 4-10 um None Quantius et al,
liquid 2016
nitrogen
1:1 OCT/1% PFA | 1% PFA 1h None Embedded in 4-10 um 4% PFA 20m | Quantius et al,
25° OCT, frozen in 2016
thawing
isopentane
1:1 OCT/4% PFA | 4% PFA 1h 15% sucrose 4° Embedded in 4-10 um None
25° until tissue OCT, frozen in
sunk; thawing
transferred to isopentane
30% sucrose
until tissue sunk
1% ZBF 1% ZBF 72h Embedded in | 7um None
25° OCT, frozen in
thawing
isopentane
1% ZBF 1% ZBF 72h | 15% sucrose 4° Embedded in | 7um None
25° until tissue OCT, frozen in
sunk; thawing
transferred to isopentane
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Figure 21. Frozen sections across numerous methods of lung inflation, fixation and freezing are

suboptimal for subsequent immunofluorescent imaging.

Exemplary micrographs of lung tissue processed using A) 4% PFA inflation with 1h 4% PFA immersion,
embedded in OCT and frozen in thawing isopentane B) OCT/4% PFA inflation with 1h 4% PFA
immersion, embedded in OCT and frozen in thawing isopentane C) 4% PFA inflation with 1h 4% PFA
immersion, sucrose dehydration, embedded in OCT and frozen in thawing isopentane D) 1% ZBF
inflation with 72h 1% ZBF immersion, sucrose dehydration, embedded in OCT and frozen in thawing
isopentane. Note that tissue architecture and cell morphology is lost across all the methods trialled.

A, C, D) Magnification, 20x; Scale bar 200 um. B) Magnification, 14.6x; Scale bar 200 um.

Due to the lack of optimal frozen tissue methods (Fig. 21), fixation, paraffinisation, sectioning and
dewaxing were as described in section 2.2.5. Sectioned tissues were stained using
immunofluorescence (IF) methods after washing slides twice with Tris-buffered saline for 5 minutes
each; blocking was then performed with 10% normal serum derived from species specific to the
secondary antibodies at 25° C for 2 hours. Primary antibodies were incubated overnight at 4° C at

optimised dilutions (Table 2).
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Tissues were washed twice for 5 minutes with TBS and twice for 3 minutes with TBS before incubation
with secondary antibodies for 1 hour at 25° C at the optimised dilutions (Table 2). Tissue was washed
6 times for 5 minutes with TBS before incubation with Trueview reagent (Vector) prior to cover-slipping
with Vectashield Vibrance anti-fade with DAPI mounting media (Vector) and #1.5 coverslips (Leica).
Slides were cured for 48 hours in a dark slide box. For double and triple sequential immunostaining,
after the first primary and secondary staining was completed and tissue washed, the sequential

primary, secondary and tertiary staining was undertaken as above.

4.2.5 Tissue Harvest

Tissue harvest was performed as described in section 2.2.4.

4.2.6 Lung and Mediastinal Lymph Node Dissociation

Lung and mLN dissociations were performed as described in section 3.2.4.

4.2.7 Flow Cytometry and Data Analyses

Flow cytometry and data analyses were performed as described in section 3.2.5. Antibodies and

dilutions used are described in Table 2.

4.2.8 Lineage Tracing

For analysis of the lineage fate of the Sox2* cells from airway epithelium and Axin2* cells from the
alveolar epithelium, three doses of 0.25 mg/g tamoxifen was administered every second day to
Sox2“*Ef2/Aj14 mice and every day for 5 days to Axin2<ER™2T9T/EYFP mice 28 days prior to IT
vaccination with BCG SSI (1 x 10° CFU) or BCG::RD1 (1 x 10° CFU). The Sox2*f™2/Aj14 mice tamoxifen

independent recombination was ~1%, while floxed controls were negative for systemic effects.
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4.2.9 Microscopy

Images were acquired using an Aperio CS2 Digital Slide Scanner (Leica Biosystems) and analysed using

Aperio ImageScope v12.4.3.5008 software (Leica Biosystems). Quantification of Krt8* TP and active

TGF-B was undertaken using Image) software (Image)).

4.2.10 Statistical Analyses

Statistical analysis was performed, and graphs were generated using Prism version 9.5.1 (GraphPad).
Two parametric group analyses were carried out using Student’s t test, followed by Holm-Sidak

multiple comparison tests. P < 0.05 was considered significant.
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4.3 Results

4.3.1 Spatiotemporal Localisation of Lung Epithelial Progenitors and CD8* Tgm

Reasoning that, should epithelial progenitor and CD8" Trm be co-dependent, we would see spatial and
temporal proximity such as is described in the RAMD of mouse PR8 influenza models, we probed our
tissue samples from the three mucosal vaccinations using characteristic markers for CD8" Tgm and
progenitor transitional cell marker Krt8, knowing that both distal airway and alveolar progenitors
transition through this cell state around the time of T cell contraction and Tgzm development. We used
a ‘sandwich’ staining method in which serial lung sections were cut at 4 um and stained for CD8b",
CD103", or Krt8*. Imaging revealed that across all three vaccinations, there was consistent evidence of
a structural localisation between Krt8" TP and CD8b* CD103" cells particularly in areas of severe tissue

damage (Fig. 22).



Figure 22. CD8b* CD103* cells invariably adjacent to Krt8* TP.

Two areas of severe interstitial damage (arrows) show infiltrating CD8b*CD103* Trm and Krt8* TP
around the periphery. Results are presented from representative images from 6 mice per group from

two independent experiments. Magnification, 20x; Scale bar 100 pum.

4.3.2 Distal Airway Progenitor Cells Provide Paracrine Cues for the Induction of Lung CD8" Trm Cells

Following Mucosal BCG Vaccination

TGF-B is a key regulator of epithelial cell proliferation and differentiation (Lomas et al., 2012; Riemondy
etal., 2019) and upregulates the CD8* Trm transcriptome (Mackay et al., 2013; Nath et al., 2019). A key
activator of latent TGF-B in lungs is integrin aVB6 (Munger et al., 1999) and epithelial progenitors
express aVP6 (Auyeung et al., 2022; Strunz et al., 2020; Takamura, 2017; Topham & Reilly, 2018) which
is used by cells for migration across ECM (Brzozowska & Deshmukh, 2022; Hood & Cheresh, 2002;
Meecham et al., 2022). Within the lungs, the latent form of TGF-B is stored in the ECM in high
concentrations (Munger et al., 1999; Sheppard, 2006) and aV[6 is known to bind the latent-associated
protein (LAP) so that aVB6-mediated cell traction forces open the LAP to activate TGF-B (Giacomini et
al., 2012; Munger et al., 1999; Shi et al., 2011). Active TGF-B generated by aVp6 is utilised by cells in
direct contact with aVB6 expressing cells (Annes et al., 2004; Henderson & Sheppard, 2013; Munger

et al., 1999). We theorised that as airway epithelial progenitor cells migrate into hypoxic alveolar
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tissue, they activate interstitial latent TGF-B which then binds TGF-B receptors on adjacent CD8* T cells

to subsequently induce the CD8" Tgm transcriptome (Fig. 23).
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Figure 23. Model of interaction between airway epithelial cells that express aVB6 and adjacent CD8*

T cells.

To first test this hypothesis, we quantified lineage traced Sox2* airway progenitors at 120 dpv in

regenerated alveolar tissue, using Sox2¢tR™2:B6.Cg-Gt(ROSA)26Sorm4(cAc-tdTomatoltize /) (3ka Sox2/Ai14)

reporter mice in which progeny of Sox2+ airway progenitors were indelibly tagged with red fluorescent

protein (Fig. 24A). To ensure there was no tamoxifen persistence, tamoxifen was administered 28 days

prior to IT vaccination.

We observed that numbers of lineage traced AEC1 and AEC2 following BCG::RD1 vaccination were 6

and 8-fold higher, respectively, than those observed after BCG SSI low dose (Fig. 24B). Therefore, the

number of airway epithelial progenitors in the alveolar tissue was significantly higher following

mucosal BCG::RD1 vaccination.
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Figure 24. Lineage-traced distal Sox2 airway epithelial progenitors repopulate mouse alveolar

epithelium after virulent mucosal BCG vaccination.

A) Experimental design to lineage trace Sox2 airway epithelial progenitors following mucosal BCG
vaccination. B) Sox2 lineage-traced AEC1 (black arrowheads) and AEC2 (black arrows) compared to RFP
negative AEC1 (red arrowhead) and AEC2 (red arrow). C) Quantification of Sox2“¢tf™2:Ai14 lineage-

traced progeny in lungs of mice IT vaccinated with the SSI low dose vaccine or BCG::RD1.

We next visualised and quantified extracellular alveolar interstitial tissue active TGF- from 7-21dpv
when airway progenitors were mobilised and CD8* Trm developed. Results showed that by 7 dpv the
BCG::RD1 vaccinated animals had peribronchiolar interstitial active TGF-B expression (data not shown)
and by 14 dpv extracellular alveolar interstitial expression was evident (Fig. 25A, E). By 21 dpv,
extracellular interstitial expression was global, and alveolar areas of severe damage had strong

expression (Fig. 25B, E).

Animals vaccinated with BCG SSI high dose had sparse peribronchiolar expression of active TGF-f from
14-21 dpv (Fig. 25E) with early, strong extracellular airway expression (Fig. 25C); in animals vaccinated
with the low dose of BCG SSI, scarce alveolar macrophages had cytoplasmic expression of active TGF-
B (Fig. 25D, E). Therefore, we revealed that after BCG::RD1 vaccination, active TGF-B was significantly
more concentrated in alveolar tissues at the time when airway epithelial progenitors were known to

restitute severely damaged epithelium.
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Figure 25. Quantification of alveolar interstitial tissue active TGF-B following mucosal BCG

vaccinations.

Extracellular alveolar tissue active TGF-B following IT vaccination with BCG::RD1 seen in A) distal

interstitium (arrows) at 14 days and B) areas of severe damage (arrows) at 21 dpv. C) Bronchiolar
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airway expression (arrows) of active TGF-B at 14 days after IT SSI high dose vaccination. D) The
cytoplasm of alveolar macrophages (arrows) exhibited active TGF- at 21 days after IT SSI low dose
vaccination. E) Quantification of extracellular alveolar interstitial active TGF-B following IT BCG
vaccinations. Pooled data from two experiments where n=6. *P < 0.05; **P < 0.01 determined by One-
way ANOVA. A) Magnification, 4x; Scale bar 600 um. B) Magnification, 11.6x; Scale bar 200 um. C)

Magnification, 20x; Scale bar 100 um. D) Magnification 20x; Scale bar 100 um.

To establish the relative numbers of alveolar epithelial progenitors that restituted the alveolar
epithelium after the BCG::RD1 vaccination as compared to the BCG SSI low dose, we sought to lineage
trace AEP at 120 dpv, using Axin2<ERT2TdT /EYEP reporter mice to indelibly tag progeny with enhanced
yellow fluorescent protein (Fig. 26A). At tissue harvest, however, all animals had an atypical response
to the BCG::RD1 across two independent experiments. Numerous lesions of these lungs contained
Krt8* TP, AEP and interestingly, Krt5" proximal airway epithelial progenitors as well as copious amounts
of active TGF-B. Wounds exemplified lung fibrosis characterised by AEC2 hyperplasia, lack of AEC1 and
supraphysiologic levels of TGF-B that likely prevented differentiation of Krt8* TP into AEC1 (Jiang et al.,

2020; Strunz et al., 2020) (Fig. 26B).
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Figure 26. Lungs of Axin2ER"TdT/EYFP mice develop chronic lesions following mucosal BCG::RD1

vaccination.

A) Experimental design for lineage tracing of Axin2tR"T4T/EYFP progeny at 120 dpv. B) Micrographs
show chronic lesions in Axin2¢*ERT4T/EYFP animals 56 days after mucosal BCG::RD1 vaccination. B)

Magnification 9.6x; Scale bar 150 um.
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4.3.3 ItgB86 knock out mice develop significantly fewer CD8* Trm following mucosal vaccination with

BCG::RD1

To more directly test our hypothesis that epithelial progenitor cell-mediated release of TGF-B regulates
the induction of CD8" Try, we used knock-out (KO) mice that lacked a functional aVB6 integrin (Munger
& Sheppard, 2011; Peng et al., 2016). Integrin beta-6 (ItgB6) KO mice were vaccinated with BCG::RD1
and tissues harvested across 7-35 dpv (Fig. 27A). We confirmed levels of lung injury in the ItgB6 KO
mice were comparable to C57BL/6 wild type mice using histology (data not shown) and quantification
of Krt8* TP numbers (Fig. 27B). We then compared tissue active TGF-B, as ltgB6 KO airway progenitor
cells would not be able to bind the LAP and activate extracellular TGF-B. At 21 dpv, we observed that
while C57BL/6 mice had abundant extracellular alveolar interstitial active TGF-B, compared to the

ItgB6 KO animals which had negligible amounts (Fig. 27C-E).
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Figure 27. Airway epithelial progenitors release latent TGF-$ in alveolar interstitium.

A) Experimental design for ItgB86 KO experiments. B) Quantification of Krt8" TP in /tg86 KO mice. C, D)
Micrographs of C57BL/6 wild-type and /tgB6 KO lungs, respectively, at 21 days after BCG::RD1
vaccination E) Corelative quantification of extracellular interstitial expression (C-arrows) of
extracellular interstitial active TGF-f in alveolar tissue. Pooled data from two independent experiments
where n=6-10. *P< 0.05; **P< 0.01; ns: not significant by unpaired Student’s t test. C, D)

Maghnification, 10x; Scale bar 200 um.

We next quantified CD8" Trm subsets and their proportions in the lungs of the ItgB6 KO animals after
BCG::RD1 vaccination across 5 weeks and found that while C57BL/6 mice had a 25% increase in CD8*
Trm between 14-21 dpv (Fig. 28A), the IgB6 KO animals had an increase of 5% (Fig. 28B). This smaller

increase was despite the fact that the KO mice had more lung CD8* T cells at 14 dpv and the same
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number as WT at 21 dpv (Fig. 28C). We also showed that CD8*CD103"* Tgm were specifically significantly
decreased in IltgB6 KO animals after BCG::RD1 vaccination compared to WT animals (Fig. 29),
consistent with the role of TGF-B in upregulation of CD103 expression in CD8" T cells (Casey et al., 2012;

Mackay et al., 2013).
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Figure 28. Comparison of wild type and /tgB6 KO lung CD8" Trm subsets following mucosal BCG::RD1

vaccination.

Percentages of CD8" Trm subsets in A) C57BL/6 and B) ItgB6 KO mice vaccinated with BCG::RD1. C)

Counts of total CD8" T cells in lungs of mice IT vaccinated with BCG::RD1.
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Figure 29. ItgB6 KO mice show significantly decreased numbers of lung CD8*CD103* Trm following

mucosal BCG::RD1 vaccination.

In conclusion, following mucosal BCG vaccination, we demonstrated that wherever Krt8" TP were,
CD8*CD103* Trm also localised. We found that active TGF-B was robust and widespread throughout the

alveolar interstitium following BCG::RD1 vaccination in which significantly higher numbers of distal
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airway progenitors were shown. When aVB6 integrin was knocked out, active TGF-B was absent and
CD8*CD103* Trm Numbers significantly decreased. Taken together, these findings support a model in
which lung epithelial progenitor cell-mediated release of TGF-B regulates induction and persistence of

lung CD8* Trm cells following mucosal BCG vaccination.
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4.4 Discussion

Early in pulmonary infection, epithelial injury causes secretion of growth factors, chemokines,
interleukins, and prostaglandins that coordinate complex processes involving epithelial restitution. In
zones of minimal and moderate distal lung tissue damage due to injury, facultative mature epithelial
progenitors are capable of local epithelial restitution where they not only modulate immune cell
function but also provide paracrine signals into the local milieu. Pathogen clearance usually ensues
due to immune responses but can persist in areas where facultative epithelial progenitors are
completely lost due to immune effector cell cytolysis (Kumar et al., 2011; Quantius et al., 2016;
Vaughan et al., 2015; Zacharias et al., 2018; Zuo et al., 2015). In mice, where loss of distal stem cell
proliferation occurs, rare quiescent DASC are activated and migrate into hypoxic areas where they
proliferate and organise into pod- or cyst-like structures to ‘restore’ the epithelial barrier (Kumar et
al., 2011; Vaughan et al., 2015). In the PR8 mouse model of influenza, progenitor Krt5* pods and CD8*
Trm form into a repair associated memory depot where TGF-B and IL-15 are available (Mackay, Wynne-
Jones, et al., 2015; Takamura et al., 2016; Yoshizawa et al., 2018) downregulate expression of KLF2,
upregulate expression of cell surface adhesion molecules CD103 and CD49a (Bankovich et al., 2010;
Mackay, Wynne-Jones, et al., 2015) and subsequently tether to ‘epithelial’ Krt5" pod cells that express
E-cadherin (Vaughan et al., 2015) and reconstituted lamina densa collagen IV (Topham et al., 2019).
Although the source of local active TGF-3 has not been described in the PR8 influenza mouse model, it
has been suggested that Krt5* DASC activate TGF-B by aV integrins (Topham et al., 2019). Notably, the
colocalization of these two cell types does not occur following exposure to non-virulent strains of
influenza and it is theorised that this occurs because DASC remain quiescent as facultative local

epithelial stem/progenitors accomplish efficient regeneration of lost epithelium (Kanegai et al., 2016)

The responses of AEP, AEC2, LNEP, BASC and DASC to alveolar epithelial cell loss associated with
mycobacterial lung injury were unknown at the start of this research; moreover, the literature did not

describe colocalisation of CD8" Tsm and epithelial progenitor cells following mycobacterial lung
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infection. Knowing the effects that RD1 virulence factors have on AEC2, we initially presumed that
vaccination with BCG::RD1 may cause a similar lung injury healing sequalae as reported after PR8 lung
infection in mice. Our findings, instead, described sequalae in which Sox2* distal airway progenitors
(we suggest the progeny of LNEP) migrated into alveolar tissues to orchestrate restitution in areas
where facultative alveolar epithelial progenitors were lost due to the virulence factors of RD1.
Conversely, mucosal lung exposure to doses of non-virulent BCG resulted in efficient regeneration of

lost epithelium by local epithelial progenitors.

Each of the IT BCG vaccinations of the C57BL/6 mice resulted in distinct epithelial progenitor and CD8*
Trm interactions. The BCG SSI vaccination of 100,000 CFU led to activation of local pSPC* facultative
alveolar epithelial progenitors which formed foci of progeny across contiguous alveoli. We observed
that lack of epithelial cell migration through alveolar ECM resulted in little tissue active TGF- and
subsequently a lesser proportion of CD8" Trm formed. The BCG SSI vaccination of 500,000 CFU was
delivered primarily to the airways and led to activation of Sox2* distal airway and bronchioalveolar
pSPC* epithelial progenitors that resulted in peri- and luminal bronchiolar active TGF-B with
subsequent elevated numbers of airway-specific CD8* Trm. The virulent BCG::RD1 vaccination of
100,000 CFU led to activation of significant numbers of Sox2* distal airway epithelial progenitors,
significantly more alveolar tissue active TGF-B and correspondently higher proportions of CD8" Trum.
When we vaccinated /tgf6 KO mice (that lacked the integrin necessary for TGF-f activation in lungs)
with IT BCG::RD1 at 100,000 CFU we observed significantly less tissue active TGF- 3 and significantly

fewer CD8" Trm (Fig. 30).
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Following mucosal IT vaccination with BCG, immunofluorescent double labelling of CD8b and CD103
or serial IHC staining for CD8b, CD103 and Krt8, did not reveal the formation of peri-bronchiolar RAMD-
like structures as described following PR8 infection in mice. Instead, we visualised colocalization of
Krt8* TP, CD8b* and CD103* cells throughout the alveolar interstitium, most clustered in areas of
moderate to severe injury and some clusters located as far from bronchioles as the visceral pleura.
This alludes to the notion that CD8* Trm patrol other zones of regeneration (other than peri-
bronchiolar) in areas of AEP/AEC2 associated re-epithelialisation where inflammatory cytokines such
as TGF-B and lamina densa collagen IV are accessible (Sheppard, 2006; West & Mathieu-Costello,

1992).

That peri-bronchiolar RAMD did not form following mucosal exposure to mycobacterium further
implies that RAMD formation may be inextricably linked to DASC-mediated factors. The RAMD
described in PR8 mouse influenza models (Kumar et al., 2011; Takamura et al., 2016; Vaughan et al.,
2015) might form adjacent to bronchioles since both upper and lower airways are severely injured
following mucosal exposure to PR8 (Kumar et al., 2011). One theory is that after extensive sloughing
of influenza-infected airway epithelium, DASC progeny that are activated to proliferate and
differentiate into luminal bronchiolar epithelial cells (Di Gregorio et al., 2016), migrate distally and
mistakably inch into the alveoli and “outcompete local stem cell populations” (McQualter, 2019). This
may be correct as LNEP are rendered unable to proliferate (Quantius et al., 2016) and AEP/AEC2 are
completely destroyed by infection (Kumar et al., 2011; Vaughan et al., 2015; Zacharias et al., 2018; Zuo
et al., 2015). Once in situ, DASC may use Notch signaling to specify daughter cell fates (hence
bronchiolization of alveolar epithelium) and there DASC-secreted Notch ligands may also have a role
in development of CD8* Trm to form the peri-bronchiolar RAMD. Certainly, Notch signaling has been

shown obligatory for Trm long-term survival (Hombrink et al., 2016).

Pulmonary biologists describe the formation of KRT5" CD8" Trm pods following severe influenza

infection as dysplastic (Fernanda de Mello Costa et al., 2020; Planer & Morrisey, 2023). We also
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observed Krt5* cells in the centre of dysplastic lung lesions in the Axin2¢*fT9T /EYFP mice 56 and 120
days after vaccination with BCG::RD1; the lesions were primarily interstitial and not adjacent to
bronchioles. We suggest that DASC were mobilised in these animals due to the severity of lung injury.
This notion is supported by human explant and autopsy studies of lung tissue following SARS-CoV-2
infection in which non-resolvable chronic lung disease resulted in the recruitment of Krt5" cells
adjacent to fibrotic areas of lung long after clearance of infectious virus (Fang et al., 2020; Jyothula et

al., 2022; Wu et al., 2022).

We did not observe the development of fibrosis following any of the three IT vaccinations with BCG,
bar in the Axin2¢tR™-T9T /EYFP mice after BCG::RD1 vaccination. At 120 days after IT BCG vaccination,
we observed that in the C57BL/6, Sox2“¢ER"2/Ai14, and Krt5“¢tR™? mice, the epithelial progenitors that
responded after injury successfully underwent transition from the Sox2* airway and pSPC* alveolar
phenotype through the Krt8* TP state and on into differentiation into AEC1 evidenced by overall lung
restitution. This implies that the TGF- signaling necessary for early upregulation of Krt8 and therefore
induction of the Krt8* TP state was appropriate while subsequent inactivation of TGF-f promoted
terminal differentiation into AEC1 (Jiang et al., 2020). While out of the scope of this research, in the
future the IT BCG vaccinations employed here may be of use to characterise the pathways that induce
the Krt8* transitional state and those that abnormally maintain it that are said to cause chronic lung

disease and failure (Narasimhan et al., 2023; Yao et al., 2021).
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CHAPTER 5. COMPREHENSIVE DISCUSSION

The first man never finished comprehending wisdom, nor will the last succeed in fathoming her.

SIRACH, THE OLD TESTAMENT

TB is one of the major causes of death in the world and a new vaccine that induces lung-resident
immunity is urgently needed. This is, to our knowledge, the first study to show a mechanistic
relationship between lung epithelial progenitor cells and Trm induction/maintenance following
mucosal mycobacterial vaccination. Our findings hold several important implications for development
of a more effective TB vaccine when broken down into principal criteria that potentially contribute to

an effective vaccine.

Firstly, mucosal delivery of BCG is known to induce better systemic and mucosal immune responses
compared to parenteral BCG (Aguilo et al., 2017; Perdomo et al., 2016; Sharpe et al., 2016; Uranga et
al., 2016). Our findings further support that inhaled BCG not only led to robust induction of lung CD8*
Trm and but also significant populations cells with an ex-lung Tesm and stem-like Trm phenotype that
persisted for up to 4 months. Our future studies will investigate whether antigen-specific mLN Tgrm can
be harnessed to provide a regional anti-TB arsenal for the lungs. We also demonstrated that a high
dose of BCG SSI delivered to the proximal airways induced 4 times the number of airway CD8* Trm
compared to the BCG SSI low dose that affected the distal airways. Thus, if the mucosal route is the
way forward for a respiratory TB vaccine, a vaccine that is engineered with both larger particulate
matter, delivered to the upper airways (Zareba et al., 2024) and ultrafine particles to the distal airways

(He et al., 2023) could have advantages.

As stated previously, a key focus of TB vaccine improvement is BCG modifications that generate
persistent CD8" T cell memory. The BCG::RD1 construct used in our studies has been shown to protect
animals from TB challenge following IT administration; however, when bacilli infect AEC2, ESAT-6

causes cell necrosis to allow further spread of bacilli into the interstitium (Krishnan et al., 2010). Our
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results confirmed that the RD1 virulence factors had a direct influence on the severity and extended
time of AEC losses, inflammation, CD8" T cell responses and ultimately, tissue regeneration.
Importantly, epitopes of a pulmonary mucosal vaccine should be proven not to facilitate BCG
adherence and internalisation into AEP. These crucial progenitor cells that function as AEC2 (Zacharias
etal., 2018) may be frontline cells for BCG infection and it is known that infection can impede epithelial
stem/progenitor cell function, leading to decreased (Parimon et al., 2023), faulty (Toth et al., 2023), or
incorrectly timed production of progeny (Yee et al., 2006), and subsequent development of lung

disease (Mobius & Thebaud, 2017).

At the time of our experimental design, the standard BCG dose for mouse work was 500,000 CFU since
BCG has an unpredictable degree of protection in humans and the World Health Organisation
recommends use of high dose vaccination for children (Bretscher, 1992). Mouse studies have shown
however, that a higher dose of BCG does not correlate with better protection (Bretscher, 1994; Gruppo
& Orme, 2002) and although we administered BCG::RD1 at 100,000 CFU, SSI administered at 3,000
CFU has demonstrated protective efficacy in recent mouse studies (Khatri et al., 2021). Taken together,
as BCG::RD1 stimulated a robust local and importantly, regional immune memory, it may be
advantageous to continue studies at the 3,000 CFU dose to see whether a lower dose ameliorates
severity of lung pathology yet continues to provide protection against Mtb challenge. Also,
mycobacteria are slow growing and the time to generate immunology data is long; therefore, most
studies have been limited to 2-3 months. Future efficacy studies should consider extension to 6 months
or a year (Aguilo et al., 2017) before challenge with Mtb, as a bi-annual or annual vaccine would be

practical for humans.

We demonstrated the importance of the early resolution of inflammation and downregulation of TGF-
B as this corresponds to the turning point for lung regeneration (Kim et al., 2018). Clearly, a vaccine
that leads to excessive inflammation, while it may induce more CD8* Try, is detrimental for the lungs.

We learned that excessive AEC losses mobilise airway epithelial progenitors and this was found directly
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related to TGF-B activation in bronchiolar epithelium and alveolar interstitium. Although this may have
resulted in increased numbers of CD8" Try, increased levels or time of activated TGF- was also shown
to harm the lungs. Therefore, an optimal mucosal vaccine should enhance local epithelial progenitor
responses and keep TGF-B levels low so as not to tip the balance between CD8* Trminduction and tissue
integrity (Auyeung et al., 2022; Jenkins et al., 2006; Khalil et al., 2001; Kim et al., 2018; Munger et al.,

1999; Pittet et al., 2001; Riemondy et al., 2019).

Although there remains optimism in the field that numbers of vaccine induced CD8* Trm against Mtb
could be increased and made to persist in the lungs (Ogongo et al., 2019). Here, our results add further
evidence that CD8" Trm have a distinctive lack of endurance in the lungs compared to other tissues
(Carbone, 2023; Stolley & Masopust, 2017; Takamura, 2017) which is thought to be organ specific (Van
Braeckel-Budimir et al., 2018). A future research direction for a new pulmonary mucosal TB vaccine
may be to develop one that minimises alveolar harm (and active TGF-B), to generate lung CD103"
CD69*CD49a* Trm Which are thought to specifically egress to the mLN. Since mLN CD8* Tgm may have
the capacity to migrate back to the lungs and orchestrate a timely and efficient innate response
(Brewitz et al., 2017; Christo et al., 2021; Paik & Farber, 2021) it could be beneficial if these CD8* Trm
generated from the mucosal vaccination persist in the mLN for six months to a year with the continued

capacity to protect the lungs against Mtb challenge in the interim.
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Table 2. List of antibodies used for IHC, IF and flow cytometry.
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Primary Species Manufacturer/ (Working [Secondary Species |Manufacturer/ |Working

Antibody raised Concentration [(dilution Antibody raised |Concentration [dilution

Tla Hamster DSHB 2ug/ml Biot-Hamster IgG |Rabbit [abcam 1:1000

8.1.1-s serum 15ug/ml ab6782 1.5mg/ml w/2% NRS

Pro-SPC Rabbit abcam 1:1000 HRP-Rabbit IgG  |Goat abcam 1:50

ab90716 IgG 0.7mg/ml ab97057 0.5mg/ml

Krt5 Chicken BiolLegend 1:200 Biot-Chicken IgY |Goat abcam 1:800

Poly9059 IgY 0.5 mg/mL Ab6876 2.0mg/ml

Sox2 Rabbit abcam 1:200 Biot-Rabbit IgG  |Goat abcam 1:1000

EPR3131 IgG 0.214mg/ml ab6720 2.0mg/ml

Krt8 Rabbit abcam 1:1000 HRP-Rabbit IgG  |Goat abcam 1:50

EP1628Y IgG 0.033mg/ml ab97057 0.5mg/ml

CD3e Rabbit abcam 1:100 HRP-Rabbit IgG  |Goat abcam 1:50

EPR22667-12 |IgG 0.673mg/ml ab97057 0.5mg/ml

CD8b Rabbit abcam 1:500 HRP-Rabbit IgG  |Goat abcam 1:50

EPR22331-54 |IgG 0.63mg/ml ab97057 0.5mg/ml

CD103 Rabbit abcam 1:200 HRP-Rabbit IgG  |Goat abcam 1:50

EPR22590-27 |IgG 0.516mg/ml ab97057 0.5mg/ml

TGF-beta Chicken R&D Systems 1:100 Biot-Chicken IgY |Goat abcam 1:800

1/1.2 IgY 0.2mg/ml Ab6876 2.0mg/ml

AF-101-NA

RFP Rabbit Rockland 1:1000 HRP-Rabbit IgG  |Goat abcam 1:100

600-401-379 |IgG 1.06mg/ml ab97057 0.5mg/ml

GFP Goat Aves Labs 1:500 HRP-Goat IgG Donkey [Thermo Fisher [1:500
IgG 10mg/ml A15999 1 mg/ml

CD8b Rabbit abcam 1:500 AF647-Rabbit IgG |Donkey (Invitrogen 1:1000

EPR22331-54 |IgG 0.63mg/ml AB 2536183 2 mg/ml

CD103 Rabbit abcam 1:200 AF488-Rabbit IgG |Goat Invitrogen 1:1000

EPR22590-27 |IgG 0.516mg/ml AB 2536183 2 mg/ml

Krt8 Rabbit abcam 1:1000

EP1628Y IgG 0.033mg/ml

TGF-beta Chicken R&D Systems 1:100

1/1.2 IgY 0.2mg/ml

AF-101-NA
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CD49a/BV421 |Rat IgG BD Biosciences [1:200
Ha31/8 0.2mg/ml

CD8a/FITC Rat IgG BD Biosciences [1:200
53-6.7 0.5mg/ml

CD69/PE Rat IgG BD Biosciences [1:100
H1.2F3 0.2mg/ml
CD103/AF647 |RatIgG BD Biosciences |1:200
2E7 0.2mg/ml

CD16/32 Rat IgG BD Biosciences [1:500
2.4G2 0.5mg/ml
CD185/BV421 |Rat IgG BD Biosciences [1:50
2G8 0.2mg/ml

CD279/APC BD Biosciences [1:200

Ly-51

0.2mg/ml
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