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Introduction

Routine efficacy assessments of new tuberculosis (TB) treatments include quantitative solid culture or routine liquid culture, which likely miss quantification of drug tolerant bacteria. To improve these assessments, comparative analyses using additional measures such as quantification of differentially culturable tubercle bacteria (DCTB) are required. Essential for enabling this is a comparative measure of TB treatment responses using routine solid and liquid culture with liquid limiting dilutions (LLDs) that detect DCTB in sputum.



Methods

We recruited treatment-naïve TB patients, with and without HIV-infection, and  serially quantified their sputum for DCTB over the course of treatment. 



Results

Serial sputum sampling in 73 individuals during their first 14 days of treatment demonstrated that clearance of DCTB was slower compared to routine solid culture. Treatment response appeared to be characterized by four patterns: (1) Classic bi-phasic bacterial clearance; (2) early non-responders with slower clearance; (3) paradoxical worsening with an increase in bacterial count upon treatment initiation; and (4) non-responders with no change in bacterial load. During treatment, LLDs displayed greater bacterial yield when compared with quantitative solid culture. Upon treatment completion, 74% [46/62] of specimens displayed residual DCTB and within this group, two recurrences were diagnosed. Residual DCTB upon treatment completion was associated with a higher proportion of MGIT culture, GeneXpert, and smear positivity at two months post treatment. No recurrences occurred in the group without residual DCTB.



Discussion

These data indicate that DCTB assays detect distinct subpopulations of organisms in sputum that are missed by routine solid and liquid culture, and offer important alternatives for efficacy assessments of new TB treatments. The residual DCTB observed upon treatment completion suggests that TB treatment does not always eliminate all bacterial populations, a finding that should be investigated in larger cohorts.
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Introduction

Tuberculosis (TB) therapy requires a prolonged duration to clear drug-tolerant persister bacteria not easily eliminated during early treatment. The underlying assumption is that the microenvironments encountered during infection of the human host drives these bacterial populations into non-replicative, drug tolerant states (Turapov et al., 2014; Hu et al., 2015; Gold and Nathan, 2017). Given the growing body of evidence suggesting drug tolerance is associated with eventual emergence of resistance (Liu et al., 2020), further study of these tolerant organisms is essential for formulating new therapeutic approaches to combat drug resistant TB. Definitive evidence for the presence of drug-tolerant persister organisms during TB treatment has been difficult to obtain due to the complex nature of sputum specimens, the exact source of sampling Mycobacterium tuberculosis from the lung, and inherent difficulties in detecting and quantifying persister bacteria. Multiple studies have identified bacterial populations in sputum that are unable to form colonies on solid culture but able to grow in liquid media supplemented with growth factors (Mukamolova et al., 2010; Dhillon et al., 2013; Kolwijck et al., 2014; Chengalroyen et al., 2016; Turapov et al., 2016; Saito et al., 2017; Mcaulay et al., 2018; Dusthackeer et al., 2019; Gordhan et al., 2021; Mcivor et al., 2021; Mesman et al., 2021; Zainabadi et al., 2021). These organisms are termed differentially culturable tubercle bacteria (DCTB) (Chengalroyen et al., 2016) or differentially detectable tubercle bacteria (DDTB) (Saito et al., 2017). In addition to being detected in a variety of extra-pulmonary specimens, DCTB have been identified from sputum prior to initiation and during TB treatment, and recently in animal models of TB disease (Mcaulay et al., 2018; Rosser et al., 2018; Zainabadi et al., 2021; Evangelopoulos et al., 2022). Detection of DCTB is facilitated by supplementation of sputum with culture filtrate (CF) from axenically grown M. tuberculosis, which stimulates bacterial growth. DCTB display drug tolerance when compared to bacteria cultured on solid media and their recovery can be enhanced with lipid rich media (Turapov et al., 2016; Mesman et al., 2021). The generation of DCTB has been linked to intracellular oxidative stress, which damages macromolecules in the bacillus, leading to the inability to recover on solid media (Saito et al., 2021). These observations suggest that a rigorous analysis of DCTB populations over the full course of TB chemotherapy could provide valuable insight for measuring treatment response.

In previous work with South African TB patients, we demonstrated that treatment-naïve sputum harbors a significant proportion of DCTB and enhanced detection thereof improved M. tuberculosis identification in sputum smear negative patients (Chengalroyen et al., 2016). The growth stimulatory effect of CF has been ascribed to resuscitation promoting factors (Rpfs), a group of bacterial growth stimulatory enzymes found in CF (Mukamolova et al., 2010). However, the concurrent observation of sputum samples harboring DCTB that grow independently of stimulation with Rpfs suggests that other enzymes/molecules may be involved in the growth stimulatory effect of CF (Chengalroyen et al., 2016; Gordhan et al., 2021).

The ability to detect treatment response of all bacterial populations in sputum is critical to understanding the efficacy of current and novel TB therapeutics. New anti-TB drugs are currently tested using a standardized Colony Forming Unit (CFU) assay on solid media and automated liquid culture, both of which may not detect DCTB populations. Hence, an assay that detects DCTB, which could be used to determine how these bacteria respond to new treatments, would help in identifying the best drug combinations for treatment shortening. To address this, we determined the treatment response of DCTB in comparison with CFUs and routine measures of bacterial load (GeneXpert, Mycobacterial Growth Indicator Tube [MGIT, Becton Dickinson] and smear microscopy) in a well-characterized prospective clinical cohort of drug susceptible TB patients at two South African sites (Soweto and Matlosana).



Methods


Recruitment and sputum sampling

Ethics approval for this study was obtained from the Human Research Ethics Committee of the University of the Witwatersrand (clearance number M120256). Study participants were approached if they had a positive sputum GeneXpert result from a primary health care clinic which was routinely tested in the public sector, usually the National Health Laboratory Service laboratories. Additional inclusion criteria for this study were: adults at least 18 years of age, able to produce a sputum sample of ≥ 3 ml, either evidence of HIV infection or a recent hard copy HIV test result, and no prior history of treatment for TB. Patients with rifampin resistance at baseline and/or characteristics suggesting non-adherence to study protocol were excluded (Supplementary Table 1). Following informed consent, spot and overnight (collected early in the morning) sputum samples were collected prior to TB treatment initiation and participants were followed-up during the course of treatment. For the treatment responses analyses, results of overnight sputa are reported here, as we anticipated these would provide the best bacterial yield. Where overnight sputum was not available, or the resulting cultures contaminated, the spot sputum was used. Data from spot samples were also used when assessing standard measures of bacterial load (smear, GeneXpert and MGIT). Data from overnight and spot sputa are reported seperately serial sputum samples were collected whilst the patient was taking TB treatment (acceptable visit windows enclosed in parentheses): 3 (2 – 4), 7 (5 – 10), 14 (12 – 19), 35 (30 – 40), 56 (50 – 65) and 180 days (170-190) after treatment initiation (Supplementary Figure 1). Cure was defined by the presence of negative MGIT cultures and smears at day 180. Treatment failure was defined as a positive smear or MGIT culture at five- or six-months post treatment initiation. Disease recurrence was defined as the reoccurrence of TB after cure.



Liquid limiting dilution assays

LLDs entail determination of bacterial count using limiting dilutions of sputum and were carried out as previously described (Chengalroyen et al., 2016). These assays yield the Most probable number (MPN) of bacteria present in a sample. Briefly, CF was obtained from both wild-type and a quintuple rpf deletion mutant of M. tuberculosis H37Rv strains (Kana et al., 2008) and are referred to as CF and Rpf ¯CF, respectively. Cultures of H37Rv were grown to an Optical Density600nm (OD600nm) = 0.6-0.9, from which the cells were harvested by centrifugation at 4 200 x g for 8 minutes and the resulting CF was filtered using a 0.2 µm polyethersulfone (PES) filter (Amicon) to remove any residual cells. To replenish broth nutrients depleted by growing M. tuberculosis, CF preparations were diluted 1:1 with fresh Middlebrook 7H9 (Difco) media supplemented with OADC (BD diagnostics) containing 0.05% tween and 450 µl of this was dispensed across 8 wells of a 48 well micro-titre plate (Nunc Thermo) in triplicate. As a control, 450 µl of un-supplemented Middlebrook 7H9 was added across a second 48 well plate in triplicate. To each plate, 50 µl of decontaminated sputum sample was added to the first column of wells and a 10-fold serial dilution was carried out across the plate to the 8th dilution (Figure 1A). Growth was assessed at 6 weeks by visual scoring and bacterial counts were calculated using an algorithm based on the Poisson distribution (https://www.wiwiss.fu-berlin.de/fachbereich/vwl/iso/ehemalige/professoren/wilrich/index.html). CFU assays were performed by plating 100 µl of a ten-fold serial dilution series of decontaminated sputum onto Middlebrook 7H11 plates (Figure 1A). Further detail can be found in the supplementary material. None of the experimental assays were used to guide participant treatment or care.




Figure 1 | Participant disposition and enrollment microbiology. (A) Liquid limiting dilution assays (LLDs) to detect distinct differentially culturable populations in sputum samples. (B) Participant disposition flow chart. A total of 175 potential participants were screened for this study from primary health care clinics in the Soweto and Matlosana regions. From each cohort, the arrows depict participants who were removed from the study for various clinical and laboratory reasons. †Screen failures (18 from Soweto, 8 from Matlosana) include potential participants who were initially suitable for the study and then found to not meet the requirements. ‡Participants were terminated from the study (21 from Soweto, 3 from Matlosana) and reasons for their removal are documented in the supplementary information. Methods optimization denoted by (§) include LLDs performed for sputum samples with different plates and plate-sealing methods to address emerging evaporation of cultures and contamination issues. This aspect is further discussed in the supplementary material. ¥Loss to follow up and one participant was excluded as no sputum sample was received for baseline LLD and CFU data. # One participant missed the day 180 time point but returned thereafter, the individual was excluded from the post 180 day analysis. Data from a total of 80 participants were available for baseline analysis. Additional participants were lost to follow up at various time points throughout the study. Those lost before or after day 35 were classified as early and late dropouts respectively. Data from 73 participants were available for early treatment analysis (sputum samples received up to day 14 following treatment initiation) and data from 62 participants were available for end of treatment analysis (sputum samples received up to 180 days following treatment initiation). (C) Bacterial yield using CF-supplemented LLDs (pink), Rpf - CF-supplemented LLDs (orange), un-supplemented LLDs (green) and colony forming units (purple) in enrollment sputum from TB and TB-HIV infected individuals. *p<0.05, **p<0.01, ****p<0.0001. ns = Not significant.





LLD analysis and statistical methods

We assessed the treatment response of bacteria emerging from LLD assays using the MPN value and other readouts. Data were analyzed using Graphpad Prism 7 Medians, interquartile ranges (IQRs) and proportions were determined for continuous measures and categorical variables, respectively. Continuous measures were compared (between CF-supplemented LLDs, Rpf - CF-supplemented LLDs, un-supplemented LLDs and CFUs) using the Mann-Whitney or Wilcoxon signed-rank tests whereas categorical measures were compared by the Chi-square test. Correlations between pairs of continuous measures were conducted using the Spearman’s rank correlation test. The Kruskal-Wallis test was used to compare the hypothesis of no difference in multiple non-parametric comparisons of LLD derived MPN values and CFU values. LOESS curves were plotted for MPN, CFU, DCTB, the inverse of the MGIT days to positivity (1/MGIT) and the inverse of the GeneXpert cycle threshold (1/GeneXpert). Additional plots were generated and stratified by the following groups: Classic bi-phasic, early non-responders, Paradoxical worsening, and Non-responders. A null hypothesis of no difference in the change in slope over time was tested using linear mixed modelling. The difference between pairs of slopes was determined using an interaction term. SAS Enterprise Guide 7.15 (SAS Institute Inc., Cary, NC, USA) was used to fit the linear mixed models.




Results

Of 175 individuals screened, 50 (29%) were screen failures (Figure 1B, Supplementary Table 2). Sputa from 45 (26%) participants were used to optimize LLD culture conditions, which were conducted in real time as sputum was received at the laboratory (Supplementary Figure 3 and Supplementary Figure 4). Therefore, 80/175 (46%) participants in total were included in the baseline analysis, 48 (60%) from Soweto and 32 (40%) from Matlosana. In this cohort, 55/80 (68%) were men, 53/80 (66%) were HIV-positive with a median CD4 T cell count of 167 (IQR 93 – 310) cells/mm3 and 21/80 (26%) were +++ smear positive on the World Health Organization grading scale (Table 1, which gives statistical results of tests comparing the association between HIV status and demographic, clinical, immunological, microbiological and diagnostic variables). HIV-positive individuals with TB had lower sputum bacterial loads compared to their HIV-negative counterparts as measured by smear status, GeneXpert Cycle threshold, and MGIT culture time to positivity (Table 1).


Table 1 | Demographics, immunology, microbiological and diagnostic data for tuberculosis patients categorized by HIV-1 infection status and C4 T-cell counts.



At enrollment, CF-supplemented LLD assays yielded a statistically significant higher bacterial count when compared to CFUs [log median (IQR) of the CF supplemented LLD = 6.2 (2.9 – 8.7) compared to log median (IQR) CFU = 3.8 (0.0 – 5.1), p<0.0001, (Figure 1C)]. LLD assays with standard media yielded a lower bacterial count when compared to CF-supplemented LLDs [LLD without CF: log median (IQR) = 2.7 (1.7 – 4.7), p<0.0001 vs CF+ LLD: log median (IQR) = 6.2 (2.9 – 8.7), Figure 1C]. HIV-positive participants had lower CF-supplemented MPN and CFU counts compared to HIV-negative counterparts (Figure 1C). In both HIV-positive and HIV-negative individuals, the addition of CF to LLD assays resulted in a statistically significant increase in bacterial yield compared to the CFUs and MPN count without CF-supplementation (Figure 1C). CF-dependent DCTB were recovered from 37/80 (46%) baseline specimens, with no bacteria emerging from the same specimens in standard media (Supplementary Figure 5B). The quantum of CF-dependent DCTB recovered varied between specimens. In 34/80 (43%) specimens, both CF-dependent DCTB and conventionally culturable organisms were recovered and, in most cases, supplementation of LLD assays with CF yielded higher bacterial counts [CF-supplemented MPN, log median (IQR) = 2.9 (1.9 – 3.4) compared to MPN count with no CF, log median (IQR) = 1.8 (0.8 – 2.7), p=0.0047]. In 5/80 (6.3%) sputum specimens, no DCTB were recovered, with the CFU count yielding higher bacterial loads compared to CF-supplemented and un-supplemented LLD assays (Supplementary Figure 5B). In 4/80 (5%) specimens, the MPN count or CFU was negative or the CFU was contaminated. Overall, 71/80 (89%) specimens demonstrated the presence of DCTB at baseline, suggesting a substantive increase in bacterial yield from sputum culture through supplementation of liquid growth assays with CF.

To assess whether the yield of DCTB required the presence of Rpfs in CF, baseline sputum LLDs supplemented with CF were compared with those containing CF from an Rpf-deficient mutant of M. tuberculosis. In all specimens, removal of Rpfs from the CF in LLDs yielded a 0.5 log decrease in bacterial count when compared to assays with CF containing Rpfs, suggesting that inclusion of Rpfs in the CF confers a benefit in determining bacterial yield prior to treatment. This effect was statistically significant in HIV-infected individuals only (Figure 1C) and given this, we focused on analyzing trends for the LLDs supplemented with CF containing Rpfs in the remainder of this analysis.

Comparing bacterial clearance from serial sputum sampling over the first 14 days of TB treatment revealed a slower rate of bacterial clearance for DCTB than that reported by CFUs or Mycobacterial Growth Indicator Tube Time to Positivity (MGIT-TTP) (Figure 2A, p=0.0735 and p=0.0038 respectively, Supplementary Table 6 and Supplementary Figure 6). Upon visual inspection of treatment response patterns, based on raw MPN counts, four patterns emerged (detailed in Supplementary Table 5; individual patient graphs are given in the Supplementary Figure 11). The first pattern (n=19), termed “Classic bi-phasic”, was defined by a rapid initial decline in both MPN and CFU counts, during the first week, followed by a slower rate of bacterial clearance thereafter (Figure 2B). LOESS curves and linear mixed modelling indicated that DCTB and CFUs cleared at equivalent rates, but there were significant differences in clearance between DCTB and standard liquid culture (Supplementary Table 6). The second pattern (n=17), termed “Early non-responders”, was defined by no substantial change (< 0.5 log) in MPN count between the enrolment sample and either at day 3 or at day 7 of treatment, followed by a steady decline up to day 14 of treatment (Figure 2C). CFUs and DCTB declined in comparable manner in this group (Supplementary Table 6). The third pattern (n=18), termed “Paradoxical worsening”, was characterized by an increase in the bacterial load between enrolment and the 3rd or 7th day of treatment (Figure 2D). During the same period, MGIT TTP reported a decline in bacterial counts. The rate of DCTB decline was slower compared to CFU, but this difference was not significant (Supplementary Table 6). A fourth group (n=19), termed “non-responders”, was characterized by low initial bacterial counts and yielded non-responsive patterns showing negligible changes in DCTB counts during early treatment (Figure 2E and Supplementary Table 6). We also conducted a correlation analysis of CF-supplemented MPNs versus CFU counts for all participants, at days 0, 3, 7 and 14. The correlation values are generally low or poor when comparing data collected on the same day (Day 0 vs Day 0, Day 3 vs Day 3 etc) except for CFU and CF-Supplemented MPNs at day 14 (r=-0.34) where the correlation is negative and moderate (Supplementary Figure 7). These data indicate that CF-supplemented LLD assays detect populations of bacteria that are distinct from those detected by the CFU assay.




Figure 2 | Trends in bacterial clearance over time during standard TB treatment using various measure of bacterial load in sputum. (A) Trendlines for bacterial clearance in all sputum specimens. (B–E) Bacterial clearance patterns for subcategories including Classic bi-phasic, Early non-responders, Paradoxical worsening, and Non–responsive groups, based on the median trend line of the LLDs. Error bars represent the interquartile range. (F) Trends in bacterial clearance in individuals where all no CFUs were recorded across all time points (or there was only 1 time point where there was a readable CFU) within the first two weeks of treatment. Light grey bars represent individual participant MPN values. MPN indicates the most probable number obtained from LLDs assays. *: p<0.05; **: p<0.01; ***p<0.001; ****p<0.0001.



To investigate if clinical or diagnostic characteristics were associated with these four patterns of response, we compared clinical and microbiological measurements between these groups (Supplementary Table 7). Non-responder participants had a larger proportion of HIV-positive individuals, were older than the other groups and had more smokers. No differences in BMIs were noted. There were significant differences for both GeneXpert and MGIT TTP at enrolment between the four groups, with the Classic bi-phasic and Early non-responder groups displaying higher bacterial loads prior to treatment initiation. A caveat is that our sample size was small, and that these patterns were visually identified, suggesting that further interpretation of these data requires caution.

In addition, within these four patterns, we also noted participants (n=18) in whom no CFUs were recorded across all time points (or there was only 1 time point where there was a readable CFU) within the first two weeks of treatment. In these individuals, MPN counts and MGIT TTP was able to measure the response to TB therapy (Figure 2F, graphs for individual patients in Supplementary Figure 8).

At the end of 6 months of treatment, 41/44 (93.2%) available, non-contaminated MGIT cultures, from early morning sputum were negative for M. tuberculosis. The LLD assay (with and without CF) however, identified 46/62 (74.1%) patients whose sputum specimens at treatment completion still contained what appeared to be residual bacteria (Figure 3A). In contrast to enrolment data, there were no differences in recovery of DCTB from HIV-infected versus their uninfected counterparts (Figure 3B). Within our four categories, the Classic bi-phasic, Paradoxical worsening and early non-responder groups had similar proportions of participants with positive LLD cultures at the end of treatment (6/12 [50%], 11/16 [68.8%], 11/17 [64.7%], respectively). The Non-responder group had a higher proportion of positive LLD cultures (14/17 [82.4%]) upon treatment completion but this difference was not statistically significant. There was no difference in the amount of DCTB recovered between categories (Supplementary Figure 9). To assess viability of organisms obtained in the end of treatment LLD assay, we used a fluorescent derivative of trehalose carrying a 4-N,N-dimethylamino-1,8-napthalimide (DMN) fluorophore, termed DMN-Tre, as a probe for active metabolism (Kamariza et al., 2018). DMN-Tre has a high degree of specificity for mycobacteria and the stain only provides a signal in metabolically active bacilli when incorporated into the mycolic acid layer of viable mycobacterial cells (Kamariza et al., 2018). In 6 randomly selected specimens tested for DMN-Tre staining, rod-shaped organisms were observed in samples derived from CF supplemented LLDs with diverse levels of turbidity, confirming the presence of residual metabolically active M. tuberculosis in patient sputum at the end of treatment (Figure 3C and Supplementary Figure 10).




Figure 3 | Residual DCTB at the end of treatment. (A) Shown is a scattergram of MPN and CFU values in individuals with and without residual DCTB after treatment completion. (B) Scattergram of MPN and CFU values for specimens from individuals with residual DCTB after treatment completion stratified by HIV-infection status. Shown are bacterial yields from CF-supplemented LLDs (pink), Rpf - CF-supplemented LLDs (orange), un-supplemented LLDs (green) and colony forming units (purple). (C) Staining of bacteria from end of treatment LLDs using the DMN-Trehalose viability stain, shown is a representative from LLD wells with high turbidity. (D) Proportion MGIT, smear and GeneXpert positivity for sputum specimens from individuals with or without residual DCTB after treatment completion. (E) Median MGIT time to positivity (TTP) for sputum specimens from individuals with or without residual DCTB after treatment completion. Numbers represent median TTP. (F) Median GeneXpert Cycle threshold (CT) for sputum specimens from individuals with or without residual DCTB after treatment completion. Numbers represent median CT. O/N: Overnight specimen, Spot: Spot specimen. * p<0.05; **** p<0.0001. ns = Not significant.



In individuals with residual DCTB at the end of treatment, a higher proportion had positive MGIT cultures, smears and GeneXpert tests at 2 months after treatment when compared to those without residual DCTB but most of these differences were not statistically significant (Figure 3D). We did note a significant difference in MGIT culture positivity with spot specimens where 30% of specimens with DCTB at the end of treatment were positive on MGIT at 2 months versus 0% positivity in specimens with no DCTB. Similarly, median MGIT TTPs at 2 months post treatment were lower (suggesting higher bacterial load) in individuals with residual DCTB after treatment completion (Figure 3E). At this time point, there were no differences in GeneXpert cycle threshold, presumably as the DNA of DCTB still gets detected in molecular diagnostics (Figure 3F). In the group with residual DCTB after treatment, we recorded 2 recurrent disease episodes within 12 months of treatment completion.



Discussion

In this prospective cohort of drug susceptible TB patients, we assessed the utility of measuring bacterial load in sputum using LLD assays supplemented with CF as a source of growth stimulatory factors. In most sputum specimens prior to treatment initiation, CF-supplemented LLD assays yielded higher bacterial yield compared to un-supplemented LLD assays and CFUs in both HIV-positive and HIV-negative individuals. In addition to DCTB that required CF to grow, we also found conventionally culturable organisms in sputum as expected. In most cases, these organisms occurred as a mixture of CF-dependent DCTB and conventionally culturable bacteria, underscoring the inherent complexity of bacterial populations in sputum prior to treatment.

Rpfs have been implicated in resuscitation of DCTB in sputum and we observed this in our prior work, however, we also noted the presence of Rpf-independent DCTB (Mukamolova et al., 2010; Chengalroyen et al., 2016). We probed this further in our current study by comparing the yield of DCTB between LLD assays that contained Rpfs to those without. Prior to treatment initiation, a significant requirement for Rpfs to recover DCTB in HIV-infected individuals was noted. These participants had lower bacterial loads than their HIV-uninfected counterparts, suggesting that Rpfs may exert their effects maximally in cases where the bacterial load in sputum is low, an effect that can be exploited to develop better diagnostic tests, particularly for vulnerable groups of individuals. In addition to Rpfs, CF likely contains other molecules that are equally potent in resuscitating DCTB from sputum. Such molecules, including by-products of cell wall cleavage, have been described in literature (Nikitushkin et al., 2012; Shleeva et al., 2014; Nikitushkin et al., 2015). Our prior analysis suggests that the growth stimulatory effect observed with CF is most likely the result of a combination of factors (Gordhan et al., 2021).

During the first 14 days of treatment, CF-supplemented LLDs yielded a significantly greater bacterial count when compared to CFUs. This indicated that in addition to enrolment sputum specimens, sputum from individuals on treatment harbor notable DCTB populations, the detection of which may enable better evaluation of TB treatment response (Zainabadi et al., 2021). This could have important implications for assessing early bactericidal activity (EBA) during the first two weeks of treatment (Diacon and Donald, 2014; Evangelopoulos et al., 2022). EBA studies are the current standard to measure the bactericidal drug activity of new anti-TB drugs or the efficacy of perturbations in current regimens before large phase 3 trials. However, the limitations of EBA to monitor the activity of drugs that have excellent sterilizing capacity but limited bactericidal activity early in treatment are acknowledged (O’brien, 2002; Evangelopoulos et al., 2022). Whilst attempts have been made to improve EBA-type approaches through data modelling, or the use of DNA metrics (Heyckendorf et al., 2017; Gillespie et al., 2002) an alternative assay which describes the ability of drugs to eradicate bacterial persisters has not emerged and remains an urgent priority. MGIT cultures have also been utilized for EBA analyses, however, the four patterns that we have noted in LLD responsive organisms suggests that the standard CFU assay and MGIT culture have limited ability to report on elimination of drug tolerant bacteria such as DCTB. This is further corroborated by the observation that serial sputum specimens from numerous participants in our cohort yielded no CFUs yet had detectable levels of bacteria using LLDs. In cases where patterns of bacterial clearance recorded by LLDs were concordant with those observed by CFUs, the former still yielded a higher bacterial count. In addition, patterns of bacterial decline as measured by LLDs for the Non-responsive and Early non-responder LLD groups differed to those measured by standard MGIT TTP indicating that CF-supplemented LLD assays detect bacterial populations that are missed by standard methods used in the clinical setting. These collective observations could form the basis of development of a new assay to monitor drug activity in individuals who either respond slowly or are unresponsive to therapy.

Using LLDs, residual bacterial growth could be detected in two-thirds of participants at the end of treatment; we confirmed viability of these mycobacteria in a randomly selected subset of specimens using a metabolic probe. As our sample size did not allow for a robust statistical analysis, this observation merits further study. Given that only 2 recurrences were noted in the group of individuals with residual DCTB, it is unlikely that DCTB positivity upon treatment completion is predictive of relapse. Rather, it appears that TB treatment does not eradicate all bacteria and at treatment completion some residual organisms remain. Continued immunological containment of these bacteria would be important to prevent relapse.

Other limitations of our work include the lack of anti-TB drug plasma concentrations to confirm adherence. Whilst directly observed therapy was conducted on days preceding sampling time points, together with an oral report of adherence, other measures of adherence were not done. That said, the majority of patients achieved clinical cure, suggesting that treatment adherence was not a confounder in our study. Furthermore, the use of antiretroviral therapy in HIV-infected participants may have affected bacterial clearance. As we did not collect detailed information on this, no analyses could be done. Also, our separation of treatment response patterns was done using a visual inspection of bacterial clearance patterns. This approach does not exclude the possibility that the groupings arise by random chance, hence we have been cautious in deriving any interpretations from this analysis.

Our study provides an in-depth analysis of DCTB in sputum over the course of TB treatment with findings that may enable the development of new clinical endpoints for measuring drug effectiveness. The superior performance of the DCTB assays in individuals with either low bacterial loads or who respond poorly to treatment underscores the importance of using supplemented liquid cultures for diagnosis of TB, particularly in HIV-endemic settings. This analysis suggests that DCTB assays may be used as a novel measure of treatment response in EBA assays to simultaneously assess both drug tolerant and drug sensitive populations.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by Human Research Ethics Committee, University of the Witwatersrand. The patients/participants provided their written informed consent to participate in this study.



Author contributions

BK, JP and AM designed experiments, performed experiments, wrote and edited the manuscript with assistance from NM, CB and TS. AP and TM provided technical assistance, BG managed the study, ZW, ML and NM managed the clinical site operations at the PHRU. KO, NM and TS assisted with statistical analysis. CB and MK aided with metabolic probes and associated data analysis. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the Bill and Melinda Gates Research Foundation (OPP1100182), South African Medical Research Council with funds from the Department of Health, the Department of Science and Innovation, the South African National Research Foundation and the Howard Hughes Medical Institute.



Acknowledgments

The authors thank Clinical Laboratory Services and PHRU staff for diagnostic sample processing and assistance with patient recruitment respectively. The authors also thank the members of the Centre of Excellence for Biomedical TB research for insightful comments and technical advice. We thank Christopher Ealand for assistance with microscopy analysis. We acknowledge and thank all participants of this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.1064148/full#supplementary-material



References

 Chengalroyen, M. D., Beukes, G. M., Gordhan, B. G., Streicher, E. M., Churchyard, G., Hafner, R., et al. (2016). Detection and quantification of differentially culturable tubercle bacteria in sputum from patients with tuberculosis. Am. J. Respir. Crit. Care Med. 194, 1532–1540. doi: 10.1164/rccm.201604-0769OC

 Dhillon, J., Fourie, P. B., and Mitchison, D. A. (2013). Persister populations of mycobacterium tuberculosis in sputum that grow in liquid but not on solid culture media. J. Antimicrob. Chemother. 69, 437–440. doi: 10.1093/jac/dkt357

 Diacon, A. H., and Donald, P. R. (2014). The early bactericidal activity of antituberculosis drugs. Expert Rev. Anti Infect. Ther. 12, 223–237. doi: 10.1586/14787210.2014.870884

 Dusthackeer, A., Balasubramanian, M., Shanmugam, G., Priya, S., Nirmal, C. R., Sam Ebenezer, R., et al. (2019). Differential culturability of mycobacterium tuberculosis in culture-negative sputum of patients with pulmonary tuberculosis and in a simulated model of dormancy. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.02381

 Evangelopoulos, D., Shoen, C. M., Honeyborne, I., Clark, S., Williams, A., Mukamolova, G. V., et al. (2022). Culture-free enumeration of mycobacterium tuberculosis in mouse tissues using the molecular bacterial load assay for preclinical drug development. Microorganisms 10(2),420. doi: 10.3390/microorganisms10020460

 Gillespie, S. H., Gosling, R. D., and Charalambous, B. M. (2002). A reiterative method for calculating the early bactericidal activity of antituberculosis drugs. Am. J. Respir. Crit. Care Med. 166, 31–35. doi: 10.1164/rccm.2112077

 Gold, B., and Nathan, C. (2017). Targeting phenotypically tolerant mycobacterium tuberculosis. Microbiol. Spectr. 5(1),10.1128. doi: 10.1128/microbiolspec.TBTB2-0031-2016

 Gordhan, B. G., Peters, J. S., Mcivor, A., Machowski, E. E., Ealand, C., Waja, Z., et al. (2021). Detection of differentially culturable tubercle bacteria in sputum using mycobacterial culture filtrates. Sci. Rep. 11, 6493. doi: 10.1038/s41598-021-86054-z

 Heyckendorf, J., Labugger, I., van der Merwe, L., Garcia-Basteiro, A. L., Diacon, A. H., and Lange, C. (2017). Serial measurements of transrenal mycobacterial DNA as indicators of the early bactericidal activity (EBA) of antituberculosis drugs. Tuberculosis (Edinb) 102, 31–33. doi: 10.1016/j.tube.2016.10.005

 Hu, Y., Liu, A., Ortega-Muro, F., Alameda-Martin, L., Mitchison, D., and Coates, A. (2015). High-dose rifampicin kills persisters, shortens treatment duration, and reduces relapse rate in vitro and in vivo. Front. Microbiol. 6. doi: 10.3389/fmicb.2015.00641

 Kamariza, M., Shieh, P., Ealand, C. S., Peters, J. S., Chu, B., Rodriguez-Rivera, F. P., et al. (2018). Rapid detection of mycobacterium tuberculosis in sputum with a solvatochromic trehalose probe. Sci. Transl. Med 10(430),eaam6310. doi: 10.1126/scitranslmed.aam6310

 Kana, B. D., Gordhan, B. G., Downing, K. J., Sung, N., Vostroktunova, G., Machowski, E. E., et al. (2008). The resuscitation-promoting factors of mycobacterium tuberculosis are required for virulence and resuscitation from dormancy but are collectively dispensable for growth in vitro. Mol. Microbiol. 67, 672–684. doi: 10.1111/j.1365-2958.2007.06078.x

 Kolwijck, E., Friedrich, S. O., Karinja, M. N., Van Ingen, J., Warren, R. M., and Diacon, A. H. (2014). Early stationary phase culture supernatant accelerates growth of sputum cultures collected after initiation of anti-tuberculosis treatment. Clin. Microbiol. Infect. 20, O418–O420. doi: 10.1111/1469-0691.12441

 Liu, J., Gefen, O., Ronin, I., Bar-Meir, M., and Balaban, N. Q. (2020). Effect of tolerance on the evolution of antibiotic resistance under drug combinations. Science 367, 200–204. doi: 10.1126/science.aay3041

 Mcaulay, K., Saito, K., Warrier, T., Walsh, K. F., Mathurin, L. D., Royal-Mardi, G., et al. (2018). Differentially detectable mycobacterium tuberculosis cells in sputum from treatment-naive subjects in Haiti and their proportionate increase after initiation of treatment. MBio 9(6),e02192-18. doi: 10.1128/mBio.02192-18

 Mcivor, A., Gordhan, B. G., Waja, Z., Otwombe, K., Martinson, N. A., and Kana, B. D. (2021). Supplementation of sputum cultures with culture filtrate to detect tuberculosis in a cross-sectional study of HIV-infected individuals. Tuberculosis (Edinb) 129, 102103. doi: 10.1016/j.tube.2021.102103

 Mesman, A. W., Baek, S. H., Huang, C. C., Kim, Y. M., Cho, S. N., Ioerger, T. R., et al. (2021). Characterization of drug-resistant lipid-dependent differentially detectable mycobacterium tuberculosis. J. Clin. Med 10(15):3249. doi: 10.3390/jcm10153249

 Mukamolova, G. V., Turapov, O., Malkin, J., Woltmann, G., and Barer, M. R. (2010). Resuscitation-promoting factors reveal an occult population of tubercle bacilli in sputum. Am. J. Respir. Crit. Care Med. 181, 174–180. doi: 10.1164/rccm.200905-0661OC

 Nikitushkin, V. D., Demina, G. R., Shleeva, M. O., Guryanova, S. V., Ruggiero, A., Berisio, R., et al. (2015). A product of RpfB and RipA joint enzymatic action promotes the resuscitation of dormant mycobacteria. FEBS J. 282, 2500–2511. doi: 10.1111/febs.13292

 Nikitushkin, V. D., Demina, G. R., Shleeva, M. O., and Kaprelyants, A. S. (2012). Peptidoglycan fragments stimulate resuscitation of "non-culturable" mycobacteria. Antonie Van Leeuwenhoek 103(1),37-46. doi: 10.1007/s10482-012-9784-1

 O’brien, R. J. (2002). Studies of the early bactericidal activity of new drugs for tuberculosis: A help or a hindrance to antituberculosis drug development? Am. J. Respir. Crit. Care Med. 166, 3–4. doi: 10.1164/rccm.2205007

 Rosser, A., Pareek, M., Turapov, O., Wiselka, M. J., and Mukamolova, G. V. (2018). Differentially culturable tubercule bacilli are generated during nonpulmonary tuberculosis infection. Am. J. Respir. Crit. Care Med. 197, 818–821. doi: 10.1164/rccm.201705-1048LE

 Saito, K., Mishra, S., Warrier, T., Cicchetti, N., Mi, J., Weber, E., et al. (2021). Oxidative damage and delayed replication allow viable mycobacterium tuberculosis to go undetected. Sci. Transl. Med. 13, eabg2612. doi: 10.1126/scitranslmed.abg2612

 Saito, K., Warrier, T., Somersan-Karakaya, S., Kaminski, L., Mi, J., Jiang, X., et al. (2017). Rifamycin action on RNA polymerase in antibiotic-tolerant mycobacterium tuberculosis results in differentially detectable populations. Proc. Natl. Acad. Sci. U.S.A. 114, E4832–E4840. doi: 10.1073/pnas.1705385114

 Shleeva, M., Goncharenko, A., Kudykina, Y., Young, D., Young, M., and Kaprelyants, A. (2014). Cyclic amp-dependent resuscitation of dormant mycobacteria by exogenous free fatty acids. PloS One 8, e82914. doi: 10.1371/journal.pone.0082914

 Turapov, O., Glenn, S., Kana, B., Makarov, V., Andrew, P. W., and Mukamolova, G. V. (2014). The in vivo environment accelerates generation of resuscitation-promoting factor-dependent mycobacteria. Am. J. Respir. Crit. Care Med. 190, 1455–1457. doi: 10.1164/rccm.201407-1289LE

 Turapov, O., O'connor, B. D., Sarybaeva, A. A., Williams, C., Patel, H., Kadyrov, A. S., et al. (2016). Phenotypically adapted mycobacterium tuberculosis populations from sputum are tolerant to first-line drugs. Antimicrob. Agents Chemother. 60, 2476–2483. doi: 10.1128/AAC.01380-15

 Zainabadi, K., Walsh, K. F., Vilbrun, S. C., Mathurin, L. D., Lee, M. H., Saito, K., et al. (2021). Characterization of differentially detectable mycobacterium tuberculosis in the sputum of subjects with drug-sensitive or drug-resistant tuberculosis before and after two months of therapy. Antimicrob. Agents Chemother. 65, e0060821. doi: 10.1128/AAC.00608-21


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Peters, McIvor, Papadopoulos, Masangana, Gordhan, Waja, Otwombe, Letutu, Kamariza, Sterling, Bertozzi, Martinson and Kana. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-1064148-g001.jpg
CF

10-fold dilutions of sputum

Early morning Sputum

specimen

Glossary of terms

DCTB: Differentially Culturable Tubercle
Bacteria

CF: Culture Filtrate

Rpf: Resuscitation Promoting Factors

LLD: Liquid Limiting Dilution Assay

MPN: Most Probably Number

CFU: Colony Forming Units

MGIT: Mycobacterial Growth Indicator Tube

Screened
Soweto: 132
Matlosana: 43

Screen failures
f———— Terminated from study *

10-fold dilution series for

|

CF-
supplemented independent
LLD Assay

supplemented

|

MPN

y Soweto: 39
Enrolled: 125 Matlosana: 11
Soweto: 93
Matlosana: 32

45used for |
methods

v

optimization$

Total
included
80

v

CF-dependent
dent DCTB and

bacteria : 34
No DCTB: 5
MPN and CFU=0 (2) CFU contaminated (2)

DCTB only: 37
conventionally culturable

quantitative colony forming
ggg units (CFU)
OO0 =
coo| EEEES
000
000
000
©Og OO
Rpf- Growth in
Standard
LLDissay liquid media
Rpf-independent MPN no
MPN CF

| |

Loss to follow up prior
to 35days*=7

v

Early Treatment
(14 Days)
Anal

73

lysis

v v

' v

Classic Early Non-
biphasic responders
19 17

Paradoxical Non-
Worsening responders
18 19

Loss to follow up prior
to 180 days =11*

|

End of Treatment
Analysis
62

I

l

Residual DCTB: 46

No Residual DCTB: 16

l

for at lea

All participants followed up

|

st one year

DCTB that DCTB that do  Conventionally
require factors  not require culturable
inCFfor  Rpfs for growth  bacteria
growth (Rpf-
(CF-Dependent  Independent
DCTB) DCTB) .
1S
wx
*
rxx o
107 KRk A
ns *
@ ao @
81 o
8 e o
5 81
r4
s °
w 4
3 6 8
‘I %
. g8
o
0—eo @®—@D—0—0

H

IV-negative

2 Recurrent Disease

3 Treatment failures (2 positive
MGIT cultures and one positive
smear at treatment completion)

0 Recurrent Disease
1 Treatment Failure (one
positive MGIT culture)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Differentially culturable tubercle bacteria as a measure of tuberculosis treatment response

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Recruitment and sputum sampling

          



          		

            Liquid limiting dilution assays

          



          		

            LLD analysis and statistical methods

          



        



        



        		

          Results

        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-1064148-g002.jpg
A .
9 Entire Cohort 03 @8 Median count by LLD (MPN)
8
25

& o =3 1/MGITTTP
G
2 6 02 E
5 s £ [ Median CFU
o 0,15 g
> 4
g = [Z CF-Dependent DCTB
2 3 01
= ;
]

2

0,05
1
0 ‘ 0
0 5 10
Days post treatment
B Classic bi-phasic Cc Early non-responders .
Hokok ok x - s Fkkk sokok ok ok p=0

!

ey -}
S 8 No early response
=] y resp
8 Bi-phasic MPN PO
5 E 2 E
g g C =
z S & 2
% = -
&
'0 -
s
0 - 0
0 5 10
Days post treatment Days post treatment
D . . E
Paradoxical Worsening Non-responders
* L *% * % * % * * *%
9 0,2 012
Paradoxical
8 increase in MPN Non-responsive MPN 01
o
G 7 0,15 g
Q o
= 6 a o 008
g E 5 E
> =
z 5 = 2 o}
2 01 O S 006 =
Z 4 2 = S
S S =
w 3 2 004
S 2 0,05 3
002
1
0 0 - S 0
0 5 10 0 5 10
Days post treatment Days post treatment
F
9 No CFU 0,2
8 "
22
c 0,15
a)
6 a
5 E
2 5 =
] 01 €
Y 4 2
r4 —
o
= 3
§, 2 - 0,05
1
0 Lo

Days post treatment





OEBPS/Images/fcimb.2022.1064148_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Differentially culturable tubercle
bacteria as a measure of
tuberculosis treatment response





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-1064148-g003.jpg
Log MPN or CFU

Median MGIT TTP

2recurrent disease

ARk

0 recurrent disease

61
*
e 8
44
© [©) 8
(¢} o
24
6
[e]
o
041 © © =D | a6 e
Residual DCTB after No residual DCTB after
treatment completion 6 months of treatment
High turbidity MPN well at  pr—v "¢
A ]
the end of treatment .
FITC DIC
Residual DCTB after No residual DCTB after
treatment treatment
50
o 5] R 8
401 ¢ p P N
n ©° ' S le
W~ o s
30 ‘ o
: i g
20 B
. 8 z =
© o
' ® [e] 2
° 3 o
‘ 8 oo e =
Q
Sy ey A v
/N Spot O/N Spot O/N Spot
Enrolment 1 month 2 months

B
ns
61
———
© CF*MPN 8
© Rpf~MPN
24 . .
© MPN no CF ; H °
@ cru z ;
5
g 2 I ;
3
@ e] @
e]
01 © o o e @ @
HIV-negative HIV-positive
D

Proportion Positive

@ Residual DCTB after
treatment

No residual DCTB after
treatment

GeneXpert

Smear

[ w——
O/N  Spot i O/N

—
Spot |

—
O/N

1 month post treatment

a7
Spot

——
O/N

GeneXpert

—— —
Oo/N Oo/N

2 months post treatment

— ru— ——
Spot | spot Spot

F
@ Residual DCTB after © No residual DCTB after
__ treatment treatment
409 2
® N, N R o o
;;, 3 Rl o R & ; 5 '.i
S 8 g 8
= 304 ]
82 °
S
5%
G L o
Vs
< 20
5 8 ofe
E ° e
o
101 8
O/N Spot O/N Spot O/N Spot
Enrolment 1 month 2 months






OEBPS/Images/table1.jpg
Variable Overall (n = 80) HIV-negative

Demographics

Male, n (%) 55 (68-8) 22 (81.5) 33 (61-8) 0.125*
Female, n (%) 25 (31-3) 5(18.5) 20 (38-1)

Age, yr, median (IQR) 36:0 (27:0- 44-0) 27.0 (23 -48-0) 385 (310 - 438) 0.016
BMI

Median at baseline (IQR), kg/m? 192 (17:9 - 21-6) 18.8 (177 - 20.6) 194 (18.1 - 22.1) 0.151

CD4 T-cell count

Median cells/mm3 (IQR) NA NA 167-0 (955 - 315.5)

Conventional tuberculosis diagnosis, n (%)

Auramine smear

Smear grade positive‘ 45 (56.3) 20 (74.1) 25 (47.1) 0.007Y
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