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Abstract: Mycobacterium tuberculosis (Mtb) is spread via aerosolized droplets and makes ‘first
contact’ with anew host in the alveolar space, an interaction largely inaccessible to experimental
observation. We establish a lung-on-chip as an infection model for early tuberculosis, where
time-lapse imaging at an air-liquid interface reveals the dynamics of early host-Mtb interactions
with a spatiotemporal resolution unattainable in animal models. Pulmonary surfactant mediates a
non-growing Mtb population in both alveolar epithelial cells (AECSs) and macrophages, although
AECs are more permissive to Mtb growth. Defective surfactant production leads to uncontrolled

rapid Mtb growth in both cell types which can be partially rescued by formulations containing
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surfactant phospholipids. AECs thus have both host-protective and pathogen-permissive roles
during first contact, which may explain the full spectrum of human disease and inform new

therapeutic interventions.

One Sentence Summary: Liveimaging in alung-on-chip modd for early tuberculosis reveals

pulmonary surfactant significantly attenuates bacterial growth

Main Text:

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is characterized by extensive
host-pathogen interactions that result in diverse outcomes: although the infectious dose can be as
low as one, only 5-10% of individuals exposed to TB develop an active infection (1). The
infection is aso strongly influenced by host physiology: only the smallest aerosol droplets
containing 1-2 bacilli can be successfully delivered to the site of infection in the alveolar space
(2, 3), whose vast surface area is lined with pulmonary surfactant and is only sparsely populated
with alveolar macrophages (4). The ‘first contact’ with a naive host is therefore by default a
single-cell interaction, where heterogeneous outcomes may determine the future course of
infection. Potential sources of heterogeneity include cell-to-cell differences in macrophage
populations (5, 6), infection of alveolar epithelial cells (7), and the action of pulmonary
surfactant (8—10). These factors have not been characterized completely within the native setting
in the lung, primarily because experiments in anima models (11) cannot provide information
about the dynamics of host-Mtb interactions at this stage with sufficient spatiotemporal

resolution (12, 13). The most commonly-used model, in vitro infection of macrophages with Mtb
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(14), does provide excellent spatiotemporal resolution but does not reflect the complexity of the
tissue environment in vivo.

Bottom-up organ-on-chip systems made of polydimethylsiloxane (PDMS) or biocompatible
hydrogels recreate host physiology where tissue-level complexity (15, 16) is incorporated in a
modular fashion i.e. the number of cellular components, their identity, and environmental
complexity can be tailored to mimic key aspects of the relevant physiology e.g., an air-liquid
interface (ALI) in a lung-on-a-chip (LoC) (15, 17). These approaches have emerged as crucial
tools for the replacement of animal models in drug development, toxicity testing, and for
personalised medicine applications (18, 19). Thus far, aless-explored line of enquiry has been to
use them as tools or platforms to study host-pathogen interactions (20), where they can occupy
the middle ground between simple in vitro experiments and an animal model (21).

We therefore establish an LoC model for the early stages of TB infection that in conjunction with
live-cell time-lapse microscopy, allows us to dissect the infection dynamics for both AECs and
macrophages as independent sites of first contact, and study crosstalk between them mediated by

pulmonary surfactant.

L ung-on-a-chip model of tuberculosis

We established a lung-on-chip infection model suitable for time-lapse imaging of early eventsin
tuberculosis (Fig. 1A). Freshly isolated mouse aveolar epithelial cells (AECs) comprise a mix of
type | cells (Fig. S1A) and type Il cells that produce high surfactant (HS) levels (Fig. S1B).
Prolonged in vitro passage causes all AECs to adopt an intermediate phenotype with low
surfactant (LS) levels (Fig. S1C), smaller and fewer lamellar bodies (Fig. S1D, E), and reduced
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expression of type | and type Il markers (Fig. S1F). HS and LS AECs maintain these phenotypes
on-chip even at the air-liquid interface (Fig. 1E, F). AECs (Fig. 1B) and endothelial cells (Fig.
1C) form confluent monolayers on opposite sides of a porous membrane (Fig. 1D) with an air-
liquid interface (ALI) mimicking the alveolar environment. Macrophages added to the epithelial
face may remain there (Fig. 1B) or transmigrate across the membrane to the endothelial face
(Fig. 1C). Inoculation of the LoC with Mtb (Table S1 for inoculum sizes) leads to infection of
both macrophages (white boxes in Fig. 1G, J, zooms in Fig. 1l, L) and AECs (yellow boxesin
Fig. 1G,J, zooms in Fig. 1H,K), irrespective of surfactant levels (HS in Fig.1G-I; LSin Fig. 1J
L). The LoC model therefore enables us to study the infection dynamics of these very different

cdll types simultaneoudly.

Alveolar epithelial cellsare a permissive nichefor M. tuberculosisreplication

We used time-lapse microscopy to study host-Mtb dynamics and quantify the intracellular
growth of fluorescent Mtb by measuring total fluorescence intensity (Fig. 2). Between 3 and 5
days post infection under HS (Fig. 2, A-D, Movie S1) or LS (Fig. 2, E-H, Movie S2) conditions,
intracellular growth of Mtb is highly variable in both AECs (Fig. 2I, K) and macrophages (Fig.
2J, L). The first-contact host cell usually dies by 5 days post-infection; we therefore restricted
our analysis of intracellular bacterial growth rates to 2-4 days post infection. Plots of the
logarithm of total bacterial fluorescence intensity over time for individual infected cells
representing the spread in growth rates show good agreement with linear fits, indicating
exponential bacterial growth in AECs (Fig. 2I, K) and in macrophages (Fig. 2J, L). In a
substantial fraction of infected cells, total fluorescence intensity of the intracellular bacteria
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increases very slowly (growth rate < 1/168 h™) or decreases over time. In the absence of a

validated live/dead marker, we define these infected cells as a“non-growing fraction” (NGF):

no of microcolonies (growth rate < % hr~1)

Non — growing fraction = - -
g 9/ total no of microcolonies

Comparison of the distributions of bacterial growth rates within individual host cells under HS
conditions reveals that intracellular growth is significantly faster in AECs than in macrophages
(Fig. 2M, P = 10°®). In sharp contrast, under LS conditions, the distributions of bacterial growth
rates within individual host cells are not significantly different in AECs compared to
macrophages (Fig. 2M, P = 0.64). In both cell types, the distributions of intracellular bacterial
growth rates under HS (Fig. S2A) or LS (Fig. S2B) conditions are broader than the distributions
of bacterial growth rates in axenic cultures. The growth rates of intracellular bacteria show no
apparent pattern within the lung-on-a-chip in al surfactant conditions, confirming that the
observed cell-to-cell heterogeneity of growth rates is not due to spatial heterogeneity (Fig. S3 A,
B). Live-imaging demonstrates that AECs are a more permissive niche than macrophages for
intracellular replication of Mtb and suggest that AEC-secreted surfactant may play a protective

rolein both cell types.

Pulmonary surfactant attenuates M. tuberculoss replication in both AECs and

macr ophages

To understand the role of pulmonary surfactant, we characterised the growth of bacterial mutants
which have been reported to be attenuated in the mouse mode. Pulmonary surfactant

significantly attenuates growth of WT in both AEC and macrophages in both surfactant
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conditions (Fig. 3A-D $4A, B, Table S2). This dynamic is however altered in the ARD1-like
5 Tn::pe35 strain deficient in Type VII ESX-1 secretion (22). A functional ESX-1 system has
been shown to be required for Mtb to escape into the cytosol (23), and its secretion is also
upregulated during AEC infection (24). The absence of surfactant does not lead to rapid growth
in both AECs (Fig. 3E, F) and macrophages (Fig. 3G, H), although AECs are more permissive
than macrophages in both HS and LS conditions (Fig. S4C, D). When compared to WT, growth
is particularly attenuated in both cell types in LS conditions (Fig. S5B, D). ESX-1 secretion is
therefore necessary for rapid growth in the absence of surfactant, which also suggests that
surfactant itself, either directly or indirectly, reduces ESX-1 levels on the Mtb capsule. Thisisin
line with a recent study reporting that detergents remove EsxA on the Mtb capsule (25). Slower

growth in AECs might also explain the delayed dissemination of this strain to the spleen (22).

A more subtle mutant is the ApcaA knockout, which has an atered mycolic acid composition in
the capsule (26) and is transiently attenuated only during the early stages of infection in the
mouse model (27). In many aspects this strain behaves similar to WT; growth is significantly
attenuated in AECs and macrophages by surfactant (Fig. 3I-L), AECs are more permissive than
macrophages under HS conditions, but the differences are not significant in LS conditions (Fig.
SAE, F). The ApcaA strain however is also unable to grow as rapidly as WT in LS conditionsin
both AECs and macrophages (Fig. SbB, D). Recent studies have reported up-regulation of the
PcaA enzyme and other mycolic acid biosynthesis pathways in early infection in alveolar
macrophages in vivo, but not in in vitro macrophage infections (28, 29). Our results indicate that

LoC mode successfully recapitulates the former but not the latter phenotype, an important
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validation of the model. Taken together, these results strongly suggest that pulmonary surfactant

limits Mtb growth in both cell types.

LoC model in HS conditions accurately reflectsin vivo attenuation

The differences between both mutant strains relative to WT are subtle; the 5’ Tn::pe35 strain has
afourfold higher NGF fraction in AECs (Fig. 3F), and the ApcaA NGF fraction in macrophages
is ~20% higher (Fig. 3K). The median values of growth rate are not significantly different (Fig.
S5 A, C), however small differences in the shapes of the distribution (reflected in the spread of
the 1-99 percentile interval in S5 A, C) are rapidly amplified by exponential growth, and can
generate significant differences in total bacterial numbers, the typical metric measured in animal
experiments. To illustrate this, we simulated a low-dose animal infection (infectious dose=50 at
1 dpi), assumed each microcolony grew only in macrophages and assigned each microcolony a
growth rate randomly chosen from the population distributions. Simulations show bacterial
numbers of the WT and ApcaA strains at 2 days post infection (Fig. 4A), are already significantly
different (n=100, p=0.018). Over thefirst week of infection, the relative attenuation of the ApcaA
strain relative to WT monotonically increases (Fig. 4B). Interestingly, the attenuation (and
heterogeneity) predicted by this smple model isin good agreement with experimental data at 7
days post infection (and explain the plateauing of this attenuation); whereas the predicted
attenuation under LS conditions is more severe than reported (27). A similar trend is evident for
the 5 Tn::pe35 strain, whose attenuation with respect to WT in the mouse model (22) is better
predicted by the HS dataset than the LS dataset (Fig. S6A, B). An even starker example of

attenuation is the Aicl1Aicl2 knockout that is severely attenuated in vivo (30). Even at 6 days
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post infection (Fig. S7TA-C) of a LS LoC infected with a high multiplicity of infection, thereis
little or no growth in both AECs and macrophages; many macrophages contain numerous single
Mtb bacteria. Thislack of growth also rules out the possibility that Mtb grow only extracellularly
in the LoC without infecting host cells. These results show that the LoC infection model meets
the benchmarks set by data from in vivo experiments, the physiology of which is accurately

represented by HS conditions.
Hydrophobic surfactant componentsinteract directly with Mth

Lastly, we tested if Curosurf™, a pulmonary surfactant replacement formulation composed of
phospholipids (39% w/v dipalmitoylphospatidylcholine (DPPC)) and the hydrophobic proteins
SP-B and SP-C, could rescue the phenotype observed in LS LoCs. Treatment with a dilute
solution of Curosurf either added to the alveolar face for a short period before infection with WT
bacteria (‘ Chiptreat’) or allowed to interact with resuspended Mtb cultures prior to the infection
of an untreated LS LoC (‘Mtbtreat’) attenuated growth and generated an NGF (Fig. 5A, Table
S2). Curosurf treatment of a single-cell Mtb suspension did not affect Mtb growth in vitro (Fig.

S8).

One hypothesisis that the attenuation upon infection is due to the direct interaction of surfactant
lipids with the Mtb capsule. Images of clumps of Mtb treated with Curosurf doped with a 10% of
fluorescently labelled phospatidylcholine (PC) and subsequently washed reveal that the
fluorescently labelled PC both incorporates into the surfactant and through surfactant vesicles,
coats the bacteria (representative image in Fig. 5B, maximum intensity projection in S9).

Additionally, incubation with surfactant increases the amount of total free lipids including
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surface mycolic acids such as trehalose dimycolate (TDM) in the supernatant when compared to
supernatant without surfactant treatment (Fig. 5C, D). These transient exchange of lipids
between the Mtb capsule and surfactant vesicles could explain why surfactant pre-treatment

reduces growth.

Discussion

TB isaglobal health priority in need of new preventive strategies, host-directed therapeutics, and
vaccines. Both smokers and the elderly have altered pulmonary surfactant compositions (31-33)
and an increased risk of developing active TB. In the mouse mode, reduced surfactant
catabolism in GM-CSF/" mice might explain rapid disease progression (34), however the direct
role of AECs has been difficult to study. Thisis possible in the LoC infection model that uses
primary mouse cells, offers superior physiological mimicry, is long-term time-lapse imaging
compatible and can be successfully benchmarked with the mouse model. These advantages over
other reported co-culture systems for TB (35-38) allow us to perturb to host physiology by
substantially reducing pulmonary surfactant levels which typically imposes an intolerable animal
burden. It has revealed several new biological insghts into the dynamics of the earliest host-Mtb
interactions mediated by surfactant. When surfactant is reduced, WT Mtb grows more rapidly
than in vitro axenic culture; a trait that is shared to a lesser extent by mutants attenuated for
known virulence factors. In the presence of surfactant, a significant fraction of bacteria do not
grow as judged by fluorescent expression levels. It is likely that a majority of these are indeed
sterilized, however we do not have definitive proof of this. Nevertheless, they are not active
participants in these early stages of infection. On the contrary, AECs are active participants, not

only through the production of pulmonary surfactant already discussed but also as a site of first
9
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contact despite being surrounded by macrophages. It is likely that the current LoC model and
method of Mtb inoculation exaggerate the incidence of AEC infection; however, this gives us an
opportunity to study both AEC and macrophage infections in co-culture at the ALI. The
significant differences in outcome between AECs and macrophages in the presence of surfactant
suggest that even were AEC infections to occur far more infrequently in vivo, it would probably

lead to a more aggressive infection.

The exact mechanisms of surfactant-mediated attenuation remain to be elucidated, but this work
demonstrates adirect physical interaction that is a two-way street: Mtb surface lipids are actively
removed while surfactant lipids coat the bacterial surface. These interactions are independent of
the action of hydrophilic SP-A and SP-D proteins that have previously shown to interact with
Mtb surface lipids (39-41), and enzymes shown to modify the Mtb capsule (9, 10), none of
which are components of Curosurf. These components have been shown to be potent adjuvants
for intranasal influenza vaccines (42), suggesting the possibility that pulmonary surfactant could
be harnessed to generate improved therapeutics and host-directed therapies against the spread of

TB.
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A Lung-on-a-chip

Fig. 1. Lung-on-a-chip (L oC) model of tuberculosis.

(A) Confluent layers of alveolar epithelial cells (AECs) and endothelial cells populate the top
and bottom faces of the porous membrane that separates the air-filled “aveolar” (upper) and
liquid-filled “vascular” (lower) compartments, creating an air-liquid interface. GFP-expressing
macrophages (magenta) are added to the alveolar compartment and may transmigrate to the
vascular compartment. Addition of bacteriato the alveolar compartment mimics the natural route
of infection. hy = 1 mm, hy = 250 um, h; = 800 um. (B-C) Confocal microscope images of an
uninfected LoC stained to visualize nuclei (blue) and actin (grey); surfactant (green) was stained
with an anti-proSPC antibody. Confluency of epithelial (B), and endothelial (C) layers is
maintained at the air-liquid interface over 7 days, and 3D imaging reveals occupancy of some

pores by macrophages (D). LoCs reconstituted with HS (E) or LS (F) AECs continue to express
11
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high or low levels of surfactant respectively. (G-L) Widefield microscope images of LoCs
reconstituted with HS (G-1) or LS (J-L) AECs and infected with a low dose of Mtb expressing
td-Tomato (green). Images taken 1-day post-infection show that AECs (yellow boxes (G, J) and
zooms (H, K)) as well as macrophages (white boxes (G, J) and zooms (I, L)) can be sites of first

contact.
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Fig. 2. Live imaging reveals AECs are a permissive niche for Mtb growth. Snapshots from

live-cell imaging between 3-5 days post infection (dpi) in both HS (A-D) and LS (E-H) LoCs.

Macrophages are false-colored magenta, Mtb is false-colored green. Representative examples of
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AEC (yellow boxes) and macrophage (white boxes) infection are highlighted, zooms (B, C, F,
G) reveal growth in both cel types over this period. Scale bar = 10 um. (I, J) Plots of the
logarithm of total fluorescence intensity vs time confirm exponential growth for representative
infections in both AECs (I, K) and macrophages (J, L) in HS and LS conditions respectively. In
each case, a microcolony with growth rate close to the population maximum (red), median
(yellow), and minimum (blue) is shown. The growth rate is the gradient of the linear fit. Scatter
plots of growth rate for AEC (n=122 for HS, n=219 for LS) and macrophage infections (n=185
for HS, n=122 for LS) reveals growth is significantly faster in AECs than macrophages in HS
conditions but not in LS conditions (M), and that there is greater cell-to-cell heterogeneity in
both conditions when compared to single-cell Mtb growth rate data from axenic conditions in
microfluidic devices. Colonies congtituting the non-growing fraction (NGF) fal in the region
shaded in red, growth is shaded green. p-values calculated using a Kruskal-Wallis one-way

ANOVA test.
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Fig. 3. Pulmonary surfactant plays a host protective role. Scatter plots of growth rate for
AEC infection (A, E, I) and macrophage infection (C, G, K), and bar graphs for non-growing
fraction (NGF) for AEC infection (B, F, J) and macrophage infection (D, H, L) in high
surfactant (HS) and low surfactant (LS) conditions for WT, 5 Tn::pe35, and ApcaA strains
respectively. ‘nd’ refers to the absence of NGF. LS conditions significantly increase growth rates
and lower NGF in both AECs (A, B) (n=122 for HS, n=219 for LS) and macrophages (C, D)
(n=185 for HS, n=122 for LS) for WT. Differences between HS and LS conditions are not
significant for the 5’ Tn::pe35 strain in AECs (E) (n=61 for HS, n=25 for LS) and HS conditions

generates a high NGF (F). Although differences are statistically significant for macrophages (G)
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(n=93 for HS, n=55 for LS), there remains a sgnificant NGF in macrophages even in LS
conditions (H). In contrast, the ApcaA strain behaves closer to WT, and reduced surfactant
levels also lead to significantly faster growth in both AECs (I, J) (n=58 for HS, n=48 for LS) and
macrophages (n=172 for both HS and LS) (K), although the NGF fraction in macrophages (L) is
highest for this mutant. p-values calculated with a Kruskal-Wallis one-way ANOVA test, each
dataset is fitted with a non-parametric kernel density estimation characterised by the mean

(black) and median (red) values. Whiskers represent the 1-99 percentile interval.
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Fig. 4. LoC model in HS conditions accurately reflectsin vivo attenuation of ApcaA mutant.
Independent low-dose aerosol infections of 50 WT and ApcaA bacteria are simulated, each
bacterium grows with kinetics randomly chosen from the kernel density estimations for the
respective populations in Fig. 3C and 3K respectively. (A) In HS conditions, mean bacterial
numbers for WT are significantly higher (p=0.018, n=100) than ApcaA. (B, C) Plots of the
relative numbers of ApcaA vs WT bacteria at the indicated timepoints for HS (B) and LS (C)
conditions. Each datapoint represents the mean ratio of ApcaA vs WT bacterial numbers from
groups of 5 mice bootstrapped from the larger population (n=1000) for each strain. The median
value of this digtribution is most comparable to data from animal experiments. The attenuation is

more pronounced as growth is ssimulated over a longer period. In all scatter plots, mean (black)

and median (red) values are indicated.
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Fig. 5. Hydrophobic components of surfactant modulate host-Mtb first contact. (A) Scatter
plots of growth rates for Mtb growth in macrophages where a LS LoC is treated with 1%
Curosurf (Chiptreat), Mtb are preincubated with 1% Curosurf (Mtbtreat). Data for LS and HS
conditions is included for comparison. Growth attenuation for both treatments is significant
relative to LS, the non-growing fraction for the Mtbtreat condition is a significant fraction
(>50%) of that in HS conditions (=122 for LS, n=121 for Chiptreat, n=63 for Mtbtreat, and
n=122 for LS). (B) Snapshots of fluorescent Mtb clumps post-incubation with a 1% Curosurf
solution doped with 10% v/v TopFluor-Phosphatidylcholine (PC) that is false-colored blue. PC is
incorporated into surfactant micelles and aso coats the bacteria. (C) Thin Layer
Chromatography for total free lipid extracts from supernatant (S) and Mtb bacteria (B) with (+)
and without (-) Curosurf pre-treatment for WT. Running solvent is 90:10:1 chloroform:
methanol: water, the bands are identified as sulfoglycolipids (SGL) and trehalose dimycolate

(TDM). (D) Intensities of the SGL and TDM bands for the three samples in (C) are plotted
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relative to that for the bacterial sample without surfactant treatment. Pulmonary surfactant

removes a significant fraction of surface mycolic acids.
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Materialsand Methods

Cell culture

Primary C57BL/6 alveolar epithelial cells (AECs) and lung microvascular endothelial cells
(‘endothelial’) were obtained from a commercial supplier (Cell Biologics. USA). Each via of
AECs consisted of a mix of Type | and Type Il AECs, which was verified both by
immunostaining (Fig. S1A-C, Fig, S1F). Both cel types were cultured in vitro in the
recommended medium (complete medium) supplied by Cell Biologics in 5% CO; at 37°C that
consisted of a base medium and supplements. In the case of lung-on-chip (LoCs) reconstituted in
high surfactant (HS) conditions, AECs were seeded directly on-chip (see below), without prior in
vitro culture. Low surfactant (LS) AECs are typically passaged 6-11 times before use.

Bone marrow isolation and culture
Bone marrow was obtained from 6-8-week-old Tg(act-EGFP) Y01Osb mice (Jackson
Laboratories, USA, Stock Number 006567) and cryopreserved.  This transgenic line

constitutively express enhanced GFP under the control of the chicken beta-actin promoter and
the cytomegal ovirus enhancer. were housed in a specific pathogen-free facility. Animal protocols
were reviewed and approved by EPFL's Chief Veterinarian, by the Service de la Consommation
et des Affaires Vétérinaires of the Canton of Vaud, and by the Swiss Office Véérinaire Fédéral.
Bone marrow was cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco) and differentiated for 7 days with
20ng/ml recombinant murine Macrophage-Colony Stimulating Factor protein (M-CSF) (Thermo
Fisher Scientific). Bone marrow was cultured in plastic petri dishes without pre-sterilisation
(Greiner Bio-one) so that differentiated macrophages can be subsequently detached. No

antibiotics are used in the cell culture mediafor all cell types.

gRT-PCR

Freshly isolated AECs (HS) were grown overnight in cell-culture microdishes (lbidi) or T-
25 cdll culture flask. Passaged AECs (LS) were grown to confluency in a T-25 cell culture flask.
Growth media was removed from the flask, and the cells were incubated with the appropriate
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volume of TRIzol (Ambion) as per the manufacturer’s instruction. TRIzol treated cell lysates
were stored at -20°C until further processed. At that stage RNA was precipitated with
isopropanol, washed in 75% ethanol, and resuspended in 50 pl of DEPC-treated water. RNA
samples were treated with Turbo DNase (Ambion) and stored at -80°C until use. DNase-treated
RNA was used to generate cDNA using the SuperScript®Il First-Strand Synthesis System with
random hexamers (Invitrogen), which was stored at -20°C. Specific primers for gadph, sftpc,
abca3, and agp5 are listed in Table S3. qRT-PCR reactions were prepared with SYBR®Green
PCR Master Mix (Applied Biosystems) with 1 uM primers, and 2 pul cDNA. Reactions were run
as absolute quantification on ABI PRISM®7900HT Sequence Detection System (Applied
Biosystems). Amplicon specificity was confirmed by melting-curve analysis.

AEC characterization viaimmunofluorescence
Freshly isolated AECs (HS) or passaged AECs (LS) were grown overnight in cell-culture

microdishes (lbidi). The confluent layer of cels was subsequently fixed with 2%
paraformaldehyde (Thermo Fisher Scientific) in phosphate-buffered saline (PBS, Gibco) at RT
for 30 minutes, washed with PBS, and incubated with a blocking solution of 2% bovine serum
albumin (BSA) in PBS for 1 hour at RT. The blocking solution was then removed, and the cells
incubated with the primary antibody (1:100 dilution in 2% BSA solution in PBS) overnight at
4°C. Antibodies used were antio Podoplanin Monoclonal Antibody (eBio8.1.1 (8.1.1)), Alexa
Fluor 488, eBioscience™ (ThermoFisher Scientific) and anti pro-SPC antibody (ab40879,
abcam) overnight at 4C. The subsequent day, the microdishes were washed 3x in PBS and then
incubated with a fluorescent secondary antibody in a solution of 2% BSA in PBS for 1 hour at
RT. The microdishes were then thoroughly washed with PBS and incubated with Hoechst 33342
nuclear staining dye (1:1000 dilution, Thermo Fisher Scientific) for 15-20 minutes for nuclear

staining. Confocal images were obtained on a Leica SP8 inverted microscope.

Bacterial culture

All bacterial strains were derived from Mycobacterium tuberculosis Erdman and cultured at
37°C. Liquid medium is Middlebrook 7H9 (Difco) supplemented with 0.5% albumin, 0.2%
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glucose, 0.085% NaCl, 0.5% glycerol, and 0.02% Tyloxapol. Solid medium is Middlebrook
7H11 (Difco) supplemented with 10% OADC enrichment (Becton Dickinson) and 0.5%
glyceral. Aliquots were stored in 15% glycerol at -80°C and used once to avoid loss of virulence.
All strains were modified to allow constitutive expression of the fluorescent protein tdTomato
under the control of the native promoter at the attB site. WT refers to the Erdman strain
expressing tdTomato. The 5 Tn::pe35 strains was generated using transposon mutagenesis (22)
and the ApcaA strain is akind gift from the lab of Prof Michael Glickman(26, 27).

Murine LoC model
Lung-chips made of polydimethylsiloxane (PDMS) were obtained from Emulate (Boston,

MA). ECM coating was performed as per manufacturer instructions. Chips were activated using
ER-1 solution (Emulate) dissolved in ER-2 solution at 0.5 mg/ml (Emulate) and exposed for 20
minutes under UV light. The chip was then rinsed with coating solution and exposed again to
UV light for a further 20 minutes. Chips were then washed thoroughly with PBS before
incubating with an ECM solution of 150 ug/ml bovine collagen type | (Atelo) and 30 ug/ml
fibronectin from human plasma (Sigma-Aldrich) in PBS buffered with 15 mM HEPES solution
(Gibco) for 1-2 hours at 37°C. If not used directly, coated chips were stored at 4C, and pre-
activated before use by incubation for 30 minutes with the same ECM solution at 37C.
Endothelial cells cultured overnight at 37°C, 5% CO; in T-75 cell culture flasks, detached with
0.05% Trypsin and concentrated to 5-10 million cells/ml were seeded on the bottom face of the
PDMS membrane. The chip is then incubated for a short period at 37°C to allow the endothelial
cellsto spread and is subsequently seeded with AECs. Freshly isolated AECs are seeded directly
from cryopreserved vials received from the supplier. LS LoCs are seeded from cells cultured
overnight at 37°C, 5% CO,, in both cases at a concentration of 1-2 million cells/ml. The chipis
incubated overnight with complete epithelial and endothelial media in the epithdial and
endothelial channel respectively under static conditions. The next day, the chip is washed and a
reduced medium for the air-liquid interface (ALI) is flowed through the vascular channel using

syringe pumps (Aladdin-220, Word Precision Instruments) at 60 pl/hour in a manner described
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in (43). The components of ALI media are also described in (43), however we used an increased
FBS concentration of 5%.

The epithelial face was incubated with epithelial base medium with 200 nM
dexamethasone (Sigma Aldrich) without FBS supplementation. Flow was maintained over the
subsequent 2-3 days, and the media on the epithelial face (with dexamethasone supplementation)
is replaced daily. At the end of this period, GFP-expressing macrophages differentiated for 7
days in M-CSF (described above) are detached from the petri dish usng a 2mM
Ethylenediaminetetraacetic acid (EDTA, Sigma Aldrich) in PBS at 4C, centrifuged at 300g for 5
minutes and resuspended in a small volume of epithelial cell media without dexamethasone. This
solution containing macrophages is introduced onto the epithelial face, incubated for 30 minutes
at 37°C, 5% CO, to alow macrophages to attach to the epithelial cells. Media on the epithelial
face is subsequently removed and the chip maintained overnight at ALI. Chips that successfully
maintain the ALI overnight are transferred to the BSL-3 facility for Mtb infection. No antibiotics
areused in all the cell culture media for setting up the LoC mode.

| mmunostai ning of uninfected LoCs

Uninfected LoCs are maintained a an ALl for up to 7 days post-addition of the
macrophages, during which time ALI media is flowed through the endothelial channel at 60
wl/hour. After 7 days at the ALI, the chip is fixed for immunostaining as described above; a
permeabilization step with a 2% w/v saponin (Sigma Aldrich) and 0.1% Triton X-100 (Sigma
Aldrich) solution is performed before incubation with the secondary antibody. F-actin on both
the epithelial and endothelial face was stained using Sir-Actin dye (Spherochrome) at a 1uM

concentration for 30 minutes concurrently with Hoechst staining as described above.

Infection of the LoC with Mtb

The chip is assembled into a stage top incubator (Okolab) prior to infection, flow is
maintained using syringe pumps. 1ml of Mtb culture grown to exponential phase (optical density
(OD)=0.3-0.5) is centrifuged at 5000g for 5 mins at RT, the supernatant removed, and the cells
resuspended in 200 ul of epithelial cell media without FBS. A single-cell suspension is
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subsequently generated via filtration through a Sum syringe filter (Millipore). The single-cell
suspension is diluted 100-fold in epithelial media, and 30 ul of this diluted single-cell suspension
is added to the epithelial channel of the LoC that has so far been at ALI The infectious dose is
recorded by plating further dilutions of this solution and recording colony forming units (cfu) on
7H11 plates 3-4 weeks after infection (Table S1). The chip is incubated for 2-3 hours at 37°C,
5% CO, to allow Mtb infection of cells on the epithelial face. At the end of this period, the
solution on the epithelial face is withdrawn (in some cases, a portion of thisis retained and plated
for cfu to estimate the proportion of bacteria than remain on the chip (labelled ‘postinf’ in Table
S1). The epithelial face is returned to ALI, and the inlets of the infected chip are sealed with
solid pins as a safety precaution for microscopy imaging in the BSL-3 facility.

Time-lapse microscopy of the Mtb infected LoC

The LoC in the stage top incubator is placed on the stage of a widefield Nikon Ti-2
microscope, and the stage top incubator is connected to a gas mixer (Okolab) to ensure 5% CO;
throughout the imaging period. Flow of media through the vascular channd is maintained
throughout this period through the use of a syringe pump. The chip is imaged using a long
working distance 20x phase contrast objective (NA=0.75, Ph2 Nikon) at either 1.5 hour or 2-
hour imaging intervals. The epithelial face of the chip (where the refractive index differences are
highest) is maintained in focus using the Nikon Perfect Focus System over this period. At each
timepoint, a Z-stack of 9-10 images, with an axial spacing of 10 um istaken series for a series of
fields of view along the length of the chip. This is to account for the dynamic 3D movement of
macrophages between both faces, aswell as drift in focus over time. Each field of view is ~660 x
600 um?. Using a Sola SE Il light source (Lumencor), macrophages and Mtb are identified
through fluorescence emission in the green and red channels using GFPHQ and mcherryHQ 32
mm dichroic filters respectively. Phase contrast images are also captured, the poor quality of
these images due to the refractive index differences at the ALI serves as a continuous verification
that ALI is maintained. All images are captured with an Andor iXON Ultra 888 EMCCD camera
cooled to -65C, with an EM gain setting of 300. This allows the sample to be illuminated with a
low intensity of incident light in al fluorescent channels, and reduced photodamage. Co-
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localization of these signals over a time course is identified as consistent with macrophage
infection. On the other hand, Mtb bacteria that do not co-localize with a macrophage are
assumed to infect AECs, which can be verified by subsequent immunostaining.

Data analysis

Dataisfirst visualized using ImageJ where macrophage and AEC infection from each field
of view is visually curated, consdering the co-localization of fluorescent signals over time.
Smaller stacks of 1-2 microcolonies are assembled. Custom-written software in MATLAB is
used to measure the total fluorescence intensity of each microcolony and uses the
nestedSortStruct algorithm for MATLAB written by the Hughey lab (Jake Hughey (2020).
nestedSortStruct  (https://www.github.com/hugheylab/nestedSortStruct), GitHub). Briefly, at
each timepoint, the Z-stack with the highest intensity in the fluorescence channel was identified,
this image is then segmented to identify the microcolony, and total fluorescence measured by
summing the intensity of al the pixelsin this region, after subtracting a value for each pixel that
represented the average background fluorescence in this channd. We choose the total
fluorescence intensity because it accounts for both bacterial growth and dilution of the
fluorescent protein (which is low in a slow-growing bacterium like Mth). We are unable to
measure the volume of the microcolony accurately due to the choose to very poor axial
resolution using widefield imaging with refractive index differences at ALI, therefore we obtain
this value from only the Z stack with the highest intensity. Statistical analysis is performed using
Origin 9.2 (OriginLabs). P-values are calculated using a Kruskal-Wallis one-way ANOVA test,
with the null hypothesisthat the medians of each population are equal.

Simulations of in vivo infections

Growth rate datasets for WT, 5" Tn::pe35, and ApcaA strains in HS and LS conditions were

fitted with a non-parametric Kernel Smoothed distribution. We simulated a low-dose aerosol
infection of 50 bacteria in the alveolar space of n=100 or n=100 mice, and conservatively
assumed that every bacterium interacted with a macrophage upon first contact, as we do not have

a reliable estimate for the frequency of AEC infection in vivo (although it is likely to be low).
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Each bacterium was assigned a growth rate picked at random from the Kernel Smoothed
digtributions and assumed to grow exponentially with these growth rates to generate a
microcolony. The total bacterial numbersin each mouse at 2, 3, 5, and 7 days post infection were
obtained by summing the bacterial counts from each microcolony for each mouse. Total bacterial
numbers for n=100 mice of WT and ApcaA 5 Tn::pe35 are shown in Fig. 4A and Fig. S6A
respectively. To compare relative attenuation of the ApcaA strains.

Curosurf treatment of LS LoCs

Curosurf (Chiesi Pharmaceuticals) was purchased and used as a 1% solution in epithelial
mediafor all experiments. In the case where Curosurf was added to aL S LoC, a 1% solution was
introduced to the epithelial face after the macrophages were added but before ALI was
introduced for 2 minutes, and then removed. The following morning, this procedure was repeated
just prior to the addition of the single-cell suspension of Mtb in the manner described above.
Alternatively, 1ml of Mtb in exponential phase in 7H9 media was centrifuged at 5000g for 5
minutes and resuspended in 1ml of 1% cell culture media and incubated for 10-15 mins at room
temperature. This solution was then centrifuged again at 5000g for 5 minutes and a single-cell
Mtb suspension was generated as described above. Fluorescent labelling of surfactant was
achieved by adding TopFluor phosphatidylcholine (10% v/v, Avanti Polar Lipids) to Curosurf

before dilution in cdll culture media.

Total freelipid extraction and thin-liquid chromotgraphy (TLC)

10ml Mtb cultures were grown till stationary phase in 7H9 with 10 puC; of **C propionate
added during exponential phase. Total free lipid extraction from bacterial pellet, supernatant, and
the supernatant from bacteria pre-treated with a 3% Curosurf solution for 15 mins at 37C were
extracted as described (44). Extracted free lipids were air-dried, resuspended in 2:1 v/v solution
of cholorform:methanol and aliquots were spotted on 5 x 10 cm TLC silica gel 60 Fasq (Merck).
Running solvent was 90:10:1 chloroform:ethanol:water and the developed TLC plate was
exposed to an Amersham Hyperfilm ECl (GE Healthcare) for phosphorescence imaging and
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visualised with a Typhoon scanner (GE Healthsciences). Intensities of the bands observed was

quantified using ImageJ.
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