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ARTICLE INFO ABSTRACT

Keywords: Human tuberculosis (TB) is caused by various members of the Mycobacterium tuberculosis (Mtb) complex. Dif-
Mycobacterial growth inhibition assay ferences in host response to infection have been reported, illustrative of a need to evaluate efficacy of novel
Tuberculosis vaccine candidates against multiple strains in preclinical studies. We previously showed that the murine lung and
X;zcmes spleen direct mycobacterial growth inhibition assay (MGIA) can be used to assess control of ex vivo mycobacterial
Mouse growth by host cells. The number of mice required for the assay is significantly lower than in vivo studies,

facilitating testing of multiple strains and/or the incorporation of other cellular analyses. Here, we provide proof-
of-concept that the murine MGIA can be applied to evaluate vaccine-induced protection against multiple Mtb
clinical isolates. Using an ancient and modern strain of the Mtb complex, we demonstrate that ex vivo bacillus
Calmette-Guérin (BCG)-mediated mycobacterial growth inhibition recapitulates protection observed in the lung
and spleen following in vivo infection of mice. Further, we provide the first report of cellular and transcriptional
correlates of BCG-induced growth inhibition in the lung MGIA. The ex vivo MGIA represents a promising platform
to gain early insight into vaccine performance against a collection of Mtb strains and improve preclinical
evaluation of TB vaccine candidates.

1. Introduction strains differ geographically and may also exhibit drug resistance [4]. It

is critical that novel TB vaccine candidates demonstrate protection

Human tuberculosis (TB), caused by bacteria from the Mycobacterium
tuberculosis (Mtb) complex, remains a major global health concern [1]. A
vaccine able to sufficiently control the global TB crisis is currently un-
available. One challenging aspect that hampers TB vaccine research and
development efforts is the difficulty in translating preclinical candidates
into the clinic [2]. Disease presentation and the immune response to
infection and vaccination varies between humans and animal models.
Further, the conditions of experimental challenge together with dose,
frequency and strain of Mtb used also fail to mimic natural exposure [2,
3]. Particular strains belonging to specific Mtb complex species and Mtb
lineages display pronounced differences, and in the clinical setting,

against circulating Mtb strains of clinical relevance. However, ability to
screen vaccine efficacy against a range of Mtb strains in preclinical
models is limited as each strain doubles the number of experimental
groups required, posing logistical and ethical challenges.

Advances in whole-genome sequencing have facilitated the study of
large collections of clinical isolates. Nine human-adapted lineages of the
Mtb complex have been classified to date, including Mtb sensu stricto
(lineages 1-4 and 7) and M. africanum (lineages 5 and 6) [5]. Lineages 8
and 9 were more recently identified [6,7]. A higher level of genetic and
molecular diversity than anticipated has been found between lineages,
including differences in the transcriptome, proteome and metabolome
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[8-14]. The host response to infection has also been shown to vary in
humans and animal models, with differences in growth rate, virulence,
presentation of disease, and induction of innate and adaptive immunity
reported [15-22].

In the context of preclinical vaccine evaluation, most experimental
infection is performed using laboratory strains such as Mtb Erdman,
CDC1551 and H37Rv. These strains have been passaged for decades in
the laboratory resulting in adaptation to laboratory conditions, and are
all classified as lineage 4 [4,23]. It has been proposed that historical
reliance on laboratory strains may explain, in part, why observations in
animal models can translate poorly into human studies. While limited,
studies which have evaluated vaccine-induced protection against
non-laboratory strains have shown variation in protection compared
with laboratory strains, indicating that incorporation of representative
clinical isolates into routine preclinical vaccine testing may improve
future translation into clinical studies [2,24-29].

The direct mycobacterial growth inhibition assay (MGIA) represents
a cost-effective and 3Rs-compliant [23] tool which could permit the
high-throughput evaluation of candidate TB vaccine efficacy against
multiple strains of Mtb in parallel. The MGIA is a functional assay pro-
posed to replicate a range of host immune mechanisms and complex
interactions ex vivo [30]. The summative capacity of a mixed population
of primary host cells and other immune factors to control mycobacterial
growth is determined by ex vivo co-culture with mycobacteria for a
defined period, followed by quantification of mycobacterial load. Where
host phenotype and/or intervention confers an enhanced ability to
regulate mycobacterial growth, growth inhibition is observed compared
with a selected control. A range of human and animal assays have been
described in the literature [31-37], including for mouse lung [34] and
spleen [37]. In the murine spleen direct MGIA, as well as human and
non-human primate peripheral blood mononuclear cell (PBMC) direct
MGIAs, vaccine-mediated mycobacterial growth inhibition correlates
with protection in vivo [35-40]. A comparison of the murine lung direct
MGIA with in vivo protection has not yet been reported [34].

The suitability of the murine direct MGIA for more comprehensive
vaccine evaluation is supported by the minimal input requirements for
the assay. Following experimental challenge with Mtb in vivo, one ani-
mal provides one data point per organ. By contrast, in the MGIA each
organ harvested provides the opportunity for multiple assessments
under different co-culture conditions, facilitating screening against
different Mtb strains. Vaccine evaluation may be expanded further using
cells from the same animals for other immunological analysis methods
to gain biological insight into mechanisms driving protection. Table 1
provides a summary of the parameters of an ex vivo MGIA and in vivo

Table 1
Comparison of parameters of the ex vivo MGIA versus in vivo Mtb experimental
infection for a three-group study design using four mycobacterial strains.

Parameter MGIA Mtb experimental
infection

Mice, n/group Minimum 3 8-10 per Mtb strain®

Total mice for proposed study design,n 9 96 + 12°

In vivo experiment duration, weeks 6° 11°¢

Ex vivo experiment duration, days 4-6 -

Time to results post-takedown, weeks 2 3

BSL-3 animal facility required? No Yes

BSL-3 microbiology facility required? Yes Yes

Information in rows 1-3 is specific to the study design: three group design (i.e.
BCG + novel candidate vaccine + unvaccinated) with four mycobacterial strains
and should be adjusted accordingly.

# The Lamorte power calculation tool was used to approximate sample size to
detect a 1 log reduction in CFU.

b 3 mice per strain for confirmation of infection.

¢ MGIA takedown/Mtb infection timepoint defined by vaccine-specific im-
mune response peak; duration of infection should be adjusted for factors such as
infection dose, mouse strain and mycobacterial strain virulence, and be based on
defined humane end points.
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experimental infection with Mtb, highlighting how the MGIA compar-
atively reduces study length, number of mice, and facilities required to
test novel TB vaccines.

To the best of our knowledge, non-laboratory strains have not pre-
viously been used as the inoculum in the direct MGIA, and no studies to
date have screened responses to a panel of mycobacteria in parallel.
Considering the growing interest in the Mtb complex and relevance of
variation in vaccine efficacy against different strains, the murine lung
and spleen MGIAs represent a potential tool to expand on the readout
feasibly obtained from experimental in vivo studies.

We provide proof-of-concept demonstrating how the murine MGIA
may be used to evaluate vaccine-mediated growth inhibition of clinical
isolates from different lineages of the Mtb complex. The biological
relevance of the assay as a surrogate of protective efficacy was assessed
by performing a head-to-head comparison of the MGIA and an in vivo
experimental Mtb infection study. Further, we expanded on the appli-
cation of the MGIA by incorporating flow cytometry and RNA-seq
analysis into the workflow. The host cell lung preparations utilised in
the MGIA were analysed by these methods to identify potential corre-
lates of growth inhibition, and determine the extent to which these vary
by Mtb strain.

2. Materials and methods
2.1. Ethics statement

Animal experimentation was performed under licence PPL 70/8043
(superseded by P6CA9EBS8D) issued by the UK Home Office according to
the Animals (Scientific Procedures) Act 1986 and approved by the
London School of Hygiene & Tropical Medicine (LSHTM) Animal Wel-
fare and Ethics Review Body. This manuscript was prepared in accor-
dance with the ARRIVE guidelines [41].

2.2. Mycobacterial strains

BCG Pasteur Aeras was obtained from Aeras (USA). The reference set
of Mtb complex clinical strains was kindly donated by Professor Sebas-
tian Gagneux (Swiss Tropical and Public Health Institute, Switzerland)
[4]. Mtb clinical isolates from lineage 1 (L1 N0072), lineage 2, (L2
NO0052) and lineage 4 (L4 N1283) were used in the study. All myco-
bacteria were grown to mid-log phase in Middlebrook 7H9 (Yorlab, UK)
broth supplemented with 10% OADC (Yorlab), 0.05% Tween 80 and
0.2% glycerol and stored in aliquots at —70 °C. The CFU of all frozen
stocks was determined by serial dilution on 7H11 (Yorlab, UK) agar
plates (10% OADC, 0.5% glycerol). All work using Mtb was performed in
aerosol-containment biosafety level-3 (BSL-3) laboratories at LSHTM in
accordance with guidance from the UK Advisory Committee on
Dangerous Pathogens.

2.3. Animals

Female C57BL/6 mice (5-7 weeks old; weight 16-20 g) were ob-
tained from Charles River UK and rested for at least five days before
commencing procedures. Animals were housed in individually venti-
lated cages (maximum six animals/cage) in the LSHTM Biological Ser-
vices Facility (BSF) with access to food and water ad libitum. Mice
infected with Mtb were housed in isolators under BSL-3 containment.
Animals were randomly assigned to cages on arrival by staff in the BSF.
Each cage was randomly assigned a group number on commencement of
the study.

2.4. Immunisation
BCG Pasteur Aeras was thawed at room temperature and diluted in

saline solution (Baxter Healthcare, UK) to a final concentration of 107
CFU/ml. BCG was administered as 100 pl (1 x 10° CFU) subcutaneously
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into the right or left leg flap using a sterile 27G needle. Control animals
received no treatment. Animals were rested for six weeks following
vaccination before i) harvesting organs to generate single cell suspen-
sions for the ex vivo MGIA or ii) in vivo infection with Mtb was
performed.

2.5. In vivo Mtb infection

Mice were infected via the intranasal route with L1 (N0072) or L2
(N0052). Frozen aliquots of mycobacteria were thawed at room tem-
perature and diluted in saline to a concentration of 7.5 x 10° CFU/ml.
Mice were anaesthetised by intraperitoneal injection of a combination of
ketamine (65 mg/kg; Ketalar, Pfizer Ltd, UK) and xylazine (10 mg/kg;
Rompun, Bayer plc, UK) in saline, followed by delivery of 40 pul inoculum
equally between the two nostrils. Confirmation of the infection dose was
performed one day after infection by determination of the number of
viable mycobacteria in the lungs of three mice (L1: 280-360 CFU; L2:
220-340 CFU). Remaining mice were housed for five weeks following
Mtb infection with daily health monitoring and weekly weight checks.
The study was terminated by cervical dislocation, and lungs and spleens
were collected and homogenised in PBS-tween 80 (0.05%). Total bac-
terial load per organ was quantified by plating appropriate serial di-
lutions of homogenate on 7H11 agar plates and incubating plates at
37 °C for three weeks.

2.6. Lung and spleen cell isolation for ex vivo analyses

Lung and spleen cell populations were generated from excised organs
as described previously [34] and used downstream in the ex vivo MGIA.
Lung cells were also analysed by RNA-seq or flow cytometry. For the
MGIA, technical replicates for the co-culture were generated using a
single pool of cells per group isolated from six mice. Cells from indi-
vidual mice were used as biological replicates for RNA extraction and
flow cytometry.

2.7. Ex vivo mycobacterial growth inhibition assay (MGIA)

The ex vivo MGIA was performed as described previously [34].
Briefly, lung (1x10%) or spleen (3x10°) cells were co-cultured with
mycobacteria in 48-well plates (BioLite; Fisher Scientific, UK). Plates
were incubated at 37 °C (5% CO2) for 4-6 days. Following incubation,
supernatants were removed, and adherent host cells were lysed with
500 pl sterile water. Mycobacterial CFU was quantified in the lysate by
adding the total lysate to PANTA-supplemented mycobacterial growth
indicator tubes (MGITs) (BD, UK). MGITs were placed in the BACTEC
MGIT 320 system (BD) until registered positive with time to positivity
(TTP) values. To convert TTP to mycobacterial CFU, standard curves
were produced for each Mtb isolate as described previously [42].

2.8. Flow cytometry

Following cell isolation from the lung, 1x1 0° cells per sample were
stained with live/dead fixable blue dead cell stain kit (Thermo Fisher,
UK) according to the manufacturer’s instructions. Cells were washed
with PBS and fixed with 1X Phosflow lyze/fix buffer (BD) at 37 °C for 30
min. Following fixation, samples were washed with FACS buffer (PBS +
2% FBS), incubated with Fc block (anti-mouse CD16,/CD32; eBioscience,
UK) for 10 min and then stained for 30 min at 4 °C, protected from light,
with a mixture of fluorochrome-conjugated antibodies (detailed in
Table 1) prepared in Brilliant Stain buffer (BD). Following staining, cells
were washed and resuspended in FACS buffer. Antibody and live/dead
stain compensation was performed using OneComp eBeads Compensa-
tion Beads (Thermo Fisher) or the ArC Amine Reactive Compensation
Bead kit (Thermo Fisher) respectively. Data were acquired on an LSRII
flow cytometer using FACSDiva software (BD), and analysed using
FlowJo (v10.4, FlowJo LCC, USA). The gating strategy is shown in

Tuberculosis 146 (2024) 102494

Fig. S1 and was developed using a combination of two published gating
strategies for murine lung [43,44]. Total counts for individual pop-
ulations were calculated using the following formula: total number of
target cell population per lung = total count cells per lung x (count
population of interest/count live cells). Total count cells per lung was
determined by trypan blue exclusion method; count live cells was
determined by gating on cells negative for live/dead fixable blue dead
stain.

2.9. Ex vivo cell culture and RNA extraction

Lung cells from individual mice were used for RNA extraction. Spe-
cifically, 1x10° cells per mouse were seeded in duplicate (uninfected/
infected) in 24-well plates (BioLite, Fisher Scientific) and cultured
overnight at 37 °C (5% CO2) in the presence or absence of 1 x 10® CFU
mycobacteria (N0072, NO052 or N1283). An MOI of 1 was selected for
gene expression analysis based on experimental conditions described
previously by Marsay et al. [38]. Mycobacterial input was confirmed by
plating on 7H11 agar plates. The following day, the 48-well plates were
centrifuged at 500xg to pellet eukaryotic cells, supernatants were
removed and 600 pl RNAprotect cell reagent (Qiagen, UK) was added to
stabilise transcription and prevent RNA degradation. Samples were
stored at —70 °C until RNA extraction. For RNA extraction, samples were
thawed and centrifuged at 5000xg. Total RNA purification was per-
formed using the RNeasy Mini Kit and an on-column DNase digestion
according to the manufacturer’s instructions (both Qiagen). RNA
integrity was assessed, and concentration determined, using the
TapeStation system (Agilent, UK). All samples submitted for sequencing
had an RNA integrity number equivalent value > 8.2.

2.10. Library preparation and sequencing

Library preparation and sequencing was performed at UCL Genomics
(University College London, UK). The NEBNext Ultra II Unidirectional
RNA library prep kit and Poly(A) mRNA Magnetic Isolation Module
(both New England Biolabs, UK) were used to process 200 ng total RNA
per sample according to the manufacturer’s instructions. Limited cycle
PCR was performed with 100 ng for 14 cycles. Libraries to be multi-
plexed in the same run were pooled in equimolar quantities, calculated
from Qubit (Invitrogen, UK) and Bioanalyzer (Agilent) fragment anal-
ysis. Samples were sequenced on the NextSeq 500 (Illumina, UK) in-
strument using a 75-bp single read run with a corresponding 8-bp UMI
read.

2.11. RNA-seq data analysis

Sample processing from fastq files to the generation of a read count
matrix was performed on the Linex-based high performance computing
service at LSHTM. The BBDuk tool from the BBTools suite [45] (v38.79)
was used to trim adaptor sequences and the final 5% of 3’ bases. Mus
musculus genome FASTA (ftp://ftp.ensembl.org/pub/release-99/fasta
/mus_musculus/dna/Mus_musculus.GRCm38.dna.primary_assembly.fa.
gz) and gene annotation GTF (ftp://ftp.ensembl.org/pub/release-99/
gtf/mus_musculus/Mus_musculus. GRCm38.99.gtf.gz) files were down-
loaded from Ensembl [46]. STAR [47] (v2.7.3a) was used to generate a
genome index and subsequently map the trimmed reads to the Mus
musculus index. Read counting was performed using the default settings
of featureCounts [48] to count meta-features, specifying a stranded
dataset. Quality control steps were performed using FastQC (v0.11.9)
[49] and CollectRnaSeqMetrics from the Picard Tools suite [50]. Dif-
ferential gene expression analysis was performed using the R/Bio-
conductor package DESeq2 [51] (v1.28.1) in the R environment
(v3.6.1). Hypothesis testing in the DESeq function was performed using
the Wald test. Results tables for comparisons were built using contrast to
obtain log, fold change (LFC) values and associated statistics for mul-
tiple condition effects. Multiple correction was performed using the
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Benjamini-Hochberg method [52].

2.12. Mouse lung module enrichment analysis

A set of 38 murine lung modules generated previously by Singhania
et al. [53] were used to perform module enrichment analysis. Modules
were pre-processed for use in the tmod package [54]. The makeTmod
function was used to generate a tmod object. For LFC data for each
condition of interest, a metric score for each differentially expressed
gene (>/< 0) was calculated using the equation:

metric = —logo (adjusted p) x abs (LFC)

Results were set in descending order to generate ranked Ensembl ID
lists. Transcriptional module analysis of the lists was performed using
the CERNO test [55] and visualised using the tmodPanelPlot. tmodPa-
nelPlot generates a heatmap-like representation which includes the ef-
fect size (area under the receiver operating curve [AUROC]) and
adjusted p (padj) values for modules enriched in the conditions of in-
terest. All 38 modules from the Singhania set are shown with an
enrichment threshold of padj <0.01 used. Since ordered lists for module
enrichment analysis are not generated using a p-value threshold, the
proportion of individual genes within each module identified to be
significantly up- or downregulated were visualised as a ‘pie’ using the
tmodDecideTests function of the tmod package for each result: red,
upregulated (padj <0.05); blue, downregulated (padj <0.05); grey, not
significant.

2.13. Statistical analysis

All statistical analyses were carried out using GraphPad Prism Soft-
ware version 9.4.1 (GraphPad, USA). Statistical significance was tested
using the unpaired t-test with Welch’s correction; a p value of <0.05 was
considered statistically significant and is denoted with asterisk in the
figures where appropriate.

3. Results

3.1. Evaluation of BCG vaccine-mediated growth inhibition of different
Mtb clinical isolates using the direct lung and spleen MGIA

Vaccine-mediated growth inhibition of the laboratory strain, Mtb
Erdman, by murine cells has been previously demonstrated by MGIA
[34,40]. To determine whether the MGIA could be expanded to explore
potential differences in vaccine-mediated growth inhibition beyond this
single strain, clinical isolates from a well-characterised clinical reference
set were used in the direct lung and spleen assay [4].

Since variations in the growth rate of different lineages of the Mtb
complex have been reported in vitro and ex vivo [17,20,56-60], we
hypothesised that the dynamics of vaccine-mediated growth inhibition
in the MGIA may vary by clinical isolate. A lineage 1 (L1 N0072) isolate,
classified as an East-African-Indian ancient lineage of the MTB complex,
and a lineage 2 isolate (L2 N0052), classified as a modern lineage of the
Beijing sub-lineage, were selected for optimisation of the assay [34,37].
Ex vivo co-culture of lung and spleen cells from BCG-vaccinated and
unvaccinated mice with the clinical isolates was performed for 4, 5 or 6
days before the cells were lysed, and mycobacterial load was quantified.
Mycobacterial load across the time course is shown in Fig. S2. Signifi-
cant growth inhibition of lineage 2 was observed using lung and spleen
cells from BCG-vaccinated mice compared with control mice following
four-, five- and six-day co-cultures. Vaccine-mediated growth inhibition
of the lineage 1 clinical isolate was also observed for all co-culture pe-
riods with lung cells but was not detectable in the spleen co-cultures
until day 6. At this time point, vaccine-mediated growth inhibition in
the other co-cultures remained at a comparable level to earlier time
points; therefore, this timepoint was utilised for further MGIA studies for
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the clinical isolate panel.

Following optimisation, a lineage 4 isolate, a modern Euro-American
lineage was also analysed by the MGIA. Specifically, lung cells and
splenocytes were inoculated with Mtb lineages 1, 2 and 4 for a six-day
co-culture period. Compared with unvaccinated control mice, a signifi-
cant reduction in mycobacterial growth was observed for BCG-
vaccinated mice across the three mycobacterial strains for both lung
(L1 N0072, 0.45 log;o CFU, p < 0.0001; L2 N0052, 0.39 log1o CFU, p =
0.0025; L4 N1283, 0.41 log;o CFU, p = 0.0005) and spleen (L1 N0072,
0.22 logy¢ CFU, p = 0.0028; L2 N0052, 0.21 log;¢ CFU, p < 0.0001; L4
N1283, 0.70 logy¢ CFU, p = 0.0028) assays (Fig. 1).

3.2. Validation of the direct lung and spleen MGIA against in vivo
challenge with different Mtb clinical isolates

To determine whether mycobacterial control observed in the lung
and spleen MGIA reflects bacterial burden following in vivo infection
with Mtb clinical isolates, an Mtb experimental infection study was
performed. Due to feasibility, one ancient and one modern lineage
clinical isolate were selected for experimental infection: L1 NO071 and
L2 N0072. Six weeks following BCG vaccination, mice were intranasally
infected with approximately 300 CFU per Mtb isolate. At five-weeks post
infection, a significant reduction in L1 and L2 bacterial burden was
observed in the lung and spleen of BCG-vaccinated animals compared
with unvaccinated animals (L1 lung, 1.09 log;o CFU, p < 0.0001; L1
spleen, 0.80 log;¢ CFU, p = 0.0004; L2 lung, 0.88 log;9 CFU, p = 0.0001;
L2 spleen, 0.75 logyo CFU, p < 0.0001) (Fig. 2). There was no difference
in magnitude of BCG vaccine-mediated control of the two isolates. These
observations are consistent with the ex vivo MGIA in which enhanced
mycobacterial control of both L1 and L2 was observed by BCG-
vaccinated lung and spleen cells following six-day co-culture
compared with cells from unvaccinated mice (Fig. 1).

3.3. The cell composition of murine lung samples is altered following
intradermal BCG vaccination and is associated with enhanced control of
mycobacterial growth

It has previously been shown in vivo that intradermal BCG vaccina-
tion is able to induce a persistent, long-lived population of polyfunc-
tional CD4" T cells in the lungs which preferentially expand following
Mtb challenge and associate with BCG-induced protection [61]. We thus
explored whether the composition of the murine lung cell preparation
used in the MGIA is influenced by BCG vaccination and similarly in-
fluences ex vivo outcomes. Fig. 3a depicts the relative frequencies of ten
major immune cell populations as a percentage of the total live cell
population. The relative frequency of CD45-negative cells (non--
haematopoietic, lung parenchymal cells) is also shown. The mean group
frequency of each population is visualised in Fig. 3b. In the lung cell
preparation from BCG-vaccinated mice, which demonstrated enhanced
control of mycobacterial growth against all isolates tested, we observed
a significant increase in the proportion of CD103" DCs (0.69 vs 1.0%, p
= 0.0138), CD11b™ DCs (2.5 vs 7.9%, p = 0.0055) and interstitial
macrophages (1.0 vs 2.1%, p = 0.0095), and decrease in B cells (25.7 vs
20.3%, p = 0.0310) and eosinophils (2.2 vs 1.5%, p = 0.0491), when
compared with control mice. The total number of CD103" and CD11b™
DCs was also significantly increased in the vaccinated lung (Fig. S3).

Further, the transcriptional profile of lung cell preparations from
control and BCG-vaccinated mice was analysed by RNA-seq. Differential
gene expression analysis between BCG-vaccinated lung versus control
lung was performed and used to generate ordered gene lists for
enrichment analysis using a set of murine lung modules [53]. Enrich-
ment was determined using the coincident extreme ranks in numerical
observations (CERNO) test and is visualised in Fig. 4. Enrichment of
modules dominated by macrophage-, granulocyte-, and myeloid-specific
genes were found (modules 3, 10-14). In modules 10 and 11, individual
genes visualised as significantly perturbed were largely downregulated.
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Fig. 1. Growth inhibition of Mtb clinical isolates by BCG-vaccinated versus unvaccinated murine cells. C57BL/6 mice (n = 6/group) received BCG or no
treatment (control). Six weeks post-vaccination, lung and spleen cells were co-cultured with 200 CFU [a and d] L1 (N0072), [b and e] L2 (N0052) or [c and f] L4
(N1283). At six days post co-culture, samples were lysed and transferred to the BACTEC system until TTP values were generated. TTP values were converted to logio
CFU based on a standard curve. Data points (n = 4/group) represent samples generated from pooled cells isolated from six mice. Statistical significance was tested by

unpaired t-test with Welch’s correction. Error bars represent mean =+ standard deviation. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 2. BCG vaccination reduces mycobacterial burden in the lung and spleen of mice challenged with L1 (N0072) or L2 (N0052). C57BL/6 mice (n = 9-10
mice/group) received BCG or no treatment (control). Six weeks following vaccination, mice were intranasally infected with ~300 CFU [a and c] L1 (N0072) or [b and
d] L2 (N0052). CFU per organ was determined five-weeks post-infection in the lung and spleen (n = 9-10/group). Statistical significance was tested by unpaired t-test
with Welch’s correction. Error bars represent mean =+ standard deviation. ***p < 0.001; ****p < 0.0001.

By contrast in modules 3, 13 and 14, significant genes were upregulated.
Enrichment of modules 5 (Type I IFN/Ifit/Oas), 6 (Cell cycle/Stem
cells/Chemokine receptors), 7 (Ifng/Statl/Gbp/Antigen presentation),
8 (Glycolysis), 35 (Cytotoxic/T cells/NK/Tbx21/Eomes/B cells), 36 (NK
cells/Leukocytes/Cytotoxic) and 37 (B & T cells/Myeloid cells) was also
identified. Enrichment of modules 3, 5, 6, 7, 13, 14, 35 and 37 was
validated in an independent experiment of the same design (Fig. S4).

3.4. Ex vivo infection of murine lung cells induces Mtb isolate-specific
transcriptional changes that are not associated with differential control of
mycobacterial growth

To identify potential transcriptional correlates of mycobacterial
growth control, RNA was extracted from lung cells co-cultured with the
L1, L2 or L4 clinical isolates. Enrichment of the murine lung modules in

lung cells from BCG vaccinated compared with unvaccinated mice is
visualised for the three isolates in Fig. 5. Consistently across the three
isolates, ex vivo infection of lung cells from BCG-vaccinated mice was
associated with higher levels of enrichment of many of the modules
identified in uninfected lung cells from BCG-vaccinated mice (Fig. 4;
modules 1, 3, 7, 12-14 and 35). Modules 21 (a module annotated as
miscellaneous, and reported as enriched in macrophages and gran-
ulocytes [53]) and 33 (Diverse intracellular signalling) were also
enriched across the three isolates.

Despite the finding that BCG-vaccinated lung cells exhibit similar
capacity to inhibit growth of the three Mtb isolates, several lung mod-
ules were found to be uniquely enriched following ex vivo infection with
specific lineages. Infection with L1 was associated with perturbation of
genes enriched for Type I IFN/Ifit/Oas (module 5) and two modules
associated with cell signalling (modules 17 and 32). Enrichment of an
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Fig. 3. Cell populations in the murine lung MGIA input. C57BL/6 mice (n = 5/group) received BCG or no treatment (control). Six weeks post-vaccination, lungs
were processed to generate a single cell suspension which was stained with an antibody cocktail. [a] Identified cell populations in the lung as a percentage of live cells
are shown. Statistical significance was tested using the unpaired t-test with Welch’s correction. Error bars represent mean =+ standard deviation. *p < 0.05; **p <
0.01. [b] Pie charts depict the relative frequencies of identified immune cell types in the lung as a percentage of live cells in control and BCG-vaccinated lung (mean
of 4-5 individual mice). AM®, alveolar macrophages; DC, dendritic cell; IM®, interstitial macrophages; NK, natural killer; uM®, undifferentiated macrophages.

intracellular signalling module (module 28) was found with L2 only.
Modules related to inflammation and metabolism (module 2) and
glycolysis (module 8) were unique to infection with L4. Together, L2 and
L4 were associated with enrichment of genes related to Cell cycle/Stem
cells/Chemokine receptors (module 6), myeloid/granulocyte function
modules 10 and 11 and NK cells/Leukocytes/Cytotoxic (module 36).

4. Discussion

Despite growing recognition of the importance of testing TB vaccines
against clinical isolates prior to progression into the clinical pipeline, use
of non-laboratory strains in the murine MGIA has been limited [62,63].
In the current study, lung and spleen cells from BCG-vaccinated mice
were shown to significantly inhibit growth of three Mtb clinical isolates
when compared with cells from unvaccinated mice using the direct
MGIA. By running an experimental infection study alongside the ex vivo
MGIA, we demonstrate that ex vivo BCG-mediated growth inhibition is
consistent with BCG-mediated protection in the lung and spleen in vivo,
indicating that this methodology may offer a biologically relevant

approach to predict vaccine-induced protection against multiple Mtb
lineages prior to testing in in vivo infection studies.

The immunological mechanisms driving growth inhibition in the
direct murine lung MGIA have not been characterised. In the direct
splenocyte MGIA, Marsay et al. performed microarray analysis in par-
allel with the assay. Following ex vivo infection with BCG, an enhanced
Tyl response, including increased expression of interferon (IFN)-y, nitric
oxide synthase and interleukin (IL)-17, was reported to correlate with ex
vivo BCG-mediated growth inhibition [38]. With the aim of identifying
‘correlates of growth inhibition’ in the lung MGIA, we incorporated flow
cytometry and RNA-seq into the MGIA workflow to analyse the host
cellular response following ex vivo infection with multiple clinical
strains of mycobacteria, as well as to characterise the host cell pop-
ulations within the MGIA co-culture. Compared with lung cell pop-
ulations generated from unvaccinated mice, we found differences in the
cellular composition and transcriptome of lung from BCG-vaccinated
mice, reflective of differences in both adaptive and innate immunity.

Focusing first on the composition of the host cells within the lung
MGIA, the lung cell population generated from BCG-vaccinated mice at
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Fig. 4. tmod analysis of processed host MGIA input. C57BL/6 mice (n = 3/
group) received BCG or no treatment (control). Six weeks post-vaccination,
single cell suspensions were generated from lungs, and RNA was extracted
and analysed by RNA-seq. tmodPanelPlot visualising enrichment in defined
murine lung modules for differentially expressed genes in BCG-vaccinated lung
versus control. Each row contains one module. Modules found to be signifi-
cantly enriched (padj <0.01) are indicated by a grey circle (pie), with the de-
gree of significance indicated by colour intensity and the effect size (AUROC)
indicated by size. The proportion of individual genes within each module found
to be significantly (padj <0.05) up- or downregulated are marked in each pie in
red or blue respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

six weeks post-vaccination contained an increased proportion of
CD103" DCs, CD11b™" DCs and interstitial macrophages, and a decrease
in B cells and eosinophils, compared with lung populations from naive
mice. Further, the transcriptome of these cells was enriched for gene
modules annotated to type-I IFN, natural killer (NK) cells and cytotox-
icity, IFNy and macrophage-, granulocyte-, and myeloid-specific genes.
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Fig. 5. Modular transcriptional enrichment correlates with BCG-mediated
growth inhibition in the MGIA. C57BL/6 mice (n = 3/group) received BCG or
no treatment (control). Six weeks post-vaccination, single cell suspensions were
generated from lungs and co-cultured overnight with L1 (N0072), L2 (N0052)
or L4 (N1283). RNA was extracted and analysed by RNA-seq. tmodPanelPlot
visualising enrichment in defined murine lung modules for differentially
expressed genes in BCG-vaccinated lung cells versus control. Modules found to
be significantly enriched (padj <0.01) are indicated by a grey circle (pie), with
the degree of significance indicated by colour intensity and the effect size
(AUROQ) indicated by size. The proportion of individual genes within each
module found to be significantly (padj <0.05) up- or downregulated are marked
in each pie in red or blue respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

Following subcutaneous vaccination, live BCG bacilli disseminate to
numerous sites and have been detected in the lung at six weeks post
vaccination and beyond [64] and the level of BCG distribution in the
lungs of mice has been associated with protection from Mtb challenge
[65]. It is, therefore, likely that our observed differences in lung immune
cell populations and corresponding enhanced ex vivo Mtb growth inhi-
bition in cells from BCG-vaccinated mice is reflective of a recently
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cleared or existing low level of BCG present in the lung following
vaccination.

Several immune cell types found to be enriched in the BCG-
vaccinated lung have been previously reported to play a protective
role against Mtb infection. For example, interstitial macrophages have
been shown to host Mtb in a nutritionally restrictive environment which
tempers mycobacterial growth. This is in direct comparison to alveolar
macrophages which provide a more metabolically advantageous envi-
ronment to Mtb which facilitates growth [66]. In addition, depletion of
NK cells following BCG vaccination has been shown to inhibit
BCG-induced protection against experimental infection with Mtb in the
mouse model [67]. The enhanced NK cell transcriptional signal identi-
fied in our MGIA input from vaccinated mouse lung may be driven, at
least in part, by IL-12 production from the enhanced proportion of DCs
also observed. Few studies have evaluated the immune status of the
BCG-vaccinated murine lung prior to Mtb challenge. Aranday-Cortes
et al. identified a pulmonary gene expression signature related to con-
nective tissue development six weeks following vaccination [68]. Irwin
et al. reported activation of a pulmonary adaptive T-cell response up to
six weeks following BCG vaccination in mice which correlated with
protection following H37Rv infection in vivo [69].

In addition to induction of type II IFN signalling, we found that BCG
vaccination induced a type I IFN signal in the lung. The role of type-I
IFNs in Mtb infection is complex, and timing of the signal with respect
to infection appears to define whether a pathogenic or protective effect
is observed. High levels of type I IFNs during infection with hyperviru-
lent Mtb strains are associated with pathogenesis in humans and mice
[70-74]. However, type-I IFNs have been shown to contribute to early
control of BCG, M. avium and M. smegmatis infection in the murine lung
[75-77]. Further, early tonic type I IFN signalling has been demon-
strated to prime innate immune cells for production of proinflammatory
cytokines protective against TB [73]. Consistent with our own findings,
Mai et al. [78] reported that the profile of the airway landscape in
C57BL/6 mice receiving subcutaneous vaccination with BCG was altered
compared with unvaccinated controls. In addition to shifts in T cells and
DCs, subpopulations of alveolar macrophages were identified in the
vaccinated airway, defined by expression of interferon-stimulated genes,
oxidative stress response and interstitial macrophage-like profiles.

Following ex vivo infection with clinical Mtb isolates, many of the
modules enriched in vaccinated lung cells used as input in the MGIA
remained enriched across the three lineages, consistent with our
observation that BCG-vaccinated lung cells inhibit growth of three
clinical isolates to a similar capacity with regards to mycobacterial load.
However, several modules were found to be enriched in specific lineages
only. These differences may reflect variations in the mechanisms by
which BCG vaccine-mediated immunity controls the growth of different
Mtb isolates, but may not ultimately translate into a net difference in
overall capacity to control mycobacterial growth. This is supported by
the finding that the magnitude of BCG-induced protection did not differ
following in vivo challenge with two of the clinical isolates.

Gene enrichment of the type-I IFN signalling module as a correlate of
growth inhibition by BCG-vaccinated lung cells remained following ex
vivo infection with the lineage 1 isolate only. The highly virulent Mtb
strains, W4 and HN878 (both lineage 2 Beijing strains), have been
shown to induce higher levels of type-I IFN signalling than CDC1551.
These higher levels of type-I IFN led to reduced Tyl immunity and
reduced survival of Mtb-infected mice [71]. This may indicate that the
type-I IFN signal in the murine lung induced by BCG vaccination in the
current study may be overwhelmed by induction of type-I IFN signalling
following ex vivo infection with the lineage 2 and 4 isolates, no longer
contributing to mycobacterial control. Enrichment of genes associated
with the IL-17 pathway/Granulocytes (module 11) and
Inflammation/IL-1 signalling/Myeloid cells (module 12) was identified
in cells from BCG-vaccinated mice following ex vivo infection with the
lineage 2 and 4 isolates. In the mouse model, Gopal et al. report that
early protective immunity against HN878 is driven by high IL-17 levels
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induced by production of IL-1f via a TLR2-dependent mechanism.
However, IL-17 was found to be disposable for protection against the
laboratory strains, H37Rv and CDC1550 [79].

The BCG vaccine induces a diverse range of immune processes
including innate, cellular, humoral and non-specific or trained immu-
nity [80]. These diverse and redundant immune processes likely make
BCG vaccine-mediated protection more resilient to variations in clinical
Mtb strain type which may explain our observations of similar levels of
protection in the direct MGIA regardless of Mtb strain used. While
reassuring that this was consistent between the ex vivo and in vivo
models, future studies could include a wider range of clinical isolates
with differential effect sizes for a more comprehensive validation, or
evaluate immune protection induced by more targeted, subunit vaccine
approaches which may be more sensitive to variation in Mtb strain type.
The lack of a novel vaccine candidate proven to be superior to BCG is a
notable challenge, with BCG providing the only current gold-standard
for proof-of-concept in assay development and validation.

In the current study, the addition of flow cytometry and RNA-seq
analysis to the MGIA workflow demonstrates the value of evaluating
vaccine-induced mycobacterial control in combination with identifica-
tion of correlates of growth inhibition. In the future this method may
facilitate early, more informative evaluation of mycobacterial strains at
clinical sites, generating insight into potential variations in vaccine-
mediated protection from TB, as well as accelerating the identification
of underlying immune mechanisms of protection.

In this study, three Mtb clinical isolates were evaluated using the ex
vivo murine lung and spleen MGIA. We demonstrate that ex vivo growth
inhibition of two selected isolates recapitulates vaccine-mediated CFU
reduction in the lung and spleen following experimental Mtb infection in
the mouse model. BCG-mediated protection against all three isolates
selected for the study was observed at similar levels in the ex vivo MGIA
and experimental Mtb infection. To conclude whether the MGIA can
accurately recapitulate protection observed following experimental
infection, further studies should include vaccine regimens known to
demonstrate reduced efficacy against specific clinical isolates. Further,
we analysed the host cell composition and transcriptome of cells prep-
arations used in the MGIA and show that ex vivo BCG-mediated growth
inhibition is associated with innate and adaptive immune mechanisms
predominantly driven by myeloid cells, NK cells and IFNy. Mtb lineage-
specific correlates of growth inhibition were also identified and warrant
further validation and investigation.

There is growing interest in the expansion of TB vaccine testing
beyond standard laboratory strains of Mtb, with recommendations that
vaccine candidates should be tested against multiple clinical strains.
Currently, limited resources within the TB research field, and an
emphasis on reducing, refining and replacing animal techniques, render
in vivo studies an unsuitable tool to routinely test vaccines against an
extended panel of strains. The ex vivo MGIA may represent a platform to
gain early insight into vaccine performance against a collection of Mtb
strains, alongside evaluation of correlates of growth inhibition.
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