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ARTICLE INFO ABSTRACT

Keywords: A principal reason for the high global morbidity and mortality of tuberculosis (TB) is the lack of efficacy of the

BCG only licensed TB vaccine, Bacillus Calmette-Guérin (BCG), as intradermal BCG does not induce local pulmonary

Tuberculosis immune memory. Animal studies have shown that inhalation of BCG vaccination provides superior mucosal

;ilzfsal protection against TB due to generation of lung resident memory T cells (Try). Here, we demonstrated that

Airway epithelial brogenitors following mucosal vaccination with the genetically modified more virulent BCG strain, BCG::RD1, distal airway

y ep prog

Resident memory T cells epithelial progenitors were mobilized to assist with restoration of alveolar epithelium. By way of their integrin-
mediated activation of latent TGF-B, lung CD8" Tgy differentiation was induced. Mucosal vaccinations using
nonvirulent strains of BCG in which airway epithelial progenitors were not mobilized, as well as genetic inhi-
bition of integrin-mediated activation of TGF-B, resulted in significantly lower numbers of lung CD8" Tgy with
subsequent reduced protection against Mycobacterium tuberculosis (Mtb)-induced lung pathology in mice. The
results link airway epithelial progenitor-mediated repair of injured lung tissue with a role in the induction of
resident CD8™ T cell memory. These findings provide further explanation why mucosal vaccination with virulent
BCG strains is more protective against TB and thus has implications for future TB vaccine development.

Introduction persistent T cell memory. For example, mice and guinea pigs vaccinated

with BCG strains in which the region of difference 1 (RD1) genes that

During the Covid-19 pandemic, the ineffectiveness of a non-mucosal
vaccine to protect against lung infection became more apparent, a
problem well acknowledged amongst TB immunologists." TB is pri-
marily a respiratory infection caused by Mycobacterium tuberculosis (Mtb;
with 10.8 million new infections in 2023 and 1.25 million deaths, TB is
one of the top ten fatal diseases globally.” These statistics highlight the
inadequacy of the only licensed TB vaccine — BCG."** BCG is an
attenuated strain of Mycobacterium bovis given to postnatal infants in TB
endemic regions to confer immunity against septic forms of TB,” how-
ever, immunity is often lost in adolescence.® Failure of BCG to provide
life-long immunity against Mtb is a motivation for vaccine improvement
where recombinant modifications of BCG aim to generate a more

encode Mtb virulence genes ESAT-6 and CFP-10 were recombined into
M. bovis BCG (BCG::RD1)” showed improved protection against Mtb
challenge.®®

It has also been demonstrated that mucosal BCG vaccination, as
opposed to subcutaneous (SC) or intradermal BCG, generated superior
protection against TB in animal models and this protection was linked to
generation of lung Try (subcutaneous/intradermal BCG did not lead to
Tru in the lungs).®!'° Mucosal delivery of BCG::RD1 has been further
shown to induce significant increases of airway Tgy'' and conferred
superior immunity against aerosol Mtb infection in diabetic mice.'?
Thus, immunogenic antigens of BCG::RD1° combined with a mucosal
delivery strongly contributes to vaccine-induced protection against Mtb.

Abbreviations: AEC, alveolar epithelial cell; AEP, alveolar epithelial progenitor; BCG, Bacillus Calmette-Guérin; CFU, colony forming unit; DASC, distal airway
stem cell; GFP, green fluorescent protein; ItgB6, integrin beta-6; IT, intratracheal; LNEP, lineage negative epithelial progenitor; mLN, mediastinal lymph node; Mtb,
Mycobacterium tuberculosis; pSPC, pro-surfactant protein C; RAMD, repair-associated memory depot; RD1, region of difference 1; CD3 epsilon (CD3e), RFP, red
fluorescent protein; SC, subcutaneous; Tla, type 1 alpha protein; TB, tuberculosis; TGF-f, transforming growth factor beta; Try, resident memory T cell.
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How BCG virulence, Tgy induction and protection against TB are
mechanistically linked remained elusive.

Evidence of interaction between immune and progenitor cells is seen
in the array of immune receptors and cytokine signalling systems of
progenitor cells'®>'® and dysregulation of immune-progenitor cell in-
teractions that result in chronic disease.'®'® In mouse models of acute
influenza infection, there is an invariable association of CD8" Tgy and
lung epithelial progenitor cells in areas of severe tissue destruction'® 2°
and it has been suggested that “auxiliary developed regenerative tissues
could be a source of unique factors necessary for differentiation and
maintenance of Tgry cells, such as TGF-[}”.27

Lung injury activates epithelial progenitors to regenerate the alve-
olar epithelium which consists of Type 1 and Type 2 alveolar epithelial
cells (AEC1 and AEC2, respectively). AEC1 are responsible for gas ex-
change while AEC2 secrete surfactant to prevent alveolar collapse,
amongst many other functions, including the capacity to act as pro-
genitors for excessive losses of AEC1.%® A rare AEC progenitor (AEP) that
constitutes ~20 % of all AEC2 has also been described.?*?° Although
stem cells, AEP express AEC2 markers including the precursor form of
surfactant protein C (pSPC) and function as AEC2 but have a distinct
gene expression profile enriched in lung developmental genes and epi-
genome.”?” Thus, both AEC2 and AEP progenitors express and are
labelled by pSPC and here are collectively referred to as pSPC" alveolar
epithelial progenitors.

Following severe depletion of normally abundant local pSPC™" alve-
olar epithelial progenitor cells, stem cell responses originate from the
airways.”’ The SRY-box 2 (SOX2) transcription factor is expressed in
most airway epithelial cells of the adult mouse lung.*° Of relevance to
our studies are distal airway Sox2" lineage positive and lineage negative
epithelial progenitors (here, collectively referred to as Sox' distal
airway progenitors) and cytokeratin 5 (Krt5") distal airway stem cells
(DASG). Sox2™ distal airway progenitors are quiescent in uninjured
lungs, however, alveolar injury elicits their proliferation, such that
daughter cells migrate into alveolar tissue and differentiate into AEC1 or
AEC2.%132 When Sox2* distal airway progenitors are lost (such as after
murine PR8 influenza virus)*’rare, quiescent DASC proliferate, and
daughters migrate to occupy alveolar areas depleted of epithelium
where they form Krt5" “pods” with CD8" Tryv> 2% in a structure that has
been termed a repair-associated memory depot (RAMD).>* »

Finally, a novel distinct transitional progenitor cell population that
expresses cytokeratin 8 (Krt8) has also been described by several groups
that is relevant to this project. These Krt8" progenitors represent an
intermediate cell state in which both cuboidal pSPC* alveolar and Sox2™"
airway progenitor cells convert physically, structurally, and mechani-
cally into squamous AEC1 that function for gas-exchange.>>3%3°

Before this research, regulation of CD8" Ty induction and main-
tenance following mucosal exposure to mycobacteria and coregulation
by epithelial progenitors, remained unknown; therefore, we sought to
elucidate how they cooperate for restoration of lung function following
mucosal BCG vaccination. Here, we describe a novel mechanistic asso-
ciation between distal airway epithelial progenitor paracrine cues and
induction of protective CD8™ lung Tgry.

Materials and methods
Animals

Female mice were 6-8 weeks old at the time of vaccination (female
mice show a more robust humoral and cellular immunity after pulmo-
nary infection)*”*® and maintained in a biosafety level 2 facility under
specific pathogen free conditions. C57BL/6 mice (ARC, Western
Australia), Krt5¢ERT2 mice (provided by Dr Felicity Davis, University of
Queensland), Axin2¢*RT2TdT/EyEp mice (provided by Dr Edward
Morrisey, University of Pennsylvania), Sox2°ER"2 (Jackson Labora-
tories), Itg6 knockout mice (provided by Dr Dean Sheppard, University
of California San Francisco), B6.Cg-Gt(ROSA)26Sor™!4(CAG-tdTomato)Hize ;7
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mice (provided by Dr Scott Mueller, University of Melbourne), Gt
(ROSA)26Sor™*(ACTB-tdTomato, EGFP)Luo / j - i originally from Jackson
Laboratories with substrain donated by Dr Scott Mueller (University of
Melbourne) were all genotyped by Genetic Research Services (Univer-
sity of Queensland), bred and maintained in the animal facilities at
James Cook University, Australia. The study (A2837) was approved by
the James Cook University Animal Ethics Committee.

Bacteria

BCG SSI (ATCC no. 35733) and BCG::RD1 (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) as previously described.'?

Mucosal immunisation and infection

Mice were immunized by IT instillation of 1 x 10° or 5 x 10° colony
forming units (CFU) of BCG diluted in sterile PBS as described previ-
ously.'® To determine vaccine protective efficacy, mice were challenged
via the aerosol route with 50-100 CFU of M. tuberculosis H37Rv 60 days
post vaccination by using a Glas-Col inhalation exposure system. Ani-
mals were monitored on a weekly basis, with determination of weight
and scoring of body condition using the mouse BCS scale. At the doses
utilized in this study, none of the animals met institutional animal care
and use committee approved endpoints and they were analysed at the
planned time-points.

Lung inflation

After euthanasia by CO, inhalation, animals were exsanguinated; the
thorax was opened to expose the lungs. Lungs were inflated via trachea
with 0.5 % zinc acetate and zinc chloride in 0.5 % tris-calcium acetate
buffer (ZBF; BD Biosciences) at a fluid pressure of 25 cm before removal
en bloc and incubation in 30 ml ZBF at 25°C for 72 hr prior to 24-hr
incubation at 25°C in 50 % ethanol.

Immunohistochemistry

Fixed tissues were dehydrated with an automated tissue processor
(Leica Biosystems) and embedded in paraffin blocks, 4 pm sections cut
and collected on Polysine slides (ProSciTech), dried at 25°C overnight
prior to deparaffinization using standard protocols. H&E staining was
performed using an automated processor (Leica Biosystems). Sections
were washed with Tris-buffered saline (TBS) and blocked with 10 %
species-specific serum to secondary antibodies at 25°C for 2 hr. Primary
antibodies were incubated overnight at 4°C (Supp. Table 1). Tissues
were incubated with peroxidase inhibitor (Thermo Fisher Scientific) for
30 min at 25°C. For avidin biotin complex (ABC) IHC, endogenous
avidin binding activity was quenched with avidin and biotin blocking
buffers (Abcam) for 15 min at 25°C, before incubation with secondary
antibodies for 1 hr at 25°C in optimized dilutions (Supp. Table 1). For
ABC IHC, tissue incubated with 45 pl of Vectastain ABC kit reagents
(Vector Laboratories) in 10 ml TBS for 30 min at 25°C. Tissue was
washed before incubation with DAB chromogen (Abcam) for 3-5 min,
and counterstained with hematoxylin (Sigma-Aldrich). Tissues were
cleared using standard protocols and cover slipped with Surgipath
mounting media (Leica) and #1 coverslips (Leica).

Microscopy

Images were acquired using an Aperio CS2 Digital Slide Scanner
(Leica Biosystems) and analyzed using Aperio ImageScope v12.4.3.5008
software (Leica Biosystems). Quantification of Krt8" TP, active TGF-p
and Sox2 lineage traced RFP™ cells was undertaken using ImageJ soft-
ware (ImageJ).



J.A. Blake et al.
Lung and mediastinal lymph node dissociation

Lung and spleen dissociation kits (Miltenyi Biotec) were used to
dissociate lung and mLN into single cell suspensions according to
manufacturer’s instructions. After the final dissociation step, superna-
tant was aspirated before addition of 3 ml RBC lysis buffer (Thermo
Fisher Scientific), resuspension and incubation for 2 min. 10 ml FACS
buffer was added prior to centrifugation at 1500 rpm for 5 min at 25°C.
Supernatant was discarded and cells resuspended with FACS buffer to
500 pl.

Flow cytometry and data analyses

150 pl of dissociated cells were pipetted into 96 round bottom well
plate and spun at 1500 rpm at 4°C for 5 min. Cells were resuspended in
50 ul Live/Dead cell stain 1:1000 (APC-Cy7 channel) (BD Biosciences)
and incubated at 25°C for 10 min in the dark. Samples were washed with
FACS buffer, spun at 1500 rpm for 5 min at 4°C. Samples were resus-
pended in 50 pl antibody master mix (Supp. Table 1) at optimized
concentrations before incubation for 30 min on ice in the dark. After
washes and spin at 1500 rpm at 4°C for 5 min, 150 pl Sphero Blank
Calibration Particles (BD Biosciences) at 1:75 was added to resuspended
samples. Flow cytometry analyses were performed on a LSR Fortessa
X20 cytometer using FACSDiva software (BD Biosciences). The data
were analysed by FlowJo software (Treestar).

Lineage tracing

A single dose of 0.125 mg/g body weight tamoxifen (Sigma-Aldrich)
was dissolved in 50 pl corn oil (Sigma-Aldrich) and administered to
Krt5™ERT2 /m TG mice intraperitoneally at day 14 after IT vaccination
with BCG::RD1. Three doses of 0.25 mg/g tamoxifen was administered
every second day to Sox2°ER"2/Ai14 mice and every day for 5 days to
Axin2CreERTZTdT /pypp mice 28 days prior to IT vaccinations. Tamoxifen-
independent recombination in Krt5®¥R™2/mTmG mice was 0% with no
systemic effects in floxed littermate controls. In Sox2°ERT2/Ai14 mice
tamoxifen independent recombination was less than 1%, while floxed
controls were negative for systemic effects. Axin2¢"FR12 14T /pyFp were
unable to be analysed for independent recombination due to excessive
lung pathology.

Statistical analysis

Statistical analysis and graphs were generated using Prism version
9.5.1 (GraphPad). Two parametric group analyses were carried out
using Student’s ¢ test, followed by Holm-Sidak multiple comparison
tests. Analyses of variance between independent groups were carried out
using One-way ANOVA by Tukey’s multiple comparison tests. P < 0.05
was considered significant.

Results
BCG virulence and dose affects loss of alveolar epithelial cells

We undertook an initial study of the responses of lung epithelial cells
to mucosal vaccination with BCG strains across a spectrum of dose and
virulence over time, using intratracheal (IT) vaccination of C57BL/6
mice (n = 6/time point) with the Danish strain of BCG (BCG SSI) at a
dose of 100,000 colony forming units (CFU), BCG SSI at 500,000 CFU,
BCG::RD1 at 100,000 CFU or PBS (Fig. 1a). AEC2 are frontline cells of
mycobacterial invasion®; also, infection-related cytolysis of AEC2 af-
fects AEC1 that are particularly sensitive to epithelial damage.*’ To
determine the relative number of AEC lost (the impetus for immune and
subsequent progenitor cell responses) across our vaccinations, lung
sections were immunostained using type 1 alpha protein (T1a) and pro-
surfactant protein C (pSPC), before image analyses of AEC1 and AEC2
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losses, respectively, across a four-month timeline. We combined
descriptive analyses and semiquantitative scoring systems to evaluate
different parameters associated with understanding the timeline of re-
percussions to the vaccinations.’! Lung sections from each mouse (3 for
each 2 experimental replicates; n = 6) across the 7-120 days after
vaccination time span were graded for relative severity of pathology
guided by the United States Department of Health and Human Services
National Toxicology (Respiratory) Program.*” Alveolar epithelial cell
pathology was graded for distortion of normal tissue architecture,
alveolar epithelial degeneration (evidenced by cell shrinkage and/or
pykinosis), and/or alveolar epithelial necrosis (characterised by cell
swelling, fragmentation, disrupted architecture, loss of staining in-
tensity, and/or sloughing of necrotic cells/ debris into the alveolar or
airway lumen). Compared to normal lung (Fig. 1b; Supp. Fig. 1a), AEC
pathology (Fig. lc; Supp. Fig. 1b) was graded as normal (Grade 0),
minimal (Grade 1), moderate (Grade 2) or severe (Grade 3).

Following BCG SSI low dose vaccination, minimal AEC pathology
was observed by the peak of injury at 21 days past vaccination (dpv)
(Fig. 2a, b) AEC pathology consisted of alveolar wall hyperplasia and
sparse small focal lesions (Supp. Fig. 2a, b). Following BCG SSI high dose
vaccination, moderate AEC pathology was observed by the peak of
injury at 21 dpv (Fig. 2a, b). AEC pathology consisted of global focal
peribronchiolar lesions (Supp. Fig. 2c, d). After BCG::RD1 vaccination, a
marked AEC pathology occurred by a peak at 21 dpv, (Fig. 2a, b). AEC
pathology consisted of large global areas of severe destruction of both
AEC visible by loss of staining intensity with necrosis evidenced by T1a"
cell debris in bronchiolar lumen (Supp. Fig. 2e, f). When we had
established that the peak of tissue damage was 21 dpv following all
vaccinations using semi-quantitative methods, we quantified AEC pa-
thology (Fig. 2c, d) to demonstrate that dose and virulence of mucosal
BCG vaccination were directly related to pathology.

BCG dose, virulence and delivery impacts lung inflammation and T cell
influx

To broadly understand the inflammatory and CD3 T cell responses to
AEC invasion and pathology, lung sections from each mouse (3 for each
2 experimental replicates; n = 6) across the 7-120 days after vaccination
time span were stained with hematoxylin and eosin (H&E) and immu-
nostained with CD3 epsilon (CD3e), before semi-quantitative grading of
inflammation and T cell infiltration, respectively. Histological evidence
of inflammation included parameters of infiltration of neutrophils,
macrophages and leukocytes, aggregations of activated macrophages
and/or multinucleated giant cells (Supp Fig. 3a, b), focal lesions (Supp.
Fig. 3a), haemorrhage (accumulations of extravasated blood cells in
alveolar lumina; Supp. Fig. 3a, c), and parenchymal cell damage caused
by haemorrhage. Compared to normal lung (Supp. Fig. 3d), inflamma-
tory pathology was graded as none (Grade 0), minimal (Grade 1),
moderate (Grade 2) or marked (Grade 3). Histological evidence of CD3
infiltration (Supp. Fig. 4) was graded as none (Grade 0), minimal (Grade
1), moderate (Grade 2) or marked (Grade 3). With this work, we sought
to gain an oversight of the time of the peak of tissue damage across the
various vaccinations.

After BCG SSI low dose vaccination, inflammation rose slowly to
peak at moderate levels by 21-28 dpv and largely resolved by 35 dpv
(Fig. 2e) and T cells infiltrated reaching moderate numbers by 21 dpv
and declining steadily thereafter (Fig. 2f). The inflammatory response
consisted of small haemorrhagic lesions (Supp. Fig. 5a) due to vascular
changes and minimal focal peribronchiolar and perivascular inflam-
mation. When BCG SSI was administered at a high dose, inflammation,
and T cell infiltration peaked at 21 dpv until 35 dpv (Fig. 2e, f). The
inflammatory response consisted of global focal areas of haemorrhage
due to capillary changes and moderate peribronchiolar and perivascular
immune cell infiltrates (primarily T cells), as well as moderate numbers
of interstitial giant cell macrophages (Supp. Fig. 5b). Following BCG::
RD1 vaccination, global inflammation escalated to severe levels by 21
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a ITBCG SSI (low dose, low virulence)
ITBCG SSI (high dose, low virulence)
ITBCG::RD1 (low dose, high virulence)

@6 7 14 21 28 35 42 49 56 70 90 120
(57BL/6

Fig. 1. AEC1 pathology is directly related to IT BCG dose and virulence. a) Experimental design to define AEC pathology across a timeline of 7-120 days past
vaccination. b, ¢) Examples of tissue grading of AEC1 using immunohistochemical (IHC) staining for T1a. b) Arrowheads indicate normal, thin morphology of AEC1
¢) asterisk indicates a lesion 21 days past SSI low dose vaccination in which degeneration of AEC1 is evidenced by loss of staining and normal tissue architecture;
arrows indicate alveolar wall thickening of AEC1. Results are presented from representative images of 3 mice per time group from two pooled independent ex-
periments (n = 6). b, ¢) Magnification, 20x; Scale bar, 200 pm.
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Fig. 2. AEC pathology, lung inflammation, and acquired immune responses are directly related to IT BCG dose, virulence, and delivery. Semi-quantitative
enumeration of a) AEC1 and b) AEC2 pathology from 7-120 days after IT BCG vaccination. ¢, d) Quantification of the alveolar area of AEC pathology at the peak of
infection at 21 days past vaccination. Semi-quantitative enumeration of e) inflammation and f) CD3e infiltration from 7-120 days after IT BCG vaccination.
Quantification of the alveolar area of g) inflammation and h) CD3e infiltration at the peak of infection at 21 days past vaccination. Results are presented from pooled
data means + SEM from 3 mice per time group from two pooled independent experiments (n = 6). *P < 0.05; **P < 0.01 by One-way ANOVA.
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Fig. 3. Sox2™ distal airway and pSPC* alveolar progenitors observed after IT BCG vaccination. a) Lung section from Krt5¢“ER™2/mTmG animal 56 days after
BCG::RD1 vaccination in which GFP immunoreactivity (indicative of Krt5 expression) was observed in basal cells of the large conducting airways (arrows) but absent
in alveolar regions (asterisk) at any timepoint across the 7-120 days after any IT BCG vaccination. b) Representative image at 7 days after BCG::RD1 vaccination,
where Sox2 expression is seen in cells (arrows) in and adjacent to terminal bronchioles. ¢) Sox2" distal airway progenitors (arrows) were observed throughout all
areas of alveolar damage as shown in mild (21 days after BCG::RD1 vaccination), moderate and severe pathology (14 days after BCG::RD1 vaccination). Semi-
quantitative enumeration of d) Sox2™" distal airway and e) pSPC" alveolar progenitors from 7-120 days after IT BCG vaccination. f, g) Quantification of the alve-
olar area of Sox2™ distal airway and pSPC" alveolar progenitors at the peak of infection at 21 days past vaccination. Results are presented from pooled data means +
SEM from 3 mice per time group from two pooled independent experiments (n = 6). *P < 0.05; ***P < 0.001 by One-way ANOVA. a) Magnification, 1.5x; Scale bar
2 mm. b, ¢) Magnification, 10x; Scale bar 200 um.



J.A. Blake et al.

dpv and remained severe until 42 dpv (Fig. 2e). T cell infiltration also
peaked by 21 dpv and T cells continued to infiltrate with marked
numbers until 56 dpv (Fig. 2f). The inflammatory response consisted of
haemorrhage secondary to inflammation, marked peribronchiolar and
perivascular immune cell infiltrates, and marked numbers of interstitial
giant cells and foamy macrophages (Supp. Fig. 5c).

We also observed that at the terminal bronchioles, the BCG SSI high
dose vaccine did not induce infiltrating CD8" T cells (Supp. Fig. 5d).
This contrasted with the BCG::RD1 (Supp. Fig. 5¢) and low dose BCG SSI
(Supp. Fig. 5f) vaccinations. We reasoned that higher numbers of bacilli
caused them to aggregate into flocs making the particulate matter of the
vaccine larger and therefore the BCG SSI high dose vaccine was not
delivered into the distal airways and alveoli*®; indeed, lungs sectioned
up to proximal airways showed infiltration of CD8" T cells in peri-
bronchiolar regions (Supp. Fig. 5g). When we had established that the
peak of tissue damage was 21 dpv following all vaccinations, we
quantified these two immune responses (Fig. 2g, h) to demonstrate that
dose, virulence, and depth of delivery of mucosal BCG vaccination had
direct effects on inflammation and acquired CD3 T cell responses.
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Only Sox2™" distal airway and pSPC™" alveolar epithelial progenitors
respond to AEC losses associated with mucosal BCG vaccination

We next undertook an original characterization of lung epithelial
progenitor cell responses to tissue damage associated with mucosal BCG
vaccinations. Lung sections were probed using antibodies against Krt5
for DASC, Sox2 for distal airway epithelial progenitors and pSPC for
alveolar epithelial progenitors across the timeline. Although Krt5 was
expressed in basal cells of the large airways, Krt5" cells were not
observed in alveolar tissue at any time after vaccination (Supp. Fig. 6a).
We confirmed this using Krt5¢ER2/mTmG reporter mice to tag Krt5+
DASC progeny with green fluorescent protein (GFP).** Again, we
observed GFP in the large airway basal cells but never in alveolar tissue
after any vaccination (Fig. 3a).

In contrast, by 7 dpv after BCG::RD1 vaccination, cells withSox2™
expression were observed in terminal bronchioles and in contiguous
alveolar epithelium (Fig. 3b); of note, Sox2% cells were observed
throughout all areas of alveolar damage across all the vaccinations
(Fig. 3c). Therefore, across the timeline of vaccinations, relative
enumeration of pSPC' alveolar epithelial (Supp. Fig. 6b) and Sox2"
distal airway progenitors (Supp. Fig. 6¢) was undertaken with progen-
itor proliferation (hyperplasia) graded as none (Grade 0), minimal

40 il +
= O Krt8* cells
= 30 I Sox2* cells
=
£ 20+
E |
= 10
=
0 = \!
7 14
Days past vaccination

$ B BCGSS low dose
i BCG::RD1

% Krt8* alveolar area per 10x field

Days past vaccination

Fig. 4. Activation of Sox2" distal airway and Krt8" transitional progenitors is dependent upon dose and virulence of IT BCG vaccination. a) Krt8 IHC
staining revealed that the transitional progenitor state was observed within tissue areas of Sox2 expression, in an ‘inverse’ relationship seen here at 14 days after
vaccination with BCG::RD1. Results are presented from representative images from 3 mice per group from two pooled independent experiments (n = 6). b)
Quantification of the alveolar area Sox2" and Krt8" progenitor cell infiltration at 7 and 14 days after BCG::RD1 vaccination to verify their inverse temporal rela-
tionship. ¢) Quantification of Krt8" TP numbers at the peak of infection at day 21 after vaccination with BCG::RD1. Results are presented from representative images
and data means + SEM from 3 mice per group from two pooled independent experiments (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired Student’s t test. a)

Magnification, 10x; Scale bar 200 pm.
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(Grade 1), moderate (Grade 2) or marked (Grade 3). While this relative
enumeration of progenitors was underway, a Krt8" transitional pro-
genitor (TP) cell state that precedes differentiation of both Sox2* airway
and pSPC' progenitors into AEC1 was described,***>%® thus we
included investigation of Krt8" TP using our IT BCG vaccinations as we
reasoned that these are the epithelial progenitors that interact with lung
CD8* T cells.

Results demonstrated that following the BCG::RD1 vaccination
marked Sox2™ airway progenitors were observed early (Fig. 3d) but
waned after day 21; conversely, marked pSPC™ alveolar progenitors
were observed after day 21 (Fig. 3e). Following BCG SSI high dose
vaccination, Sox2* airway progenitors peaked at 49 dpv (Fig. 3d) and
were confined to proximal peribronchiolar regions. After BCG SSI low
dose vaccination, Sox2" cell numbers were minimal (Fig. 3e) while
pSPC™ progenitors (Supp. Fig. 6b) appeared largely as doublets with
“foci’ of cells across neighbouring alveoli described by Desai et al..”® We
quantified numbers of progenitor populations at the peak of infection
(21 dpv) and observed numbers of Sox2™" distal airway progenitors and
pSPC™ alveolar progenitors were significantly higher after BCG::RD1
vaccination compared to the BCG SSI vaccinations (Fig. 3f, g).

Using serial sections, we observed an inverse staining pattern in
which alveolar areas void of Sox2 staining had Krt8 staining and vice
versa (Fig. 4a). This supported the notion that Sox2" distal airway cells
were transitioning into Krt8" progenitors. Thus, we quantified Sox2"
and Krt8 cells at 7 and 14 dpv to verify this inverse relationship
(Fig. 4b). By 14 dpv, the BCG SSI low dose had punctate areas of Krt8"
TP (Supp. Fig. 7a), while the BCG::RD1 vaccination had broad diffusion
of Krt8" TP throughout lungs (Supp. Fig. 7a). At 21 dpv after BCG SSI
low dose, Krt8" cells acquired a squamous morphology and were likely
transitioning into AEC1 (Supp. Fig. 7b); conversely, after BCG::RD1
vaccination, Krt8" cells remained round (Supp. Fig. 7b) 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. 4c¢).

In summary, responses of alveolar epithelial progenitors, distal
airway epithelial progenitors, and DASC to alveolar epithelial cell loss
associated with mycobacterial lung injury were unknown at the start of
this research. Knowing the effects that RD1 virulence factors have on
AEC, we at first presumed that vaccination with BCG::RD1 may cause a
similar lung injury healing sequalae as reported after virulent influenza
(PR8) infection in mice.'>?"?%%3% our findings, instead, describe
sequalae in which Sox2™ distal airway progenitors migrated into alve-
olar 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 resul-
ted in efficient regeneration of lost epithelium by local alveolar
epithelial progenitors. Both distal airway and alveolar progenitor cell
types likely transitioned through the Krt8" TP state into AECI, evi-
denced by near complete tissue restitution at 120 dpv.

Lung CD8" Tgy, induction depends on BCG virulence and dose

Paucity of literature about CD8"1 Tgy in the lungs following myco-
bacterial (and other intracellular bacterial) infection, motivated us to
also unravel the kinetics of the establishment of CD8"' Tgy and their
persistence in lungs after different types of mucosal BCG vaccination.
Mice were given IT BCG vaccination as described; whole lungs of
experimental animals were harvested and processed into single-cell
suspensions before flow cytometry (Supp. Fig. 8) and quantification
using recognised lung CD8™" Ty markers. Of note, our previous studies
have shown that only mucosal IT BCG vaccination, but not SC BCG
vaccination generates lung CD8" Tgy and that those cells are myco-
bacteria-specific.'!

BCG::RD1 vaccination led to robust expansion of CD8" Tgy from
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days 14-35 dpv, with a peak at day 28; numbers contracted at day 35 yet
remained high until 120 days (Fig. 5a, b). Of the three subsets of Tgy,
CD1037CD697CD49a™ Ty cells that patrol airway/ interstitial bor-
ders*® were the highest proportion at 45% of total CD8™ T cells at their
peak at 28 dpv (Fig. 5a, b). Interstitial CD103°CD69"CD49a™ Tpy*>*”
were also abundant (Fig. 5a, b) while the short-lived
CD103+CD69"CD49a™ Ty that solely patrol the airways’®*® were less
(Fig. 5a, b). CD1 03°CD69"CD49a” Trum precursor cells*’” were continu-
ally present in the lung from day 14-120 (Fig. 5a, b).

After vaccination with a high dose of BCG SSI, CD8™ T cells in the
lung were half the numbers seen following BCG::RD1 vaccination
(Fig. 5a, b). Of those, 25 % were CD103"CD69"CD49a" Try at day 21
dpv (Fig. 5a, b) while CD103"CD69"CD49a" airway effector Try were
higher than those seen after BCG::RD1 vaccination (Fig. 5a, b). BCG SSI
low dose vaccination induced only about a third of CD8™ T cells in the
lung compared to BCG::RD1 vaccination (Fig. 5a, b). Of those, 10% were
CD1037CD69CD49a™ Tgy at day 21 dpv (Fig. 5a, b) and waned each
week. In line with our previous results,'’ there were significantly higher
numbers of all CD8" Tgy subsets following BCG:RD1 vaccination
compared to BCG SSI low dose vaccination, particularly from 14 to 28
dpv (Fig. 5c¢-f).

Taken together, our results show that lung CD8" Tgy induction is
virulence- and dose-related and that CD8" Tgy; wane in the lungs by 120
days after mucosal BCG vaccination.

Lung-draining mediastinal lymph node harbor cells with CD8" Try
phenotypes following mucosal BCG vaccination

It has been consistently demonstrated that lung CD8™ Ty wane over
a short time,'%%9>! despite continual circulation of antigen-specific T
cells in blood.?® As lung CD8" Tgy; are known to egress to the lung-
draining mediastinal lymph node (mLN), we next investigated
whether mLN contain CD8" Tgy following mucosal BCG vaccination, as
this was unknown. Mice were given IT vaccination, the right superior
mLN was extracted from all experimental animals across 7-120 dpv and
processed into single-cell suspensions before quantification of CD8™ Try
using flow cytometry.

We discovered all phenotypes of CD8' Tgy in the mLN.
CD1037CD69"CD49a" were conceivably swept into lymphatics due to
tissue damage that physically dislodged them,’? a notion supported by
the significantly higher numbers of this subset at 14 dpv (a time of se-
vere tissue damage) following BCG::RD1 vaccination as compared to
BCG SSI low dose vaccination (Fig. 6a). Both interstitial
CD103°CD69"CD49a™ Tgy, in which lack of CD103 maturation is said to
contribute to their egression to the mLN°? and airway
CD1037CD69"CD49a” Try were enumerated at significantly higher
numbers 42 dpv after BCG::RD1 compared to BCG SSI low dose vacci-
nation (Fig. 6b, c). Numbers of CD103'CD69"CD49a" early activated
precursor Try were also significantly higher at 14 and 21 dpv following
BCG::RD1 compared to BCG SSI low dose vaccination (Fig. 6d). We
report for the first time that following mucosal BCG vaccination, mLN
harbor cells with CD8™" Tgy phenotypes for at least 4 months. Egression
of CD8" Tgy from the lung to the mLN is a recently described phe-
nomenon and further experiments will be required to authenticate the
mechanisms associated with possible ex-lung Tgry egression after
mucosal BCG immunisation.

Distal airway progenitor cells provide paracrine cues for the induction and
persistence of CD8" lung Try cells following mucosal BCG vaccination

The sum of our analyses inferred that a mechanism of induction and
maintenance of lung CD8" Try may be linked to the tissue milieu
associated with alveolar damage. Therefore, we investigated putative
relationships between lung epithelial progenitor cells and CD8" Trym
following mucosal BCG vaccination as we hypothesized that distal
airway progenitor cells provide a paracrine induction cue for lung CD8"
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Tru. As described in influenza mouse models, CD8* Ty form in areas of
severe alveolar destruction, precisely the areas into which airway pro-
genitor cells home®*?127:3%53; 5o we first investigated spatial and
temporal relationships of Krt8" TP and CD8" Tgy using imaging ana-
lyses across all vaccination models. We visualized evident structural and
temporal localization, particularly in areas of severe tissue damage
(Fig. 7a). Given that BCG::RD1 was associated with the most severe
tissue damage, we used vaccination with BCG::RD1 to dissect mecha-
nistic relationships between distal airway epithelial progenitor cells and
immune memory.

TGF-p upregulates the CD8" Tgy transcriptome and a key acti-
vator of latent TGF-p in lungs is integrin aVp6.”° As stated previously,
repair and regeneration of the lung after significant injury involves
expansion and migration of both residual alveoli and airway-derived
stem/progenitor cells. In the mouse, after bleomycin injury, approxi-
mately half of the mature AEC2s present in the recovered lungs derive
from distal airways or bronchioalveolar junctions.®>” Distal airway
cells, once mobilised, migrate and cover large areas of denuded or
heavily damaged alveolar epithelium and then restore normal alveolar
epithelium.’! It is these distal airway and Krt8" transitional progenitors
that express aVp6>>+°8; after bleomycin injury, Auyeung et. al. found
that Krt8" TP accounted for the majority of cells expressing integrin
aVP6.°® Moreover, Strunz et. al. showed that aVp6 is only expressed in
Krt8" TP just after the peak of Krt8 expression and before terminal
differentiation into AEC1.%? Knowing that lung epithelial progenitors
express aVp6°-">%°%5% and that latent TGF- is stored in the lung ECM in
high concentrations,”®°® we hypothesized that as airway epithelial

54,55
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progenitor cells home into hypoxic alveolar tissue, they activate inter-
stitial latent TGF-f which subsequently may bind TGF-p receptors on
adjacent CD8" T cells and induce the CD8" Tgy transcriptome (Fig. 7b).
To first test this hypothesis, we quantified lineage traced Sox2" distal
airway progenitors at 120 dpv in regenerated alveolar tissue, using
Sox2CTERT2:B6 Cg-Gt(ROSA)26Sor™ #(CAG-tdTomato)Hize / 1 (a4 Sox2/Ai14)
reporter mice in which progeny of Sox2™" distal airway progenitors were
indelibly tagged with red fluorescent protein (RFP)(Fig. 7c). To ensure
there was no tamoxifen persistence, tamoxifen was administered 28
days prior to IT BCG 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. 7d); therefore, the
number of lineage traced Sox2" distal airway epithelial progenitors in
regenerated alveolar tissue was significantly higher following mucosal
BCG::RD1 vaccination. We next visualized and quantified extracellular
interstitial alveolar tissue active TGF-p from 7 to 21 dpv when Sox2™"
distal airway epithelial progenitors were at peak numbers in the tissue.
Results showed that BCG::RD1 vaccinated animals had peribronchiolar
interstitial active TGF-p expression as early as 7 dpv and by 14 dpv
alveolar interstitial expression was evident (Fig. 7f). By 21 dpv, alveolar
interstitial expression was global, and areas of severe damage had
significantly higher expression (Fig. 7g).

Animals vaccinated with BCG SSI high dose had sparse peri-
bronchiolar expression of active TGF-p from 14 to 21 dpv with early,
extracellular airway expression (Fig. 7h). In animals vaccinated with the
low dose of BCG SSI, only few alveolar macrophages had cytoplasmic



J.A. Blake et al. Mucosal Immunology xxx (xxxx) xxx

b C
S - IT BCG SSI (low dose, low virulence)
/ P a::::datf b, IT BCG::RD1 (low dose, high virulence)
ECH with ECM u Traction from l
\ - = VB integrin : R T v
= releases TGF-B -32-30-28 0 120
< IP Tamoxifen Harvest
658 A“':nsz'ﬂ Sox2TeER12- B (g_ Gt(ROSA)26Sor™ 14(Cag-tdTomato)Hze /|
signaling — Tey onto
specification 08* T cells
d AECT AEC2
150 60 - b
= * =
£ = X
% 100 . F’: 40
2 s £
& . & .
0o 0
120 120
Days past vaccination Days past vaccination
0 B(GSSllowdose =3 BCG:RD1

-

Active TGF-B

% Alveolar area

Days past vaccination

[ BC(G:RD1
1 BCG SSIhigh dose
[ BCG SSI low dose

Fig. 7. Distal airway epithelial progenitors have a role in the release of alveolar tissue active TGF-f. a) Demonstrative serial micrographs show spatial and
temporal localization of Krt8* TP with CD8b"CD103" T cells in areas of severe alveolar damage at day 21 after vaccination with BCG::RD1. b) Model of interaction
between airway epithelial progenitors and adjacent CD8™ T cells. ¢) Experimental design for lineage tracing of Sox2/Ai14 progeny and d) their quantification at 120
days after vaccination. e) Sox2 lineage traced AEC1 (black arrowheads) and AEC2 (black arrows) compared to RFP negative AEC1 (red arrowhead) and AEC2 (red
arrow) at 120 days after vaccination. Alveolar interstitial tissue active TGF-p following IT vaccination with BCG::RD1 observed in f) distal alveolar interstitium
(arrows) at 14 days and g) areas of severe damage (arrows) at 21 days after vaccination. h) Bronchiolar airway expression (arrows) of active TGF-f at 14 days after IT
SSI high dose vaccination. i) Only the cytoplasm of alveolar macrophages (arrows) exhibited active TGF-f at 21 days after IT SSI low dose vaccination; there was no
alveolar interstitial active TGF-f} expression seen in any animals at any timepoint examined. j) Quantification of extracellular alveolar interstitial active TGF-f at 21
days following IT BCG vaccinations. Pooled data from two experiments where n = 6 for each timepoint. *P < 0.05; **P < 0.01 by One-way ANOVA. a) Magnification,
20x; Scale bar 100 um. f) Magnification, 4x; Scale bar 600 um. g) Magnification, 11.6x; Scale bar 200 um. h) Magnification, 20x; Scale bar 100 um. i) Magnification
20x; Scale bar 100 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

11



J.A. Blake et al.

expression of active TGF-p (Fig. 7i); there was no alveolar interstitial
expression of active TGF-f3 observed. Quantification showed that after
BCG::RD1 vaccination, alveolar tissue active TGF-f was significantly
more concentrated at the time when Sox2*' distal airway epithelial
progenitors populate severely damaged epithelium (Fig. 7j).

Worth stating, we also sought to quantify lineage traced AEP at 120
dpv in regenerated alveolar tissue using Axin2¢"* R 14T /EYEp reporter
mice to tag AEP progeny with yellow fluorescent protein (Supp. Fig. 9a).
At tissue harvest at 56 or 120 dpv, however, animals had an atypical
response to the BCG::RD1 across four experiments, despite no known
underlying genetic abnormality. Lesions of these lungs contained Krt8"
TP, AEP and interestingly, Krt5" DASC progeny as well as profuse
alveolar interstitial active TGF-p (Supp. Fig. 9b). The observed Krt5+
cells in dysplastic lung lesions were primarily interstitial and not adja-
cent to bronchioles (as described in the murine PR8 influenza model).
We did not observe the development of dysplasia following any of the
other three IT vaccinations with BCG; rather, in the C57BL/6, Sox2-
CreERT2 /714, and Krt5¢FR™2 mice, the epithelial progenitors success-
fully transitioned from the Sox2" and pSPC" phenotypes through the
Krt8" TP state and differentiated into AEC1 and AEC2 (evidenced by
overall lung restitution).

Itgp6 knock out mice develop significantly fewer CD8" Tgry following
mucosal vaccination with BCG::RD1

To more directly test our hypothesis that distal airway epithelial
progenitor cell-mediated release of TGF-p has a role in the induction of
CD8™" Tgy, we used knock-out (KO) mice that lacked a functional aVp6
integrin.®"° Integrin beta-6 (ItgB6) KO mice were vaccinated with BCG::
RD1 and tissues harvested across 7-35 dpv (Fig. 8a). We confirmed
levels of injury in the ItgB6 KO mice were comparable to C57BL/6 wild
type mice using histology (Supp. Fig. 9¢c, d) and quantification of Krt8*
TP numbers (Fig. 8b). We then compared alveolar extracellular inter-
stitial active TGF-p, as ItgB6 KO airway progenitor cells would be unable
to activate latent TGF-B. At 21 dpv (the peak of Krt8" progenitor
numbers), we observed that C57BL/6 mice had an area of ~ 8% inter-
stitial active TGF-B, compared to the ItgB6 KO animals which had
significantly less at ~ 1% (Fig. 8d, e).

We next quantified CD8" Ty 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 all CD8" Ty
between 14-21 dpv (Supp. Fig. 9e), the ItgB6 KO animals only had an
increase of 5% (Supp. Fig. 2f). This smaller increase was even though the
KO mice had more lung CD8™ T cells at 14 dpv and the same number as
WT at 21 dpv (Supp. Fig. 9 g). We also observed that CD103-expressing
CD8™ Tgry subsets were specifically significantly decreased in ItgB6 KO
animals after BCG::RD1 vaccination compared to WT animals (Fig. 8f),
consistent with the role of TGF-f in upregulation of CD103 expression in
CD8™ T cells.” %3

To investigate the relationship between oVp6" distal airway
epithelial progenitor-mediated release of TGF-B, and subsequent in-
duction of CD8™" Tgy for immune protection against TB, we compared
C57BL/6 wildtype and ItgB6 KO mice that were challenged aerogeni-
cally with Mtb sixty days after mucosal BCG::RD1 vaccination. The
bacterial loads in lungs and spleen as well as Mtb-mediated damage to
lung tissue were determined at 45 days after Mtb infection (Fig. 8g).
Histological analyses revealed that the lungs of BCG::RD1 vaccinated
ItgB6 KO animals showed severe pathology comparable with all un-
vaccinated animals where ~ 40% of lung was affected by Mtb infection
(Fig. 8h, i). Although we had hypothesised that ItgB6 KO would have
significantly increased CFU compared to wild type mice (linked to
decreased numbers of CD8" Tryy), interestingly, in ItgB6 KO BCG::RD1
vaccinated mice, CFU counts in the spleen were significantly lower than
unvaccinated animals and unremarkable compared to vaccinated
C57BL/6 wild type mice. Additionally, ItgB6 KO BCG::RD1 vaccinated
lung CFU counts were also significantly lower than not only the
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unvaccinated animals, but also the BCG::RD1 vaccinated wild type mice
(Fig. 8j). An explanation for the disparity between lung pathology and
CFU counts in the BCG::RD1 vaccinated ItgB6 KO mice may be linked to
the lack of interstitial active TGF-p (necessary for fate specification and
differentiation of Tgy cells) which thus drove early memory precursor
effector cells down the differentiation pathway into circulatory effector
memory T cells (Tem).2° Upon secondary infection, CD8" Ty exhibit
immediate potent cytotoxic effector functions®® and indeed, the per-
centages of CD8" Tgy in BCG:RD1 vaccinated ItgB6 KO mice were
25-30% of total lung CD8" T cells from 21 to 35 dpv, compared to
C57BL/6 BCG::RD1 vaccinated mice which had 12-15% over the same
time period (Supp. Fig. 9e, f).

It was not wholly unexpected that the ItgB6 KO mice had increased
protection against TB challenge following BCG::RD1vaccination as they
have been shown to be protected from diverse respiratory in-
fections.®>®® ItgB6 KO lungs harbor constitutively activated lung
CD11b™ alveolar macrophages and elevated type I IFN signaling activ-
ity, linked to the loss of f6-activated TGF-f; even in the absence of
infection, Itg#6 KO animals have a distinct anti-microbial lung micro-
environment.®® Additionally, a consensus in the field is that vaccine-
mediated reduction of Mtb burden depends on multiple complex
redundant and overlapping immune responses with a strong CD4" T cell
cornponent.67 71 Our results do indicate, however, that CD8TCD103"
Tgry directly contribute to prevention of Mtb-induced lung pathology.

In conclusion, following mucosal BCG vaccination, Krt8" TP were
structurally and temporally localised with CD8"CD103" Tgy in alveolar
tissue, active TGF-p was widespread throughout the alveolar inter-
stitium following BCG::RD1 vaccination in which significantly higher
numbers of lineage-traced distal airway progenitors were shown. When
aVp6 integrin was knocked out, and importantly, active TGF-p was ab-
sent, CD8"CD103" Tgry numbers significantly decreased. Taken
together, these findings support a model in which distal airway
epithelial progenitor-mediated release of TGF-p has a role in the in-
duction and persistence of protective lung CD8' Tgy cells following
mucosal BCG vaccination.

Discussion

TB is a global health burden and one of the major causes of human
death; thus, a new vaccine that induces lung-resident mucosal immunity
is urgently needed. This work elucidated a mechanism by which local
delivery of BCG into the airways induces resident mucosal immune
memory in the lungs which holds several important implications for the
development of a more effective TB vaccine.

Firstly, mucosal BCG is known to induce better systemic and mucosal
immune responses compared to subcutaneous BCG in animals.®!%7%73
Recent dose-escalation studies with aerosolised BCG in humans estab-
lished a safe and well tolerated dose and reported no significant differ-
ences in the frequency of adverse events between groups that received
either inhalation or injection of BCG.”“ The study suggests the possibility
of BCG vaccine administration by inhalation to humans—a strategy
known to induce robust lung immunity in animals.

Another key strategy to improve the efficacy of the TB vaccine is BCG
modifications that generate a more persistent CD8" T cell memory. The
BCG::RD1 construct used in our studies is known to protect animals from
TB challenge following mucosal administration; here, we showed for the
first time that mucosally administered RD1 virulence factors had a direct
influence on the severity and extended time of AEC losses, inflammation
and subsequent CD8" T cell responses and ultimately, tissue regenera-
tion. The virulence factors of RD1 were further linked to the effects of
lung regeneration by epithelial progenitor cells and, by extension, the
establishment of tissue resident memory CD8™" T cells. Our findings drive
forward novel conceptual insights into how lung regeneration and tissue
immunity are linked at the cellular/molecular level.

Although there remains optimism in the field that numbers of vac-
cine induced CD8" Try against Mtb could be made to persist in the
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lungs, our results add further evidence that CD8" Tgy; have a distinctive
lack of endurance in the lungs,75 compared to other tissues, which is
thought to be organ specific.>°>”° Our findings support that mucosally
delivered BCG led to robust induction of lung CD8* Tgy which persisted
for up to 4 months, albeit numbers waned across the timeline of each of
the vaccinations. Therefore, although the virulence and dose of mucosal
BCG induced greater numbers of lung CD8" Try, they did not improve
TrM persistence in the lungs. It is intuitive that over the lifespan of a
human whose lungs encounter a myriad of respiratory pathogens,
numerous depots of accumulative parenchymal CD8" Try could be
deleterious for the delicate architecture and surface area required for
efficient gas exchange. Undeniably, lung CD8" Tgy have unique organ-
specific mechanisms for maturation, persistence, and egress.””

We demonstrated the importance of the early resolution of inflam-
mation and downregulation of TGF-§ following mucosal BCG vaccina-
tion, as this corresponds to the turning point for lung regeneration.”® We
learned that excessive AEC losses mobilised distal airway epithelial
progenitors and this was found to relate to TGF-p activation in bron-
chiolar epithelium and alveolar interstitium. Although this may have
resulted in more CD8™ Tgry, increased levels or time of activated TGF-p
was also shown to harm the lungs. Therefore, an optimal pulmonary
mucosal vaccine should enhance local epithelial progenitor responses
and keep interstitial active TGF- levels low so as not to tip the balance
between CD8" Tgy induction and tissue integrity.”®°%7552 we will
continue dose-escalation studies in mice using mucosally delivered BCG,
to ameliorate severity of lung pathology linked to excessive levels of
active TGF-p and determine an optimal dose-range for protection against
secondary Mtb challenge.

Ours is the first study to demonstrate the importance of the role of
Krt8" TP to lung restitution following mucosal BCG vaccination. We did
not observe development of chronic lesions following any of the three IT
vaccinations with BCG, bar in the Axin2™ERT-TdT /EyEp mice after BCG::
RD1 vaccination. At 120 days after IT BCG vaccination, we observed that
in the C57BL/6, Sox2°ER12/Ai14, and Krt5CTERT2 mice, the epithelial
progenitors that responded after injury successfully underwent transi-
tion from the Sox2" distal airway and pSPC' alveolar phenotype
through the Krt8% TP state and on into differentiation into AEC1 evi-
denced by overall lung restitution. This implies that the TGF-f} signaling
necessary for early upregulation of Krt8 and therefore induction of the
Krt8" TP state was appropriate while subsequent inactivation of TGF-p
promoted terminal differentiation into AEC1.® While out of the scope of
this research, in the future the IT BCG vaccinations employed here may
be of use to characterize the pathways that induce the Krt8™" transitional
state and those that abnormally maintain it that are said to cause chronic
lung disease and failure,®*%°

In fact, pulmonary biologists describe the Krt5" CD8" Tgy pods (aka
RAMD) that form following severe influenza infection as dysplastic.®®%”
We also observed Krt5" cells in the centre of dysplastic lung lesions in
the Axin2¢FRTTAT /EYEP mice 56 and 120 days after vaccination with
BCG::RD1. 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 lesions resulted in the recruitment of
KRT5™ cells adjacent to fibrotic areas of lung long after clearance of
infectious virus.”* %>

Perhaps the most valuable finding of the study was the evidence of
cells with CD8" Ty phenotypes in the lung-draining mLN. It was
originally thought that CD8" Tgy were terminally differentiated, per-
manent residents of the non-lymphoid tissue in which they develop,
however, studies have shown that they retain developmental plasticity
and have the capacity to recirculate in blood, lymph, and rehome to non-
lymphoid tissues (including the tissue of their origin). Studies using in
situ antigen stimulation via peptide challenge have demonstrated that
secondary antigen exposure of Try at barrier non-lymphoid sites can
cause progeny Tgy to gain access to draining lymph nodes leading to
abundant numbers of antigen-specific CD8" Try in draining lymph
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nodes.®”°! As lung CD8" Tgy are known to egress to the lung-draining
mLN, our findings of cells with CD8" Try phenotypes in the mLN may
have important significance for an anti-TB vaccine strategy. For
example, the cells that we describe in the mLN with the
CD103'CD697CD49a™ Ty phenotype are said to have the capacity to
repopulate the lungs as Try following secondary infection.’”** Our
future studies will investigate the function of these BCG antigen-specific
mLN Tgy in mediation of immunity to secondary Mtb infection and
determine whether they can be exploited as a regional anti-TB arsenal
for the lungs.
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