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ABSTRACT

Mycobacterium tuberculosis (Mtb) genetic micro-diversity in clinical isolates may underline
mycobacterial adaptive response during tuberculosis (TB) development and provide insights to
anti-TB treatment response. Here, we investigated the genetic micro-diversity of persistent
clinical Mtb isolates and its dynamics during controlled stress experiments chosen to mimic the
course of TB disease. A minor variant characterized by a modified lipid profile, became
enriched during stress experiments. The variant was found to be associated with drug-tolerance
involving efflux pumps deregulation and with intracellular persistence subsequent to
phagolysosome avoidance and autophagy decrease. Furthermore, pharmacological modeling
predicted increased risk of treatment failure for isolates enriched in the former variant. Even
under extreme experimental conditions, the diversity in variants was always maintained,
suggesting a strong functional complementarity between variants of the Mtb bacterial
population during disease dynamics. Such diversity may be responsible of Mtb adaptation to its
host and play a role along the successive steps leading to multi-drug resistant TB. Altogether,
our findings support the fact that Mtb micro-diversity should be further explored as a promising
tool to detect patients at risk of poorly responding to anti-TB treatment, ultimately allowing

improved and personalized TB management.

Key words
Mycobacterium tuberculosis; micro-diversity; whole genome sequencing; antibiotic tolerance;
efflux pump; intra-macrophage persistence; phagolysosomal fusion; autophagic flux;

apoptosis; inflammatory response
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INTRODUCTION

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) complex remains one of the
most prevalent and deadly infectious diseases, responsible for 10 million cases and 1.45 million
deaths worldwide in 2018 [1]. Among the reasons behind this dramatic situation stands the
chronicity of Mtb infection, characterized by long periods of latency, linked to the ability of the
tubercle bacilli to persist in the host tissues. TB disease therefore requires a long duration of
antibiotic treatment to achieve sterilization of intracellular and intracavitary bacilli. Anti-TB
drug resistance detection is mandatory upon TB diagnosis, as it is known to hamper treatment
efficacy. However, persistent infections with delayed response to treatment may be observed
without any in vitro proven antibiotic resistance. Hypothetically, pre-existing sub-populations
enclosed within Mtb clinical isolates that are antibiotic tolerant could be responsible for such
persistent infections [2, 3], but evidence of this is still lacking.

Since the introduction of next generation sequencing (NGS) enabling whole genome
sequencing (WGS), WGS analysis performed on clinical Mtb isolates allowed to unmask the
genetic particularities of Mtb sub-populations or variants. Minor variants are therefore
frequently present within the diversity of Mtb population before treatment onset [4-9] and may
also reveal during TB treatment. Some of these variants harbor drug-resistance mutations,
whilst others carry SNP in loci involved in modulation of innate immunity and in Mtb cell
envelop lipids [10-13]. Although the emergence of variants occurring in loci not directly related
to drug-resistance is still poorly understood [14, 15], these could be the key to understanding
early mechanisms leading to Mtb drug-resistance.

Genetic micro-diversity has been observed in other bacteria responsible for chronic infections,
such as Helicobacter pylori, Pseudomonas aeruginosa and Staphyloccocus aureus, and has
been linked to host-adaptation as well as disease outcome [16—18]. This raises the question of

the influence of Mtb clinical isolates’ micro-diversity on patients’ response to anti-TB
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78  treatment, beyond the canonical Mtb drug resistance phenomenon. We hypothesized that Mth
79  micro-diversity may be involved in bacilli persistence and in drug tolerance, both possibly
80  favoring treatment failure. Thus, to better understand the evolution of Mtb micro-diversity
81  during infection and treatment and its role in the pathophysiology of TB, we investigated variant
82  composition and dynamics of persistent Mtb clinical isolates. Thereafter, we focused on 1 Mth
83  clinical isolate to capture its genetic diversity before and after controlled stress experiments
84  chosen to mimic the course of TB disease. The identified variants stemmed from the initial
85 clinical isolate were then assessed for their ability to tolerate the major anti-TB drugs and to
86  persist during macrophage infection. Importantly, initial Mtb micro-diversity was found to be
87  associated with both drug-tolerance and intra-cellular persistence and should thus be further
88  considered to improve TB management and prevent treatment failure.
89
90 METHODS
91  Bacterial strains. Mtb strains used in this study were isolated from pulmonary specimens
92  during routine care in the Lyon University Hospital, France. “Initial clones” ICo and 1C100 Were
93  obtained by cloning of “initial isolate” (Il). Clones were submitted to WGS to confirm the
94  absence (ICo) or presence (IC100) of the variant of interest (C 3280555 G) and to confirm the
95  absence of other mutations.
96
97  Antibiotics exposure using the BACTEC 960 system. Antibiotic exposure experiments were
98  performed in Mycobacterial Growth Indicator Tube (MGIT) using the BACTEC 960 system
99  (Becton Dickinson, Sparks, MD). Antibiotic solutions were added to MGIT at the required
100  concentration and inoculated with 10° CFU/mL. Tolerance to antibiotics was also assessed in

101 presence of efflux pump inhibitors reserpine (100uM, Sigma-Aldrich, Saint-Quentin-Fallavier,
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102 France) and valinomycin (0.1 puM, Sigma-Aldrich). Results were expressed using MGIT time
103  to positivity (TTP) system, reflecting the bacterial growth [19].

104

105  MIC Determination. Minimum inhibitory concentrations (MIC) were determined for
106 rifampicin (RIF) and isoniazid (INH, Sigma-Aldrich) by a standard microdilution method as
107  previously described [20].

108

109 Mtb RNA extraction and reverse transcription. Mycobacteria were incubated with
110  RNAprotect Bacteria Reagent (Qiagen, Valencia, CA), lysed and Mtb total RNA was isolated
111 by using RNeasy Plus mini kit according to the manufacturer's instruction (Qiagen). Reverse
112 transcription was performed by using Reverse Transcription System according to the
113 manufacturer's instruction (Promega, Fitchburg, USA).

114

115  Droplet digital PCR. ddPCR procedure was conducted using QX100 Droplet Digital PCR
116  System (Bio-Rad, California, USA). Total reaction volume was 22 pL, containing 11 pL of 2X
117  ddPCR Supermix for Probes (No dUTPs), 8.9 uL of template DNA, 10 U of HindlIlI restriction
118  enzyme (GmbH) and 1.1 pL of a 20X primers-probes mix (ddPCR mutant assay) provided by
119 Bio-Rad and guaranteed following MIQE guidelines. The sequence studied was
120 CGACACCGTTCGTGACCTCATCGCCCGTTGGGAGCAGCGGGACGTGATGGCGCGC
121  GAGGTG[G/C]CCGTCGACGTGGCGTCGCACTCGCCTCAAGTCGATCCGATACTCG
122 ACGATTTGGCCGCGGC and the product was 70 bp. A no-template control and a positive
123 control were used in every ddPCR batch. PCR amplification was conducted after droplet
124  generation. Analysis were done with QuantaSoft Analysis Pro software version 1.0.596 (Bio-
125  Rad). Positive droplets were counted and percentages of wild-type and mutant templates were

126 calculated (% mutant =[(n mixed population/2)+n mutant]/total n amplified).
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127

128  DNA extraction, targeted NGS and WGS. Genomic DNA was purified from cleared lysate
129  using a QlAamp DNA mini Kit (Qiagen). For targeted NGS, PCR were performed using high
130  fidelity DNA polymerase with primers indicated in Table S1. DNA libraries were prepared with
131 Nextera XT kit (lllumina, San Diego, USA). Samples were sequenced on NextSeq or MiSeq
132 system (lllumina) to produce 150 or 300 base-pair paired-end reads, as previously described
133 [21].

134

135  Bioinformatic analysis of lllumina data. Reads were mapped with BOWTIE2 to the H37Rv
136 reference genome (Genbank NC000962.2) and variant calling was made with SAMtools
137 mpileup, as previously described [21]. A valid nucleotide variant was called if the position was
138  covered by a depth of at least 10 reads and supported by a minimum threshold rate of 10%.
139  Regions with repetitive or similar sequences were excluded, i.e. PE, PPE, PKS, PPS, ESX. The
140  WGS reference genome coverage ranges 96.5% to 99.0%, with an average depth of coverage
141 of 46x to 185x.

142 Sequences have been submitted to European Nucleotide Archive (ENA) under accession
143 number PRIJEB37306.

144

145  Apolar lipid extraction and analysis by GC-MS. Mycobacterial apolar lipids were extracted
146  as previously described [22, 23], hydrolyzed with KOH 5% in methanol at 100°C for 90 min
147 and then acidified. Fatty acids released were extracted with chloroform-ethanol (3:1). The
148  extracted fatty acids from lower phase were derivatized with pentafluorobenzyl bromide (PFB)
149  and analyzed in the negative ion mode by gas chromatography-mass spectrometry (GC-MS/MS
150  Agilent HP7890B/7000C). The gas chromatograph was operated at the Functional Lipidomics

151 platform, acknowledged by IBiSA (Infrastructure in Biology, Health and Agronomy).
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152

153  Killing kinetics of RIF and INH alone and combination and mathematical modeling. In
154  vitro experiments of the antibacterial effect of INH and RIF alone and in combination, as well
155  as the mathematical modeling of the results were performed as described elsewhere [20].

156

157  Cell Culture and Infection protocol. U937 cells were differentiated with PMA and infected
158  with bacterial suspension at a multiplicity of infection (MOI) of 10:1 (bacteria to cells).
159  Invasiveness and intracellular multiplication were evaluated as described elsewhere [24].

160

161  Immunofluorescence and image acquisition. Infected cells were stained for confocal
162  microscopy analysis, 6 h and 24 h post-infection (hpi), as described elsewhere [24]. For the
163  study of autophagic flux, 3 h before staining, cells were incubated with chloroquine (Sigma)
164  40uM.

165

166 CCF-4 assay for translocation of Mtb in host cell cytosol. Infected cells were stained with
167 50 uM CCF4 (Invitrogen, Carlsbad, USA) in buffer containing anion transport inhibitor
168  (Invitrogen) for 2 h at room temperature, then were washed and fixed with PFA 4% for 30min,
169  as recommended by the manufacturer, before performing directly fluorescence acquisition [25,
170  26]. The results obtained were normalized on intracellular bacterial load.

171

172 Measurement of lactate dehydrogenase (LDH) in cell culture supernatants. LDH release
173 of U937 cell culture supernatant was measured at 24 and 96 hpi by using the colorimetric kit
174  (Roche, Mannheim, Germany) and following the manufacturer's instructions.

175
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176  Quantitative determination of apoptosis. At 24 and 96 hpi, infected cells were stained for
177  apoptosis detection with Annexin V FITC (Thermo Fisher Scientific Inc, Waltham, USA) for
178  15min at room temperature. After fixing with PFA 4% for 30min, cells were analyzed using
179  fluorescent microscopy.

180

181  Infected macrophage RNA extraction. Total macrophage RNA was obtained from Mtb-
182  infected cells at 24 hpi using the Trizol method as previously described [27] and total RNA was
183  isolated with miRNeasy mini kit according to the manufacturer's instruction (Qiagen).

184

185  Transcriptomic analysis. Transcriptomic analysis was performed at ViroScan3D/ProfileXpert
186  platform (www.viroscan3d.com). Briefly, RNA from each sample was quantified using
187  Quantus HSRNA method (Promega) and qualified using Fragment analyzer HSRNA (AATI).
188  After quality control, total RNA were submitted to polyA capture using NextFlex poly(A)
189  Beads (PerkinElmer, Waltham, USA), then mRNA were submitted to library preparation using
190  NextFlex Rapid Directional mRNA (PerkinElmer) and 100 ng input. As recommended by the
191  ENCODE consortium ERCC RNA spike-In (Invitrogen) were added to samples in order to
192  ensure reproducibility of the experiments. Single-read sequencing with 75 bp read length was
193  performed on NextSeq 500 high output flowcell (Illumina). Mapped reads for each samples
194  were counted and normalized using FPKM method [28]. Fold change between the different
195  groups were calculated using median of groups and p-value of difference were calculated using
196  t-test with equal variance without p-value correction in the R software. Population clustering
197  analysis from transcriptomic data was conducted using principal component analysis (PCA)
198  with the R package ade4 [29]. Heatmaps were performed thanks to Heatmapper [30], using
199  average linkage clustering method and Pearson distance measurement method.

200
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201 Quantitative real time RT-PCR (gRT-PCR). Differential expression of selected genes was
202  determined by qRT-PCR using FastStart Essential DNA Green Master kit (Roche) on the
203  LightCycler® Nano Instrument (Roche), according to the manufacturer's instruction. The
204  cDNA was amplified with gene specific primers (Table S2 (Mtb primers) and S3 (human
205  primers)). The transcripts of 16S RNA and glyceraldehyde phosphate dehydrogenase (GAPDH)
206  were used to normalize the Ct values of the Mtb and human target genes respectively. Fold
207  change in gene expression was calculated using the formula 2744,

208

209  Cytokine production assay. Cell culture supernatants were screened at 6, 24 and 96 hpi for
210  the presence of 27 human cytokines and chemokines using the Bio-Plex Pro Human Cytokine
211 Standard 27-Plex kit (Bio-Rad Laboratory, Hercules, USA) on a FLEXMAP 3D® analyzer
212 (Luminex, Austin, USA). Data were analyzed using Bio-Plex Manager software version 6.1
213  (Bio-Rad Laboratory).

214

215  Statistical analysis. Statistical analyses were performed with Graph Pad Prism 5. Data
216  obtained from lipidomic analysis, RIF exposure experiments, variant frequency analysis by
217  ddPCR, quantitative RT-PCR, intracellular CFU counting, macrophage cell death and cytokines
218 and chemokines production were expressed as mean + standard deviation (SD). Means were
219  compared using One-Way ANOVA with Bonferroni’s correction or t-test. Parameter values
220  obtained from pharmacological models were given as point estimate [95% confidence interval
221 (CD)]. Confocal microscopy data were expressed as median values [interquartile range (IQR)].
222 Results were compared by using Kruskal-Wallis analysis, using Dunn's Multiple Comparison
223 Test. *p<0.05, ** p <0.01, *** p <0.001. $ Significantly different from condition without
224  chloroquine; $ p<0.05, $$ p <0.01, $$$ p <0.001.

225

10
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226 RESULTS

227 A minor variant of Mtb clinical isolate is selected in response to both rifampicin exposure
228  and macrophage infection.

229  Sixteen clinical pan-susceptible strains isolated from the sputum of patients undergoing anti-
230  TB treatment for 4 to 29 weeks were exposed for 4 weeks to rifampicin (RIF), in vitro, at
231 IxMinimum Inhibitory Concentration (MIC) to investigate the emergence of variants. A total
232 0of 32 SNPs emerging in 12 out of 16 Mtb strains after RIF exposure were identified (Table S4).
233 Following RIF exposure, one of these 12 isolates showed dramatic increase of the frequency of
234 asingle variant, harboring 1 non-synonymous SNP C 3280555 G, in a locus involved in cell
235  wall and cell processes (Rv2940c mas, Table S1). To decipher the dynamics of the variant
236 composition of this clinical isolate we first performed WGS on 20 grown colonies plated before
237 invitro RIF exposure. Apart from the predominant clone, 4 variants were identified and their
238  presence in the initial isolate was confirmed by targeted next generation sequencing (NGS), at
239  frequencies between 0.5% and 9% (Fig. 1A). Six loci differed amongst the variants, with a
240  maximum pairwise distance of 4 SNPs. Independently from RIF exposure, the initial isolate
241 was submitted to 7 days of macrophage infection. Interestingly, NGS analysis of these two final
242  isolates found that the C 3280555 G variant was the most enriched during both RIF exposure
243  (from 1.5% to 45%) and macrophage infection (from 1.5% to 74%), whilst the relative
244  frequency of the others 3 variants varied within a range of 10% (Fig. 1A).

245  To further study the emerging C 3280555 G variant, 5 strains containing the C 3280555 G
246 variant at various frequencies were compared: the initial clinical isolate named “initial isolate”
247  (I); 2 “evolved isolates” (El) enriched in the C 3280555 G variant at a mean frequency of either
248  40% (Elao) after RIF exposure or 80% (Elso) after macrophage infection; 1 clone representing
249  the predominant clone of the I, not carrying the C 3280555 G polymorphism (Initial Clone,

250 1Co); and 1 clone of the 11 carrying the fixed C 3280555 G polymorphism (IC100; Fig. 1B).

11
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251

252 The C 3280555 G harboring variant overexpresses mycocerosates and more particularly
253  the tetramethyl-branched components of mycocerosates.

254  The SNP C 3280555 G results in an amino-acid change, A721P, of mycocerosic acid synthase
255  (Mas, Rv2940c). It is located in Mas acyltransferase domain, involved in multimethylated
256  mycocerosates synthesis by iterative condensation with methyl-malonyl-CoA units [31, 32].
257  Mycocerosates are components of the phthiocerol dimycocerosate (PDIM) family of lipids of
258  Mtb, strongly involved in host-pathogen interaction. Because the mycocerosate components are
259  expected to be altered in the C 3280555 G variant, the lipid profile of IC100 and I1Co and a half-
260  half mixture (50:50) was explored, focusing on the production of the 4 main components of
261  mycocerosates (Fig. 2A): the two trimethyl-branched, C27 and C29, and the two tetramethyl-
262  branched, C30 and C32 [22, 33]. When comparing to ICo, IC100 profile showed significantly
263 lower trimethyl-branched C27 component (11.4% * 2.2%) than tetramethyl-branched C30
264  component (80.1% * 2.4%; Fig. 2B), consistent with a higher affinity of Mas enzyme for
265  methyl-malonyl-CoA, to promote tretramethyl mycocerosate synthesis in 1C100. Moreover, the
266  relative proportion of mycocerosates produced by ICi0 was approximately twice as high
267  compared to ICo (Fig. 2C). Given this lipid profile, the variant is called hereafter the 4AMBE
268  (tetra-methyl branched enriched) variant.

269

270  The 4MBE variant is tolerant to RIF alone and in combination with isoniazid.

271 As micro-diversity patterns changed upon RIF exposure, the susceptibility of the 4MBE variant
272 to this drug was explored. Although there were no significant difference regarding the MIC
273 values (Table S5), the tolerance of the 4MBE variant to sub-MIC doses of RIF was investigated.
274  The kinetics of the bacterial growth explored by the time to positivity (TTP) approach, revealed

275  asignificantly shorter TTP for IC1o0, Elso, and Elso (from 6.9 to 9.7 days) compared to 11 (15.6

12
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276 = 1.6 days) upon antibiotic treatment with 1XMIC of RIF (Fig. 3A). Controlled bacterial
277  assembly experiments, mixing 1Co and IC1qp at various ratios, yielded similar results (Fig. S1A).
278  Thus TTP values decreased as 4MBE variant frequency increased in the starting inoculum,
279  suggesting a better ability of the 4MBE variant to persist upon RIF exposure.

280  To further explore RIF tolerance of the 4AMBE variant, concentration-effect experiments were
281  performed, and results yielded were then implemented in a pharmacological efficacy prediction
282  model. There was a decrease in RIF susceptibility for Elso, Elgo, and 1C100 at sub-MIC doses
283  (Fig. 3B). Elao, Elgo, and 1C100 exhibited higher ECso values (from 2.3 to 5.9) than 1l (1.0, 95%
284  CI[0.6; 1.6]), suggesting a lower potency of this antibiotic on 4MBE variant. Regarding ICxoo,
285  there was a significant decrease in the Hill coefficient value (0.61 [0.49; 0.74]) compared to
286  EI40(0.96 [0.79; 1.13]) and Elgo (0.89 [0.72; 1.06]), indicating also a better tolerance to supra-
287  MIC concentrations of RIF (Table S6). Overall, these results indicate that 4MBE variant is
288 tolerant to sub-MIC doses of RIF compared to Il, despite the absence of canonical RIF
289  resistance.

290 As RIF is part of a complex regimen during TB treatment, the antibacterial effect of the
291 combination of both first-line anti-TB drugs (isoniazid (INH) and RIF) was investigated on 1Co
292 and ICyoo (Fig. 3C). The Minto model described the combined antibacterial effect very well, R?
293  values > 0.90 and low bias and imprecision values. Importantly, the interaction parameter Buso
294  was significantly greater than 0 for 1Co (1.43 [0.94; 1.91]), which means that the combined
295  effect of INH and RIF was synergistic. Conversely, it was not significantly different from 0O for
296  1C100 (0.68 [-0.38; 1.74]), indicating that the combined effect was just additive. Taken together,
297  these results indicate that isolates enriched in the 4AMBE variant have increased tolerance to RIF
298 alone but also in combination with INH, possibly favoring treatment failure.

299  To explore a possible selective advantage of the 4MBE variant upon treatment, the dynamics

300 of variant assemblies upon RIF exposure was monitored. The variant frequency thus increased

13
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301 for Il (from 1.5% to 30% £13%) and for Elso (from 39 £5.0% to 55 +6.7%) (Fig. 3D), consistent
302  with the previous NGS experiments (Fig. 1A). Controlled bacterial assembly experiments,
303 mixing I1Co and IC10o at various ratios, yielded similar results (Fig. S1B). Interestingly, the
304 variant frequency never reached 100%, as ddPCR allowed to detect at least 0.6% of the variant
305 lacking C 3280555 G (ICo) (Fig. S1B).

306

307  Efflux pumps are involved in RIF tolerance of the 4AMBE variant

308  Given the involvement of efflux pumps in Mtb antibiotic tolerance [34, 35], the impact of efflux
309  pump inhibitors (reserpine and valinomycin) on RIF tolerance of ICo and 1C100 Was explored.
310  Whereas in the presence of valinomycin, there was a RIF dose-dependent increase in TTP for
311 both ICo and IC100, In the presence of reserpine a significant increase in TTP was found for
312 1Cy00 Only (ATTP 2.05 + 0.29 days; Fig. 3E). These results suggest that efflux pumps are
313 involved in RIF tolerance of the 4MBE variant, with a predominant role of reserpine-sensitive
314  efflux pumps rather than valinomycin-sensitive ones. Consistently, guantitative RT-PCR
315  experiments found higher drrABC and p55 mRNA levels for 1C100 compared to 1Co (Fig. 3F).
316  The DrrABC pump is known to display higher sensitivity to reserpine than valinomycin [36]
317  and has been previously linked to RIF low-level resistance in Mtb without rpoB mutation [37].
318

319 4MBE variant frequency correlates with improved Mtb intra-macrophagic survival

320 As Mtb micro-diversity was also found to evolve upon macrophage infection (Fig. 1A), the
321  abilities of intra-macrophage survival of 11, Elso, Elgo, and 1C100 were explored at 6 h and 96 h
322 post-infection (hpi).

323 The ability of 1C1q0 to invade macrophages was significantly better (32.10* + 11.10* CFU/mL)
324  than that of 11 (6.10* + 2.10* CFU/mL) at 6 hpi and this pattern was confirmed at 96 hpi, with

325 16 times more intracellular bacteria (Fig. 4A). Similarly, experiments conducted on the

14
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326 controlled bacterial assembly found that the Mtb intracellular survival was directly related to
327  the frequency of the 4AMBE variant in the infecting inoculum (Fig. S1C). To further monitor
328  Mtb variant composition upon host-pathogen interaction, the DNA of plated bacteria at 6 hpi
329  and 96 hpi were recovered to assess the variant frequency by ddPCR (Figs. 4B and S1D). Upon
330 infection by Il and Elao, there was an enrichment of the 4MBE variant, up to 36% and 64%,
331 respectively, at 96 hpi, whereas variant frequency remained stable for Elgo (Fig. 4B). The same
332 pattern was observed in controlled bacterial assembly (Fig. S1D). Interestingly, for infecting
333 inocula containing 90% and 99% of the variant in the initial bacterial mix, the frequency
334 remained stable and did not reach 100%, highlighting the role of Mtb diversity upon
335  macrophage infection.

336

337 Improved intra-macrophagic survival of the 4MBE variant is due to phagolysosome
338 avoidance and autophagic flux inhibition

339  Mtb intramacrophagic behavior of 11, Elso, Elgo, and I1C100 was explored by confocal microscopy
340 analysis at 24 hpi (Fig. 4). The improved Mtb intramacrophagic survival was confirmed by a
341  significantly greater number of both infected cells and bacterial burden per cell, upon infection
342 by Elao, Elso, and 1C100 compared to Il (Fig. S2).

343  To explore the mechanisms of Mtb intra-macrophage survival promoted by isolates enriched in
344  4MBE variant, phagolysosome activation and avoidance were first explored (Fig. 4C-E).
345  Although no differences were observed in the number of cells with acidified compartments
346  (Fig. 4C), upon infection by I, there were significantly more bacteria in acidified compartments
347  (18.2% [7.1-38.3]) compared to the median values upon infection by Elao, Elgo, and 1C100 (Fig.
348 4D). Loading of infected macrophages with CCF4-AM, a fluorescence resonance energy
349 transfer (FRET)-based assay, revealed that the blue/green signal was significantly lower upon

350 infection by Elso, Elgo, and 1C100 compared to Il (from 3.7 and 9.8 times less signal at 96 hpi;
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351 Fig. 4E). This supports the notion that isolates enriched in the 4MBE variant avoid
352 phagolysosomal fusion.

353  The autophagy activation and outcome were then explored. Chloroquine pretreatment showed
354  an abolition of the differences of the proportion of cells with autophagy compartments between
355  Elso-, Elso-, and I1Cy00-infected macrophages and Il-infected macrophages. This suggests an
356 inhibition of the autophagic flux for isolates enriched in the 4AMBE variant (Fig. 4F). This was
357  confirmed by the significant decrease in the proportion of acidified autophagy compartments
358 upon infection by Elso, Elgo, and IC100 compared to Il (Fig. 4G). Furthermore, there was a
359  decrease in autophagy magnitude upon infection by Elso, Elgo, and 1C100, represented by a
360  decrease of approximately 1.5 fold in LC3B puncta per cells for these strains compared to Il
361  (Fig. 4H). This indicate a weaker autophagy activation upon infection by isolates enriched in
362 the 4MBE variant.

363  Taken together, these results support that the better intracellular survival of isolates enriched in
364  the 4MBE variant during macrophage infection is driven by the increase of phagolysosome
365 avoidance and the decrease of both autophagic flux and autophagy activation.

366

367 Macrophage apoptosis and inflammatory response are exacerbated upon infection by
368 isolates containing high relative frequency of the 4AMBE variant

369  Macrophage transcriptome analysis showed that 677 genes were differentially expressed
370  between macrophages infected by Il and those infected by either Elso or Elgo. Three distinct
371 population clusters, 1, Elso, and Elgo, were recognized by principal component analysis (PCA,;
372 Fig. S3). The first principal component (46.4% of the variance) allowed a discrimination of I1-
373  infected macrophages from El-infected macrophages, while the second one (17.7% of the

374  variance) allowed discrimination of Elso- and Elgo-infected macrophages.
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375 A total of 337 differentially expressed genes between macrophages infected by Il and Elso or
376  Elgo were selected to build a heatmap, showing clustering according to biological replicates and
377 to the frequency of the 4MBE variant in the Mtb infecting inoculum (Fig. 5A). The
378  differentially expressed genes were classified into nine functional categories involved in Mth
379  macrophage response. Consistent with the macrophage infection experiments, actin
380  cytoskeleton, autophagy, and phagolysosome pathways were found to be dysregulated upon
381 infection by Els and Elgo compared to Il. Moreover, there was also a dysregulation of
382 inflammatory response, apoptosis and cell cycle, mitochondrial metabolism, lipid metabolism,
383 and T cell signaling pathways.

384 In order to explore cell death mechanisms, necrosis (Fig. 5B) and apoptosis (Fig. 5C) of
385  macrophages were assessed upon infection by 11, Elso, and Elgo, and IC100 at 24 and 96 hpi. At
386 96 hpi, there was no significant difference between I1- (48% + 3.0%) and Elso-induced necrosis
387 rates (51.6% £ 3.1%). By contrast, the necrotic effect upon Elgo (55.2% + 6.2%) and IC100
388  (64.9% = 3.5%) infections was significantly greater than that obtained upon Il infections (Fig.
389  5B). Furthermore, apoptosis was also significantly higher upon infection by Elgo and IC100
390 compared to Il (Fig. 5C). Thus, macrophage cell death level increased with the frequency of
391  the 4MBE variant in the Mtb infecting inoculum.

392  Cytokines (TNF-a, IL-6, IL-1pB, IFN-y) and chemokines (RANTES (CCL5) and interferon
393  gamma-induced protein 10 (IP-10)) production were then measured at 6 hpi (Fig. S4), 24 hpi
394  (Fig. 5D-I), and 96 hpi (Fig. S5) to explore macrophage inflammatory response. At 24hpi, there
395  was a significant increase in the inflammatory response of macrophages upon infection by El4o,
396  Elsgo, and IC100 compared to Il, and this effect was constantly more pronounced for IC1o0 (Fig.
397  5D-I). Upon infection by ICi00 there was a significant increase in TNF-a production by
398  macrophages from 6 to 96 hpi (Fig. 5D, S4A, and S5A) and overall a sustained inflammatory

399  response at 96 hpi (Fig. S5). Finally, chemokine signals were significantly increased upon
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400 infection by ICi00 (Fig. 7H-1). Overall, the macrophage pro-inflammatory response was
401  stronger (in terms of intensity and duration) upon infection by Elso, Elgo, and 1C100 than by I,
402  the higher the frequency of the 4MBE variant in the infecting inoculum, the higher the
403  inflammatory response.

404

405 DISCUSSION

406  The objective of the present study was to address the role of Mtb micro-diversity and its possible
407  link with anti-TB treatment response. We therefore monitored Mth micro-diversity during the
408  course of the adaptive response of clinical isolates to environment variations consistent with
409  TB infection and treatment. We explored 16 clinical pan-susceptible isolates responsible for
410 pulmonary TB with persistent positive culture upon treatment and our results showed that
411  micro-diversity in Mtb is not restricted to the few previously reported cases [5, 10, 11, 13, 38,
412 39]. Interestingly, WGS of isolated colonies allowed detection of additional SNPs when
413  compared to WGS performed on the whole bacterial population, suggesting that more
414  knowledge concerning Mtb diversity will be enabled in the future through the use of deeper
415  sequencing.

416  We then focused on a single clinical isolate and highlighted the plasticity of its genetic micro-
417  diversity, which presented a changing pattern of variant assembly depending on the
418  experimental setting (intra-macrophage infection, antibiotic stress). Interestingly, a variant
419  (called hereafter AMBE variant) which was present at low frequency in the initial Mtb clinical
420 isolate, became predominant under the stress conditions tested. Using a set of complementary
421  approaches we were able to show that this type of variant displayed tolerance to anti-TB
422  treatment.

423 It was recently suggested that numerous variants emerge and then disappear during the course

424  of infection and treatment within individual patients [38, 39]. The minor variant identified in
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425  the present study may be beneficial during some stages of the Mtb infection lifecycle and, in
426  parallel, may be deleterious in other conditions, explaining its potentially transient emergence.
427  We found that this variant features a particular lipid profile consisting of enriched tetramethyl-
428  branched mycocerosates, a PDIM component. Being located at the interface between the
429  bacterium and the host, PDIM play important roles in directing host-pathogen interactions and
430 are involved at many pathophysiological steps [25, 40-42]. Nevertheless, studies showed that
431  PDIM and mycolic acids were down-regulated during extended intracellular infection to the
432 benefit of other multimethyl-branched fatty acids [43—45]. In addition, the results presented
433 herein clearly demonstrated more intense macrophage inflammatory response during infection
434  with isolates containing a high frequency of the 4MBE variant, which could be deleterious
435  during human lung infection. Consistently, a significant increase in macrophage cell death was
436  also found, particularly concerning apoptosis occurrence, upon infection by these isolates.
437  Apoptosis is generally regarded as a protective response, whereas necrosis is thought to favor
438  inflammation and disease progression [46—48]. In that respect, macrophage apoptosis could be
439  considered a limitative mechanism, preventing the spread of this variant. Taken together, the
440  results of the present study suggest that isolates containing the 4MBE variant could mainly
441  favor infection initiation while other variants that have yet to be identified may be more
442  involved in long-term infection.

443  The main feature of the variant detected and studied herein, which could be discriminated from
444  the major one based on WGS data, was a non-synonymous polymorphism of mas, a gene
445  belonging to the PDIM cluster, and was thus not related to a canonical drug-resistant locus.
446  Although the search of public databases did not allow to identify this fixed polymorphism in
447  other Mtb genomes, we were able to detect it, at a frequency (~1%) undetectable by WGS, in
448  another Mtb clinical isolate by performing ddPCR assay. Among the 140 clinical isolates tested

449 by ddPCR screening, this particular isolate was multi-drug resistant (MDR) belonging to the

19


https://doi.org/10.1101/2020.05.22.110775

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.22.110775; this version posted May 22, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

450  Euro-American lineage (data not shown). It is thus possible that this type of variant may play a
451  role along the successive steps leading to MDR-TB, as it also showed increased RIF tolerance.
452  The antibacterial effect of RIF alone and in combination with INH was different on the isolates
453  enriched in 4MBE variant, with a decreased efficacy of RIF alone and loss of synergistic
454  activity when in combination with INH. This suggests that optimal management may require
455  higher drug doses in cases of persistent infection with Mtb isolates containing such variants.

456  When focusing on resistance emergence, current diagnostic tools are based on the detection of
457  fixed or unfixed variants in loci involved in drug resistance, to adapt treatment as early as
458  possible [49, 50]. Likewise, our results suggest that the emergence of unfixed variants in loci
459  not necessarily linked to canonical drug-resistance could also help as diagnostic markers.
460 Indeed, features associated with Mtb tolerance, possibly through mutations affecting efflux
461 pump expression, have been suggested to be potential pre-resistant markers [51-53].
462  Interestingly, the tolerance exhibited by the isolates enriched in 4MBE variant was probably
463  supported by the differential expression of efflux pumps which have been shown to be involved
464  in both PDIM and RIF transport [35, 54]. Herein we show for the first time that such a minor
465  variant may be associated with drug-tolerance, promote treatment failure as predicted by
466  pharmacological modelling, and eventually lead to drug-resistance. Interestingly, even under
467  extreme experimental conditions, the diversity in variants was always maintained, suggesting
468  the possibility of a strong functional complementarity between variants of the Mtb bacterial
469  population during disease dynamics. This emphasizes the importance of Mth micro-diversity,
470  which could become a useful diagnostic tool to predict which patients are at risk of poor
471  response to anti-TB treatment. These patients may require personalized dosing and therapeutic
472 management in order to improve the outcome and to effectively prevent MDR-TB emergence.
473 In-depth analysis of clinical isolates coupled to the development of in vitro models to assess

474  minor variants with increased fitness, antibiotic tolerance, or enhanced virulence, could help
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475  identify mutations responsible for treatment failure, better understand Mtb pathogenicity, and
476  ultimately, through the use of fine-tuned diagnosis tools, allow personalized TB management.
477
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FIGURE LEGENDS
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Fig. 1: A minor variant of Mtb clinical isolate is selected in response to both rifampicin

exposure and macrophage infection.

(a) Minimum spanning trees (MST) of the initial clinical isolate, “initial isolate”, after 4 weeks

of RIF exposure at 1XMIC or after 7 days of macrophage infection at a multiplicity of infection
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666  (MOI) of 10:1 (bacteria:cells) assessed by targeted NGS with coverage ranging from 10 000 to
667 36 000x. (b) Characteristics of the 5 strains used in this study.

668
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670 Fig. 2: The 4MBE variant overexpresses mycocerosates and more particularly the
671  tetramethyl-branched components of mycocerosates.

672  (a) Molecular structures of C27, C29, C30 and C32 mycocerosate components from Mtb. (b-c)

673  The lipid profile of ICo and 1C100 and a half-half mixture (50:50) of these clones were compared.
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(b) Proportion of mycocerosate components regarding total mycocerosates were explored by
gas chromatography-mass spectrometry (GC-MS) and obtained from ion chromatograms
showing the fragment ions at m/z 409, 437, 451 and 479 representing mycocerosate components
C27, C29, C30 and C32, respectively. (c) Proportion of mycocerosates in total lipids were
obtained from ion chromatograms showing all fatty acids detected by GC-MS. Values for each
condition are the mean + SD of at least three independent experiments. Means were compared

using One-Way ANOVA followed by Bonferroni’s test.
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Fig. 3: The 4MBE variant is tolerant to RIF alone and in combination with INH.

(a) Mycobacterial growth in absence (Ctrl) or presence of RIF (1XMIC RIF) is expressed in
time to positivity (TTP) in BACTEC system. All conditions were compared to I1. (b) Time-Kkill
data were determined after 7 days of RIF exposure at various concentrations. Fit of the Hill
pharmacodynamic model to RIF time-kill data, the solid lines are the best fit lines. The y-axis

represents the difference in logio CFU/mL relative to control (C = 0) from a duplicate
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688  experiment. (c) Superposition of response surface models of the combined antibacterial effect
689  of INH and RIF against ICo (black) and IC100 (pink). A total of 142 measures of the effect of
690 RIF and INH alone or in combination were performed, and results were analyzed using the
691  Minto response surface model. The surfaces represent the model-based predicted effect,
692  representing the antibacterial effect measured after 7 days of exposure. (d) After 4 weeks of
693 incubation without (Ctrl) or with RIF (1XMIC RIF), the change in the 4MBE variant frequency
694  on plated bacteria was assessed by ddPCR as described in Methods section. (e) 1Co and IC100
695  were incubated with either reserpine (100 puM) or valinomycin (0.1 uM) in the absence or
696  presence of RIF at 0.06 mg/L or 0.12 mg/L, or without efflux pump inhibitor as control. Results
697  are expressed in delta of TTP between cultures in presence and absence of efflux pump
698 inhibitor. (f) Quantitative RT-PCR were performed and normalized to 16S rRNA from the same
699  sample. These results represent the differences in the mRNA levels detected in IC1oo relative to
700  the mRNA level of ICo upon RIF exposure at 1/8xMIC. (a and d — f) Values for each condition
701 are the mean = SD of at least three independent experiments. Means were compared using one-

702 way ANOVA followed by Bonferroni’s test or using the Student’s t-test, when appropriate.
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703

704  Fig. 4: Improved intra-macrophagic survival of the 4MBE variant is due to

705  phagolysosome avoidance and autophagic flux inhibition.

35


https://doi.org/10.1101/2020.05.22.110775

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.22.110775; this version posted May 22, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

706  Macrophages were infected by Il, Elso, Elgo and 1C100 at @ MOI of 10:1. (a) At 6 and 96 hpi,
707  macrophages were lysed for intracellular CFU counting (*significantly different from the
708  control (1)) and (b) the change in the 4MBE variant frequency on plated bacteria was assessed
709 by ddPCR as described in the Methods section. Values for each condition are the mean + SD
710  of three independent experiments. Means were compared using One-Way ANOVA followed
711 by Bonferroni test. (c-d and f-h) At 24 hpi, cells were stained with LysoTracker Red DND-99,
712 anti-Mtb coupled FITC and anti-LC3B coupled Dy-Light 650 antibodies. (c and f) Cells with
713 acidified (c) or autophagy compartments (f) were determined across at least 10 confocal images,
714  containing between 30 and 80 cells per image, per replicate. (d, g, h) Percentage of bacteria in
715  acidified compartments (d), LC3B puncta per cells (g) and percentage of acidified autophagy
716  compartments (h) were determined across at least 40 cells per replicate. (f and h) Three hours
717  before staining, cells were incubated with chloroquine, then macrophages were stained and
718  analyzed as previously described. (e) Infected macrophages were loaded with CCF4-AM at 24
719 and 96 hpi to analyze 450nm/520nm ratio normalized on bacterial load. Values for each
720  condition are the median * interquartile range (IQR) of at least three independent experiments.
721  Statistical significance was determined using Kruskal-Wallis analysis, using Dunn's Multiple
722 Comparison Test. $ Significantly different from condition without chloroquine.

723
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724

725  Fig. 5: Macrophage apoptosis and inflammatory response are exacerbated upon infection
726 by isolates containing high relative frequency of the 4AMBE variant.
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727  Macrophages were infected at a MOI of 10:1 or not infected (NI). (a) At 24 hpi, total RNA
728  were extracted to study the changes in global transcriptome of host cells. Heatmap of gene
729  expression (log2 fold change) for 337 differentially expressed genes between 11-, Elso- or Elgo-
730 infected macrophages at 24 hpi. Rows are independent experiments and columns are genes.
731 Differentially expressed genes were classified in nine functional categories. Clustering was
732 based on Pearson’s correlation. The three experimental conditions clustered with their
733 biological replicates. (b) Necrosis was evaluated by LDH release in cell culture supernatant and
734  (c) apoptosis was measured by Annexin V staining and analysis performed by microscopy, at
735 24 hpi and 96 hpi. (d) TNF-a, (e) IL-6, (f) IL-1p, (g) IFN-y, (h) RANTES (CCL5) and (i)
736  Interferon gamma-induced protein 10 (IP-10) release in cell culture supernatant was evaluated
737 by Luminex® Multiplex assay at 24 hpi. Values for each condition are the mean + SD of three
738  independent experiments. Means were compared using Repeated Measures ANOVA followed

739 by Bonferroni test.
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