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Introduction

Oral and/or tongue swabs have demonstrated ability to detect Mycobacterium tuberculosis (Mtb) in adults with pulmonary tuberculosis (TB). Swabs provide useful alternative specimens for diagnosis of TB using molecular assays however, the diagnostic pickup by culture requires further improvement and development. Several studies identified the presence of differentially culturable tubercle bacilli (DCTB) populations in a variety of clinical specimens. These organisms do not grow in routine laboratory media and require growth factors in the form of culture filtrate (CF) from logarithmic phase cultures of Mtb H37Rv.





Methods

Herein, we compared the diagnostic performance of sputum and tongue swabs using Mycobacterial Growth Indicator Tube (MGIT) assays, Auramine smear, GeneXpert and DCTB assays supplemented with or without CF.





Results

From 89 eligible participants, 83 (93%), 66 (74%) and 79 (89%) were sputum positive by MGIT, smear and GeneXpert, respectively. The corresponding tongue swabs displayed a lower sensitivity with 39 (44%), 2 (2.0%) and 18 (20%) participants respectively for the same tests. We aimed to improve the diagnostic yield by utilizing DCTB assays. Sputum samples were associated with a higher positivity rate for CF-augmented DCTB at 82/89 (92%) relative to tongue swabs at 36/89 (40%). Similarly, sputum samples had a higher positivity rate for DCTB populations that were CF-independent at 64/89 (72%) relative to tongue swabs at 26/89 (29%). DCTB positivity increased significantly, relative to MGIT culture, for tongue swabs taken from HIV-positive participants. We next tested whether the use of an alternative smear stain, DMN-Trehalose, would improve diagnostic yield but noted no substantial increase.





Discussion

Collectively, our data show that while tongue swabs yield lower bacterial numbers for diagnostic testing, the use of growth supplementation may improve detection of TB particularly in HIV-positive people but this requires further interrogation in larger studies.
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Introduction

Historically, TB diagnosis has relied on symptomatic people reporting to health care facilities for diagnostic testing which typically involves microbiological or molecular-based (i.e. nucleic acid) approaches to confirm infection (Ho et al., 2016). Sputum is routinely used as the clinical specimen of choice but can be difficult to produce, or yields equivocal results, in certain vulnerable populations such as children or people living with HIV (PLWH). Moreover, without adequate safety measures, aerosol production during coughing, or respiratory maneuvers, that occur during sample collection can be hazardous to healthcare workers and other patients (Andama et al., 2022). Alternative specimen types which are non-invasive, safer and easy to collect are required. Recently, the use of oral/tongue swabs has gained traction as alternative specimens for TB testing, albeit with a wide range of reported sensitivities and specificities (Wood et al., 2015; Luabeya et al., 2019; Mesman et al., 2019; Nicol et al., 2019; Deviaene et al., 2020; Lima et al., 2020; Mesman et al., 2020; Molina-Moya et al., 2020; Song et al., 2021; Wood et al., 2021; Abdulgader et al., 2022; Cox et al., 2022a; LaCourse et al., 2022). Culture remains a gold standard for TB diagnosis, therefore developing sample collection and laboratory processes that optimize a culture-based diagnostic yield from oral swabs will be required to show proof of concept of this approach.

Recent studies, including those from our group, have demonstrated the presence of non-replicating, drug-tolerant, differentially culturable tubercle bacteria (DCTB) in the sputum of participants with active pulmonary or extra-pulmonary TB (Chengalroyen et al., 2016; Rosser et al., 2018; Almeida Júnior et al., 2020; Gordhan et al., 2021; Mesman et al., 2021; Zainabadi et al., 2021; Glenn et al., 2022; Peters et al., 2022). These bacteria are unable to grow on solid media and only emerge following liquid culture with growth factor supplementation. Supplementation is typically in the form of culture filtrate (CF), derived from logarithmic phase Mtb, which is mixed with fresh media to serve as the growth media for sputum samples. It is hypothesized that as bacteria grow in culture, they secrete growth factors that enable proliferation of the whole population. In a logarithmic phase culture of Mtb, once the bacteria are removed, the resulting CF will contain these growth factors. Supplementation of growth media with this CF could promote the growth of differentially culturable bacteria (Mukamolova et al., 2010; Chengalroyen et al., 2016). Recovery of DCTB can also be enhanced with lipid rich media (Mesman et al., 2021). Growth assays, in the form of liquid limiting dilutions (LLDs), entail adding limiting dilutions of the sputum into media with or without (CF+ or CF-) to determine bacterial counts via turbidity. These assays yield the Most Probable Number (MPN) of bacteria present in the sample. Our previous work demonstrated that application of DCTB assays on sputum allowed for detection of individuals missed by routine culture (Chengalroyen et al., 2016; McIvor et al., 2021). In addition, it has been shown that approximately 90% of the bacilli in sputum are persisters that can grow in liquid without the need for growth supplementation, but not on solid plates (Dhillon et al., 2014). It remains unclear what factors drive bacteria into the DCTB state but recent evidence indicates that oxidative stress plays a significant role in this regard (Saito et al., 2021). We hypothesized that since saliva plays a vital role in defense against various microbial species in general (Salvatori et al., 2016; Zhang et al., 2016), anti-bacterial compounds such as hydrogen peroxide, lactoferrin and lysozymes may drive Mtb bacilli residing in the oral cavity into the DCTB state, thereby reducing routine culture yield.

In addition to MPN culture-based approaches to detect Mtb, recent studies have highlighted the use of novel probes to detect viable organisms in sputa. Microscopy-based diagnostics of acid-fast stained sputum are typical in low-resource settings due to low cost and fast turnaround times. Stains such as Auramine and Ziehl-Neelsen are clinical standards but are unable to distinguish between viable and dead bacteria. Moreover, sensitivities can range between 20 to greater than 80% (Ryan et al., 2014). Fluorogenic probes such as DMN-Trehalose leverage the substrate promiscuity of the antigen 85 (Ag85) complex that catalyzes mycolyation of trehalose to form trehalose monomycolates (TMMs) (Belisle et al., 1997). The solvatochromic nature of this probe causes it to only ‘turn on’ or fluoresce following incorporation into the mycobacterial cell wall (Kamariza et al., 2018).

In this study, we interrogated the diagnostic utility of tongue swabs, relative to sputum, in individuals with confirmed TB (with or without HIV co-infection). Several clinical tests were utilized in this regard, including MGIT, auramine smear microscopy, GeneXpert and DCTB assays in a well characterized prospective clinical cohort from South Africa (Soweto).





Results




Study design and population

A total of 103 participants with TB were enrolled in this study (Figure 1). These participants were recruited prospectively from primary healthcare settings in Soweto based on either a positive GeneXpert test or auramine smear. The gender and HIV status for 5/89 participants (5.6%) were not captured but of those with data, 65/89 (73%) were male and 19/89 (21%) were female. There were 53/89 (60%) and 31/89 (35%) HIV-negative and HIV-positive cases, respectively (Table 1). Of the 31 HIV-positive participants, 10 (32%) were on anti-retroviral therapy (ART) and CD4 counts were available for 16; the median was 197.5 cells/mm3. All sputum samples were classified as ‘rifampicin sensitive’ on the GeneXpert whereas one tongue swab from one participant was discordant (RIF-resistant). Two HIV-positive participants had diabetes. Overall, BMIs could be calculated for 64 participants with a median of 19.77 units. When stratified by HIV status, HIV-negative participants (n = 40) had a higher median BMI (20.31) relative to HIV-positive participants (n = 24) at 19.18. Our exclusion criteria allowed for multidrug TB treatment for up to 5 days. Out of the 89 participants recruited, 36 (40%) indicated “yes” to being on drug treatment prior to enrollment; 33 (37%) indicated “no” and data was not captured for the remaining 20 (22%) (Table 1). Of the participants that were on treatment, 7/36 (19%) received medication for up to 3 days, 3/36 (8%) received medication for 1 day and the remainder, 26/36 (72%), either received medication on the same day or no time-frame was indicated. Despite this, bacterial loads retrieved from sputum samples appeared not to be significantly affected as a result of treatment. Specifically, 35/36 (97%) were MGIT positive; 29/36 (81%) were smear positive; 35/36 (97%) were GX positive; and 33/35 (94%) positive for DCTB. As MGIT culture remains the current gold standard for TB diagnosis, fourteen participants with a contaminated MGIT for either sputum or tongue swab were excluded from further analysis. Negative cultures in either sputum or tongue swabs were included. In total, sputum and tongue swabs from 89/103 (86%) participants are therefore included in this analysis.




Figure 1 | Strobe diagram highlighting cross-sectional study comparing sputum and tongue swabs as specimens for TB diagnostic testing. A total of 103 participants were analyzed in this study. Participants were recruited based on a strong clinical indication of TB disease either via an Auramine positive smear or positive GeneXpert result. Of these, 14 were excluded due to contaminated MGIT cultures for either the sputum and/or tongue swab. For the 89 participants enrolled, two specimen types were collected for analysis (sputum and tongue swab). For the sputum samples, 83 were MGIT-positive, 66 were smear-positive, 79 were GeneXpert-positive and 82 contained DCTB. In the corresponding tongue swabs, 39 were MGIT-positive, 2 were smear-positive, 18 were GeneXpert-positive and 36 contained DCTB. #Gender and HIV status were not available. *Corresponds to CF-augmented MPN assays only. Definitions: MGIT (Mycobacterial Growth Indicator Tube); CFU (Colony Forming Units); MPN (Most Probable Number); DCTB (Differentially Culturable Tubercle Bacilli).




Table 1 | Demographics, microbiology and diagnostic data for participants, stratified by HIV-1 infection status.







Diagnostic performance of tongue swabs using established clinical assays

The diagnostic yield from tongue swabs was compared to each corresponding sputum sample taken the same day at baseline visit. Of 89 sputum specimens, the routine clinical tests (MGIT, GeneXpert and Auramine smear) were sputum-positive for Mtb in 83/89 (93%), 79/89 (89%) respectively and for acid-fast bacilli (AFB) in 66/89 (74%) (Figure 2A); the proportions positive for Mtb in tongue swabs was lower at 39/89 (44%), 18/89 (20%), respectively and 2/89 (2%) were AFB positive (Table 1). There was participant whose tongue swab was positive and the corresponding sputum sample was scored as negative but this was due to contamination. Discordant tongue swab results – negative on the tongue in the face of a positive sputum – were more likely in those whose sputum assays suggested low bacillary loads (Figure 2B). Relative to sputum, tongue swabs yielded a higher median MGIT time to positivity (TTP) (366 vs 172 hours; P<0.0001) (Figure 2C) and a higher GeneXpert Ct value (31.07 vs 19.80; P<0.0001) (Figure 2D). Moreover, GeneXpert positive sputum samples displayed a range of cycle threshold (CT) values between ‘High’ (27/79 or 34%), ‘Medium’ (30/79 or 40%), ‘Low’/’Very Low’ (22/79 or 28%) whereas GeneXpert CT values for positive tongue swabs were all (18/18 or 100%) classified as ‘Low’/’Very Low’ (Table 1).




Figure 2 | Routine tuberculosis diagnostics comparing sputum and tongue swab samples. (A) Relative performance of sputum and tongue swabs in detecting Mycobacterium tuberculosis as a function of total number of participants (N = 89). (B) Diagnostic yield by smear status graded according to WHO guidelines (scanty, +, ++ or +++). (C) Scatter plot comparing the MGIT time to positivity (TTP) in hours for positive Mtb in sputum and tongue swabs. Lines between points represent a positive MGIT in sputum and tongue swab for the same participant. Where no growth was detected after 42 days, a ‘negative’ was assigned but not used in the graph. The median TTP was 172 and 366 hrs for sputum and tongue swabs, respectively (**** = P<0.0001). (D) GeneXpert Ct values for sputum and tongue swab samples. No Ct value was interpreted as a negative result and was not used in the graph. The median Ct value was 19.16 and 31.34 for sputum and tongue swabs, respectively (**** = P<0.0001). MGIT, Mycobacterial Growth Indicator Tube; CF, culture filtrate.







Detection of Mtb using DMN-Tre

We next sought to establish whether using the viability stain, DMN-Trehalose (DMN-Tre), could improve the diagnostic utility of tongue swabs relative to the sputum. We simultaneously performed a matched auramine smear (independent of the data presented above) to interrogate AFB in each sample. If sputum samples were negative for AFB using auramine staining, it was assumed that DMN-Tre staining was negative due to the premise that viable organisms would only form a smaller proportion of the entire bacterial population. Based on these criteria, matched sputum and tongue swabs from only 28/89 (31%) participants were analyzed. For DMN-Tre staining, we designated any rod-shaped structure with the dimensions of 4 – 8 µm as positively stained (Figure 3A and Supplementary Figures 1A–D for representative images). The number of positively stained bacteria was determined using each stain and subsequently graded as ‘zero’ (0 bacilli), ‘low’ (1-9 bacilli), ‘medium’ (10-99 bacilli) and ‘high’(>100 bacilli). Auramine smears on sputum-derived samples appeared to be more sensitive with a higher frequency of samples containing ‘medium’ to ‘high’ bacterial loads. In contrast, auramine smears on tongue swabs either detected ‘zero’ or ‘low’ numbers of stained bacteria in at least 100 fields of view (Figure 3B). DMN-Tre staining on the corresponding sputum samples yielded lower positivity rates ranging from ‘zero’ to ‘medium’ whereas tongue swabs stained with DMN-Tre yielded either negative results or ‘low-grade’ positivity (Figure 3B).




Figure 3 | Comparison of Auramine and DMN-Tre staining on sputum and tongue swab samples. (A) Two representative samples showing Auramine and DMN-Tre staining in sputum and tongue swab-derived samples. Bright-green rods are considered positively stained. The magnification was 100x and scale bar represents 5 µm. Total number of bacilli scored for each sample type is shown in the top left corner and in (B). In some cases, no positively-stained bacteria were detected. Numbers in top left corner represent the number of positively stained bacilli in each sample (refer to Supplementary Figure 1 for representative images relative to four other random patient samples). (B) Quantitation of positively-stained bacilli graded according to zero, low (1-9), medium (10-99) and high (>100) in at least 100 fields of view. Table inset shows the predominant smear score (grey block) for the sample type (i.e. sputum or tongue swab) stained with either Auramine or DMN-Tre.







Relative quantification of DCTB captured by tongue swabs

After establishing that tongue swabs performed poorly relative to sputum on all routine clinical tests and viability staining, we next sought to investigate whether detecting DCTB in tongue swabs could improve diagnostic yield. DCTB are quantified using the most probable number (MPN) as obtained from the incidence of positive or negative growth in the limiting dilution assays shown in Figure 4A. CFUs are used as measure of plateable/culturable bacteria and to determine the quantum of DCTB by dividing log10(MPN) values by CFUs. In 25/89 (28%) sputum samples, no CFUs were obtained while 3/89 (3%) CFUs were contaminated. In tongue swabs, 82/89 (92%) samples yielded no CFUs while in 2/89 (2%), CFUs were contaminated. As a result, we opted to only report and analyze the log10(MPNs), and not DCTB, for every sample processed with or without CF supplementation (CF-augmented or CF-independent, respectively) to uncover organisms that failed to grow on solid media. Sputum samples were positive for CF-augmented MPNs in 82/89 (92%) (average log10(MPN) = 4.33; median log10(MPN) = 4.26) and 2/89 (2%) were contaminated. In contrast, tongue swabs were positive for CF-augmented MPNs in 36/89 (40%) samples (average log10(MPN) = 0.87 and median log10(MPN) = 0) and 1/89 (1%) was contaminated (Figure 4B; Table 1). This equated to approximately half (52%) (P<0.0001) the amount of CF-augmented DCTB retrieved using tongue swabs compared to sputum (Figure 4B). We simultaneously assessed the amount of CF-independent MPNs in both sample types using a media only control which served to identify organisms that spontaneously resumed growth in liquid media without the addition of CF supplementation. Overall, the amount of CF-independent MPNs was relatively higher in sputum with 64/89 (72%) positive samples and 1/89 (1%) contamination (average log10(MPN) = 2.26; median log10(MPN) = 1.66) compared to tongue swabs with 26/89 (29%) positive samples and 1/89 (1%) contamination (average log10(MPN) = 0.54; median log10(MPN) = 0) (P<0.005) (Figure 4B, Table 1). Taken together, these data confirmed that the quantum of non-culturable and viable bacteria captured on tongue swabs was much lower than sputum. Moreover, the poorer diagnostic utility of tongue swabs could not be attributed to the presence of non-culturable bacteria.




Figure 4 | Use of DCTB assays and overall performance of sputum and tongue swabs for diagnostic testing. (A) Flow chart for assessment of DCTB in sputum and tongue swabs. Samples were decontaminated and the resulting bacteria enumerated by CFU/ml (for the conventionally culturable proportion) and Most Probable Number (MPN) limiting dilution assays containing CF with Rpfs (for the DCTB population). To control for the effect of CF in growth stimulation, un-supplemented media (no CF) was used as a control. The limiting dilution assays yield a MPN (see methods for further detail) which was then compared across categories. (B) Median MPN values for CF-augmented and CF-independent populations in sputum (S) or tongue swab (TS) samples. The majority of TS samples had zero CFU/ml. The graphs show MPN values for CF-augmented (blue) and CF–independent (red) populations. Error bars depict the interquartile range. A one-way ANOVA (Tukey’s multiple comparison test) was used for statistical testing. Only comparisons where P<0.005 are shown on the graph. Contaminated samples were not included in the analysis. (C) Median MPN values for CF-augmented (blue) and CF–independent (red) sputum (S) and tongue swabs (TS) stratified according to HIV-status. Statistical testing was performed using a one-way ANOVA (Tukey’s multiple comparison test) and only comparisons where P<0.005 are shown on the graph. (D) Overall performance of diagnostic utility for tests used. Positivity rate (%) for MGIT, Auramine smear, GeneXpert, MPN and DMN-Tre using sputum or tongue swab samples as a function of total number of participants (N = 89). As MGIT culture on sputum is considered the clinical standard, it was used as the reference sample for statistical testing. The McNemar test was thus used to calculate statistical significance between sputum and tongue swabs for each test, relative to the MGIT performed on sputum. P<0.05 was used as the cut-off for statistically significant differences. Significance is denoted as a * which represented P-values < 0.0001. No statistical significance was denoted by ‘NS’. All comparisons are shown in Supplementary Table 1.







Performance of tongue swabs in HIV infected participants

Given that the MGIT test displayed the highest sensitivity to detect Mtb in sputum (Figure 2A), it was used as the reference test for further analysis. We stratified test performance based on HIV status as HIV-Mtb coinfection is typically paucibacillary, adversely affecting diagnosis by conventional diagnostics, culture and/or smear microscopy (Montales et al., 2015). In total, there were 53 HIV-negative and 31 HIV-positive participants (CD4 range of 13 – 855 cells/mm3) in this cohort. The remaining 5 did not have their HIV status captured in the clinical files (Figure 1). In HIV-positive participants, sputum positivity for the MGIT, Auramine smear, GeneXpert, DMN-Tre, CF-augmented and CF-independent assays were 100, 61, 94, 26, 94 and 55%, respectively (Supplementary Figure 2). Positivity in tongue swabs from these participants were at 29, 0, 19, 13, 71 and 48%. In HIV-negative participants, sputum positivity for the MGIT, Auramine smear, GeneXpert, DMN-Tre, CF-augmented and CF-independent assays were 91, 81, 87, 30, 92 and 34%, respectively. Positivity in tongue swabs from these participants were at 49, 2, 17, 17, 72 and 17%, respectively (Supplementary Figure 2). Overall, MPN positivity in tongue swabs was consistently lower than sputum and did not appear to be influenced by HIV status (Figure 4C). However, detection of CF-augmented organisms from tongue swab was higher than when tested with the clinically standard MGIT assay, irrespective of HIV status, (P<0.001) (Supplementary Figure 2) suggesting that in combination with CF-supplementation, diagnostic yield may be improved.





Overall performance of sputum and tongue swabs as a diagnostic tool for TB detection

In summary, we compared clinical and lab-based tests using sputum and tongue swab samples (Figure 4D). We represented overall positivity as a function of total number of participants. MGIT positivity on sputum derived samples was 92% whereas the corresponding tongue swabs dropped significantly to 44%. Auramine smear microscopy on sputum detected AFB in 74% of participants but this dropped in the corresponding tongue swabs (2%). The GeneXpert appeared to be less sensitive than the MGIT at 89 and 20% for sputum and tongue swabs, respectively The use of DMN-Tre did not significantly improve detection in either sputum or tongue swabs (34 and 17%, respectively). Finally, the use of MPN assays to detect DCTB showed that sputum samples were 92 and 72% positive for CF-augmented and CF-independent organisms, respectively. As with our other tests, tongue swabs showed a lower positivity for these organisms at 40 and 29%, respectively.

We also considered whether positivity could be described by taking into account which sample type detected Mtb simultaneously in all tests. These positive relationships between tests were represented using Venn diagrams. The MGIT sputum sample served as the comparator for all comparisons with sputum and tongue swab comparisons conducted separately (Figure 5). When comparing positivity between MGIT, GeneXpert and Auramine smear from sputum samples, 65/89 (73%) were simultaneously positive in all three (Figure 5A). For positivity between MGIT, Auramine smear and DMN-Tre, 27/89 (30%) were simultaneously positive in all three tests (Figure 5C). For positivity between MGIT, CF-augmented and CF-independent MPNs, 61/89 (69%) were simultaneously positive in all three tests (Figure 5E). Similar comparisons for tongue swabs revealed that for positivity between MGIT, GeneXpert and Auramine smear, 2/89 (2%) were simultaneously positive in all three (Figure 5B). For positivity between MGIT, Auramine smear and DMN-Tre, 1/89 (1%) was simultaneously positive in all three (Figure 5D). For positivity between MGIT, CF-augmented and CF-independent MPNs, 12/89 (13%) were simultaneously positive in all three (Figure 5F). The strength of agreement between the MGIT performed on sputum and all other tests was calculated and overall suggests that while tongue swabs are able to detect Mtb, positivity is consistently lower (Supplementary Table 2). We also compared the performance of each test between sample types. Generally, sputum samples were associated with a greater positivity rate relative to tongue swabs. In all cases, sputum detected all the positive cases identified by tongue swabs (Figure 6) unless there was a technical issue such as contamination in the culture-based assays (CF-augmented or CF-independent MPNs) (Figures 6E, F). This is likely reflective of the higher bacterial loads associated with sputum samples.




Figure 5 | Venn diagrams showing the relationship between positivity rates between three tests simultaneously using sputum (left panel) or tongue swabs (right panel) as the testing sample. (A, B) Comparison between positive MGIT, Auramine smear and GeneXpert samples for sputum and tongue swabs, respectively. (C, D) Comparison between positive MGIT, Auramine smear and DMN-Tre samples for sputum and tongue swabs, respectively. (E, F) Comparison between positive MGIT, CF-augmented (CF-aug) and CF-independent (CF-ind) samples for sputum and tongue swabs, respectively. Intersecting areas show where positivity correlated between two or three tests simultaneously. Values in each circle represent where that test was positive while the other two were negative. The intersections between two circles represent where these two tests were simultaneously positive whilst the remaining test was negative. The middle intersection indicated where all three tests were positive simultaneously. Tests for all patients (N=89) were analyzed and where all three tests were simultaneously negative is indicated in the block outside of the Venn diagram.






Figure 6 | Performance of tongue swabs relative to sputum. Venn diagrams were constructed by assessing where a sample type was positive whilst the other was negative (i.e. value inside the circle). The intersection represents where both sample types were simultaneously positive. Results for all patients (N=89) were analyzed and where both sample types were simultaneously negative is indicated in the block outside of the Venn diagram. (A–F) represent MGIT, Auramine, GeneXpert, DMN-Tre, CF-augmented and CF-independent assays, respectively.








Discussion

Despite specimen collection not always being easy or practical, sputum samples remain the standard for TB testing, particularly in high endemic settings (Mathebula et al., 2020). Recent studies suggest that tongue/oral swabs have utility for the detection of TB, but sensitivity appears to be variable and lower than for sputum on the GeneXpert or culture-based diagnostic tests (Wood et al., 2015; Luabeya et al., 2019; Nicol et al., 2019; Wood et al., 2021; Andama et al., 2022). This could be attributed to the GeneXpert being optimized for sputum testing only (Andama et al., 2022). Moreover, to achieve sensitivities comparable to sputum GeneXpert, multiple swabs could be combined before testing (Wood et al., 2015; Mesman et al., 2019; Nicol et al., 2019; Wood et al., 2021). We recently showed that tongue swabs could be used to detect TB in young, hospitalized children (Ealand et al., 2021). Other non-sputum specimens, such as urine, have also been assessed. Relative to confirmed culture and GeneXpert assays, the combined sensitivity and specificity of urine LAM and manual qPCR-based oral swab testing appeared to be significantly improved than the use of each non-sputum sample alone (Shapiro et al., 2022). It is accepted that oral and/or tongue swabs are smaller in volume and likely contain less Mtb bacilli resulting in differential diagnostic pickup. To address this, Andama et al. recently developed new pre-processing methods that produced higher diagnostic sensitivity (Andama et al., 2022). More recently, Cox et al. tested one or two oral swabs in children and concluded that the low sensitivity observed precluded using this approach for pulmonary TB confirmation due to poor yield (Cox et al., 2022b). The prevailing idea before starting our study was that tongue swabs and/or CF-supplementation might be able to identify paucibacillary TB (and mitigate false negatives) in patients that struggle to produce sputum. Here we chose to include TB-confirmed individuals, either via positive smears or GeneXpert, in order to assess the relative performance of tongue swabs against sputum. We were not able to say with certainty whether tongue swabs perform better in patients who can produce sputum and this therefore served as a proof of principle. In addition, we included HIV-positive patients which typically struggle to produce sputum and ran a suite of clinical tests on sputum and tongue swab samples.

Given that culture remains the gold standard for TB diagnosis, approaches to improving this with tongue swabs is paramount. Whilst being present in sputum (Chengalroyen et al., 2016; Gordhan et al., 2021; McIvor et al., 2021; Zainabadi et al., 2021; Zainabadi et al., 2022), it was unclear whether DCTB adversely affects diagnostic yield in tongue swabs. To address this, we assessed the diagnostic performance of tongue swabs relative to sputum using standard clinical tests, including MGIT, GeneXpert, Auramine smear microscopy and DCTB assays. We further assessed whether novel viability probes could be used to improve detection by smear microscopy (Kamariza et al., 2018). As expected, due to lower bacterial loads, MGIT time to positivity was significantly longer for tongue swab-derived specimens (Andama et al., 2022). The majority of sputum specimens (93%) were MGIT positive whereas only approximately half (44%) of the tongue swabs were positive, with a similar trend for GeneXpert. At the time of this study, the GeneXpert MTB/RIF assay was used which has a lower sensitivity compared to the GeneXpert MTB/RIF Ultra platform which, could have affected our results (Osei Sekyere et al., 2019).

Typically, smear-based detection of Mtb, such as Auramine, is associated with lower sensitivity in pulmonary and extra-pulmonary samples (Law et al., 2018; Arora and Dhanashree, 2020). This was corroborated in our study where smear microscopy on tongue swabs offered little diagnostic value as majority of the samples were either ‘negative’ or ‘scanty’. The use of DMN-Tre did not improve this outcome. We noted a lower sensitivity with DMN-Tre which could be due to several factors, including the requirement for washing steps during DMN-Tre staining; the non-specific staining of non-mycobacterial organisms in sputum; and no acid-washes to remove the non-specific straining. Alternatively, as Auramine detects both live and dead organisms, it may demonstrate better sensitivity than DMN-Tre which only detects live organisms. A limitation in our study was the assumption that viable Mtb organisms would only form a smaller proportion of the entire bacterial population as this influenced how we performed and analyzed smear microscopy. Newer fluorescent probes are currently being tested on sputum for improved sensitivity but have not yet been tested on tongue swabs (Kamariza et al., 2021).

Due to the poor performance of tongue swabs under routine diagnostic tests, we next sought to establish whether the lower sensitivities were associated with DCTB. In our cohort, CF-augmented and CF-independent DCTB were detected in approximately 90% and 70% of sputum samples, respectively. Compared to MGIT positivity on tongue swabs, detection of DCTB almost doubled in HIV-positive participants. The detection of more CF-augmented and CF-independent DCTB from tongue swabs, compared to MGIT, suggests that non-invasive sampling approaches, particularly in PLWH or children who struggle to produce sputum, holds great potential for TB diagnosis. Another limitation in our study was that a significant proportion of participants who might have been on anti-TB treatment for up to 5 days were enrolled. Whilst positivity was high, we cannot definitively say that some organisms were not killed by drug treatment. For those individuals who started treatment on the day of enrollment we anticipate a negligible effect. Given that TB clinically presents as a diverse spectrum ranging from latent to active disease, it is unlikely that a single sampling method can or should be applied for screening infected individual. Efforts to improve tongue/oral swab sensitivity have already shown promise and further testing combined with novel culture-based approaches should be prioritized in larger cohorts and clinical settings.





Materials and methods

All methods were performed in accordance with the relevant regulations and guidelines for growth of Mtb and handling on human specimens and with approved clinical guidelines. All experiments involving live Mtb were conducted in a BioSafety Level III laboratory, registered with the South African Department of Agriculture Forestry and Fisheries (registration number: 39.2/NHLS-20/010).




Study design and sample collection

Study participants were recruited prospectively from primary healthcare facilities in Soweto (Johannesburg, South Africa) through the clinical platforms of the Perinatal HIV Research Unit (PHRU). Enrollment criteria included written consent, older than 18 years of age, a positive GeneXpert or auramine smear. A tongue swab sample was collected before sputum collection by study site nurses. Institutionalized persons, multi-drug treatment for longer than 5 days or sputum samples received by the lab more than 4 hours after expectoration were excluded from this study. All Clinical tests were performed according to standard protocols and included MGIT assays (BACTEC™ MGIT 960), GeneXpert (Cepheid) and standard smear microscopy.





Performance DMN-Trehalose relative to auramine staining

Following decontamination and de-clumping of sputum and tongue-swab samples, the bacteria were stained with Auramine or DMN-trehalose as described in our previous studies (Kamariza et al., 2018; Ealand et al., 2021). In the case of Auramine, stained samples were sealed using a glass cover-slip (22 × 40 mm) and nail-polish before viewing using a fluorescent microscope (Zeiss Observer Z1). The bacteria were viewed using two channels namely, DIC and FITC with exposure times of 100–150 and 3,000 ms, respectively. Spectral properties for FITC excitation and emission were 498 and 526 nm, respectively. In the case of DMN-Tre, 10 µl of each sample was aliquoted onto a 2% agarose pad and sealed with a cover slip (without nail-polish) (Skinner et al., 2013) for viewing in the DIC and FITC channels (Zeiss Observer Z1). Agarose pads promote bacterial setting on the same plane for better microscopy by virtue of the pores in the agarose. More bacteria, and other material, in the sample will be in focus when capturing images. The same parameters were used for both staining protocols and for each samples type.





Most probable number (MPN) assay

The laboratory strain Mtb H37Rv was grown to logarithmic phase for the generation of culture filtrate (CF), for the detection of DCTB, as previously described (Chengalroyen et al., 2016). The liquid limiting dilution assay, hereafter referred to as the most probable number (MPN) assay was conducted as previously described (Chengalroyen et al., 2016). Briefly, CF derived from Mtb H37Rv was mixed in a 1:1 ratio with standard 7H9 media and PANTA antibiotic mixture (BD Biosciences). This was added in triplicate to one half of a 48-well microtiter plates (Thermo Scientific Nunc). A media only control containing PANTA antibiotic (i.e. no CF) was dispensed into the other half of the plate. Sputum (a random spot or overnight sample ranging between 2 – 5 ml) and tongue swab (placed into 3 ml transport media comprised of Middlebrook 7H9 media supplemented with OADC (BD) and Tween 80 (MerckSigma)) samples were decontaminated with an equal volume of N-acetyl-L-cysteine and sodium hydroxide (NaLc-NaOH) and finally resuspended in 2 ml 7H9 media (as above). Cells were then de-clumped by vortexing with 2 mm, sterile glass beads for three rounds of 10 s each. A 450 µl aliquot of each sample (sputum or tongue swab) was then added to the first well of a 48-well microtiter plate and serially diluted 10-fold until the end of the plate. In addition, select dilutions of the sputum and tongue swabs samples were plated on solid 7H11 media to determine the number of culturable bacteria (CFU/ml). After four to six weeks of incubation at 37°C, CFU/ml were counted and MPN plates were scored respectively, to determine the number of CF-augmented and -independent bacteria using online software (http://www.wiwiss.fu-berlin.de/fachbereich/vwl/iso/ehemalige/wilrich/index.html).





Data analysis

GraphPad Prism (Version 9.5.1) for Windows (GraphPad Software, San Diego, California, USA) or Microsoft 365 Excel was used to generate all figures. All statistical analyses was performed using the appropriate tests in GraphPad Prism. For assessing the differences between MGIT time to positivity (TTP) and GeneXpert Ct values in sputum and tongue swab samples, paired t-tests were used. In both cases, since negative results were removed from the data analysis, instead of being captured as zero, the t-test only considered participants that had data in both specimen types. When comparing the log10(MPNs) recovered between sputum or tongue swab categories, i.e. CF-augmented or CF-independent, a one-way ANOVA combined with a Tukey’s multiple comparison test was used. When comparing proportions between tests from sputum and tongue swab samples, the non-parametric McNemar test (used to analyze paired data based on 2x2 contingency tables) was used to calculate statistical significance. Venn diagrams depicting the positivity rates between tests or sample types were constructed manually.






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 humans were approved by Human Research Ethics Committee of the University of the Witwatersrand. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

BK conceived the overall concept of the study. CE, AS, JP, and BG executed the laboratory aspects of the study. CE and AS analyzed and curated data. CE wrote the first draft of the manuscript. NM and ZW recruited the study participants. CB and MK provided DMN-Trehalose for testing on clinical specimens. 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

We thank the PHRU (Wits University) for recruiting participants and for collecting sputum and tongue swabs samples for this study. We are grateful to all the participants who willingly provided the valuable specimens for this study. We also thank Kennedy Otwombe and Khuthadzo Hlongwane from the PHRU (Wits University) for assistance with statistical testing.





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.2023.1186191/full#supplementary-material




References

 Abdulgader, S. M., Okunola, A. O., Ndlangalavu, G., Reeve, B. W. P., Allwood, B. W., Koegelenberg, C. F. N., et al. (2022). Diagnosing tuberculosis: what do new technologies allow us to (Not) do? Respiration 101, 797–813. doi: 10.1159/000525142

 Almeida Júnior, P. S., Schmidt Castellani, L. G., Peres, R. L., Combadao, J., Tristão, T. C., Dietze, R., et al. (2020). Differentially culturable tubercle bacteria dynamics during standard anti-tuberculosis treatment: A prospective cohort study. Tuberculosis (Edinb) 124, 101945. doi: 10.1016/j.tube.2020.101945

 Andama, A., Whitman, G. R., Crowder, R., Reza, T. F., Jaganath, D., Mulondo, J., et al. (2022). Accuracy of tongue swab testing using xpert MTB-RIF ultra for tuberculosis diagnosis. J. Clin. Microbiol. 60, e0042122. doi: 10.1128/jcm.00421-22

 Arora, D., and Dhanashree, B. (2020). Utility of smear microscopy and GeneXpert for the detection of Mycobacterium tuberculosis in clinical samples. Germs 10, 81–87. doi: 10.18683/germs.2020.1188

 Belisle, J. T., Vissa, V. D., Sievert, T., Takayama, K., Brennan, P. J., and Besra, G. S. (1997). Role of the major antigen of Mycobacterium tuberculosis in cell wall biogenesis. Science 276, 1420–1422. doi: 10.1126/science.276.5317.1420

 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

 Cox, H., Workman, L., Bateman, L., Franckling-Smith, Z., Prins, M., Luiz, J., et al. (2022a). Oral swab specimens tested with xpert MTB/RIF ultra assay for diagnosis of pulmonary tuberculosis in children: A diagnostic accuracy study. Clin. Infect. Dis. 75, 2145–2152. doi: 10.1093/cid/ciac332

 Cox, H., Workman, L., Bateman, L., Franckling-Smith, Z., Prins, M., Luiz, J., et al. (2022b). Oral swabs tested with Xpert MTB/RIF Ultra for diagnosis of pulmonary tuberculosis in children: a diagnostic accuracy study. Clin. Infect. Dis. 2145–2152. doi: 10.1093/cid/ciac332

 Deviaene, M., Weigel, K. M., Wood, R. C., Luabeya, A. K. K., Jones-Engel, L., Hatherill, M., et al. (2020). Sample adequacy controls for infectious disease diagnosis by oral swabbing. PLoS One 15, e0241542. doi: 10.1371/journal.pone.0241542

 Dhillon, J., Fourie, P. B., and Mitchison, D. A. (2014). 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

 Ealand, C., Peters, J., Jacobs, O., Sewcharran, A., Ghoor, A., Golub, J., et al. (2021). Detection of Mycobacterium tuberculosis complex bacilli and nucleic acids from tongue swabs in young, hospitalized children. Front. Cell Infect. Microbiol. 11, 696379. doi: 10.3389/fcimb.2021.696379

 Glenn, S. M., Turapov, O., Makarov, V., Kell, D. B., and Mukamolova, G. V. (2022). Dimethyl fumarate eliminates differentially culturable Mycobacterium tuberculosis in an intranasal murine model of tuberculosis. Front. Cell Infect. Microbiol. 12, 957287. doi: 10.3389/fcimb.2022.957287

 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

 Ho, J., Fox, G. J., and Marais, B. J. (2016). Passive case finding for tuberculosis is not enough. Int. J. Mycobacteriol 5, 374–378. doi: 10.1016/j.ijmyco.2016.09.023

 Kamariza, M., Keyser, S. G. L., Utz, A., Knapp, B. D., Ealand, C., Ahn, G., et al. (2021). Toward Point-of-Care Detection of Mycobacterium tuberculosis: A Brighter Solvatochromic Probe Detects Mycobacteria within Minutes. JACS Au 1, 1368–1379. doi: 10.1021/jacsau.1c00173

 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

 LaCourse, S. M., Seko, E., Wood, R., Bundi, W., Ouma, G. S., Agaya, J., et al. (2022). Diagnostic performance of oral swabs for non-sputum based TB diagnosis in a TB/HIV endemic setting. PloS One 17, e0262123. doi: 10.1371/journal.pone.0262123

 Law, Y. N., Jian, H., Lo, N. W. S., Ip, M., Chan, M. M. Y., Kam, K. M., et al. (2018). Low cost automated whole smear microscopy screening system for detection of acid fast bacilli. PLoS One 13, e0190988. doi: 10.1371/journal.pone.0190988

 Lima, F., Santos, A. S., Oliveira, R. D., Silva, C. C. R., Gonçalves, C. C. M., Andrews, J. R., et al. (2020). Oral swab testing by Xpert® MTB/RIF Ultra for mass tuberculosis screening in prisons. J. Clin. Tuberc Other Mycobact Dis. 19, 100148. doi: 10.1016/j.jctube.2020.100148

 Luabeya, A. K., Wood, R. C., Shenje, J., Filander, E., Ontong, C., Mabwe, S., et al. (2019). Noninvasive detection of tuberculosis by oral swab analysis. J. Clin. Microbiol. 57, e01847-18. doi: 10.1128/JCM.01847-18

 Mathebula, U., Emerson, C., Agizew, T., Pals, S., Boyd, R., Mathoma, A., et al. (2020). Improving sputum collection processes to increase tuberculosis case finding among HIV-positive persons in Botswana. Public Health Action 10, 11–16. doi: 10.5588/pha.19.0051

 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

 Mesman, A. W., Calderon, R. I., Pollock, N. R., Soto, M., Mendoza, M., Coit, J., et al. (2020). Molecular detection of Mycobacterium tuberculosis from buccal swabs among adult in Peru. Sci. Rep. 10, 22231. doi: 10.1038/s41598-020-79297-9

 Mesman, A. W., Calderon, R., Soto, M., Coit, J., Aliaga, J., Mendoza, M., et al. (2019). Mycobacterium tuberculosis detection from oral swabs with Xpert MTB/RIF ULTRA: a pilot study. BMC Res. Notes 12, 349. doi: 10.1186/s13104-019-4385-y

 Molina-Moya, B., Ciobanu, N., Hernandez, M., Prat-Aymerich, C., Crudu, V., Adams, E. R., et al. (2020). Molecular detection of Mycobacterium tuberculosis in oral mucosa from patients with presumptive tuberculosis. J. Clin. Med. 9, 4124. doi: 10.3390/jcm9124124

 Montales, M. T., Chaudhury, A., Beebe, A., Patil, S., and Patil, N. (2015). HIV-associated TB syndemic: A growing clinical challenge worldwide. Front. Public Health 3, 281. doi: 10.3389/fpubh.2015.00281

 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

 Nicol, M. P., Wood, R. C., Workman, L., Prins, M., Whitman, C., Ghebrekristos, Y., et al. (2019). Microbiological diagnosis of pulmonary tuberculosis in children by oral swab polymerase chain reaction. Sci. Rep. 9, 10789. doi: 10.1038/s41598-019-47302-5

 Osei Sekyere, J., Maphalala, N., Malinga, L. A., Mbelle, N. M., and Maningi, N. E. (2019). A comparative evaluation of the new genexpert MTB/RIF ultra and other rapid diagnostic assays for detecting tuberculosis in pulmonary and extra pulmonary specimens. Sci. Rep. 9, 16587. doi: 10.1038/s41598-019-53086-5

 Peters, J. S., Mcivor, A., Papadopoulos, A. O., Masangana, T., Gordhan, B. G., Waja, Z., et al. (2022). Differentially culturable tubercle bacteria as a measure of tuberculosis treatment response. Front. Cell Infect. Microbiol. 12, 1064148. doi: 10.3389/fcimb.2022.1064148

 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

 Ryan, G. J., Shapiro, H. M., and Lenaerts, A. J. (2014). Improving acid-fast fluorescent staining for the detection of mycobacteria using a new nucleic acid staining approach. Tuberculosis 94, 511–518. doi: 10.1016/j.tube.2014.07.004

 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

 Salvatori, O., Puri, S., Tati, S., and Edgerton, M. (2016). Innate immunity and saliva in Candida albicans-mediated oral diseases. J. Dent. Res. 95, 365–371. doi: 10.1177/0022034515625222

 Shapiro, A. E., Olson, A. M., Kidoguchi, L., Niu, X., Ngcobo, Z., Magcaba, Z. P., et al. (2022). Complementary nonsputum diagnostic testing for tuberculosis in people with HIV using oral swab PCR and urine lipoarabinomannan detection. J. Clin. Microbiol. 60, e0043122. doi: 10.1128/jcm.00431-22

 Skinner, S. O., Sepúlveda, L. A., Xu, H., and Golding, I. (2013). Measuring mRNA copy number in individual Escherichia coli cells using single-molecule fluorescent in situ hybridization. Nat. Protoc. 8, 1100–1113. doi: 10.1038/nprot.2013.066

 Song, Y., Ma, Y., Liu, R., Shang, Y., Ma, L., Huo, F., et al. (2021). Diagnostic yield of oral swab testing by TB-LAMP for diagnosis of pulmonary tuberculosis. Infect. Drug Resist. 14, 89–95. doi: 10.2147/IDR.S284157

 Wood, R. C., Andama, A., Hermansky, G., Burkot, S., Asege, L., Job, M., et al. (2021). Characterization of oral swab samples for diagnosis of pulmonary tuberculosis. PloS One 16, e0251422. doi: 10.1371/journal.pone.0251422

 Wood, R. C., Luabeya, A. K., Weigel, K. M., Wilbur, A. K., Jones-Engel, L., Hatherill, M., et al. (2015). Detection of Mycobacterium tuberculosis DNA on the oral mucosa of tuberculosis patients. Sci. Rep. 5, 8668. doi: 10.1038/srep08668

 Zainabadi, K., Saito, K., Mishra, S., Walsh, K. F., Mathurin, L. D., Vilbrun, S. C., et al. (2022). Transcriptional biomarkers of differentially detectable Mycobacterium tuberculosis in patient sputum. mBio 13 (6), e0270122. doi: 10.1128/mbio.02701-22

 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

 Zhang, C. Z., Cheng, X. Q., Li, J. Y., Zhang, P., Yi, P., Xu, X., et al. (2016). Saliva in the diagnosis of diseases. Int. J. Oral. Sci. 8, 133–137. doi: 10.1038/ijos.2016.38




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 Ealand, Sewcharran, Peters, Gordhan, Kamariza, Bertozzi, Waja, 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/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The performance of tongue swabs for detection of pulmonary tuberculosis

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Results

        

          		

            Study design and population

          



          		

            Diagnostic performance of tongue swabs using established clinical assays

          



          		

            Detection of Mtb using DMN-Tre

          



          		

            Relative quantification of DCTB captured by tongue swabs

          



          		

            Performance of tongue swabs in HIV infected participants

          



          		

            Overall performance of sputum and tongue swabs as a diagnostic tool for TB detection

          



        



        



        		

          Discussion

        



        		

          Materials and methods

        

          		

            Study design and sample collection

          



          		

            Performance DMN-Trehalose relative to auramine staining

          



          		

            Most probable number (MPN) assay

          



          		

            Data analysis

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-13-1186191-g001.jpg
Excluded (N=14)
MGIT contamination in
sputum sample (n=3):
[1/3 GeneXpert positive;
0/3 smear positive; 1/3
CFU positive]

MGIT contamination in
tongue swab (n=11):

[1/11 GeneXpert positive;

0/11 smear positive; 1/11
CFU positive; 3/11 MPN
positive]

Participants enrolled
(N=103)

Number analyzed
(N =89)
1. Males (n = 65) 1.

HIV status
Negative (n = 53)
2. Positive (n =31)

2. Females (n=19) 3. Unknown (1 = 5)#

3. Genderunknown (n = 5)#

- (s

- Torgeman

Smear grading:
Scanty (n = 6)
+(n=17)
++ (n =18)
+++ (n = 25)

MGIT positive
(n=283)

Auramine

smear positive
(n =66)

GeneXpert Grading:
positive (n =79) | High (n = 27)
Medium (n = 30)
MPN positive” Low (n = 20)
(n = 82) Very Low (n = 2)
MGIT positive
(n=39)

Smear grading:
Scanty (n = 2)

Auramine

smear positive
(n=

GeneXpert Grading:
positive (n = 18) Low (n = 3)
MPN positive”
(n=236)

Very Low (n = 15)






OEBPS/Images/fcimb.2023.1186191_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

The performance of tongue swabs for
detection of pulmonary tuberculosis





OEBPS/Images/fcimb-13-1186191-g005.jpg
MGIT +

N=89

5 (6%) tested

negative for all 5 (6%)

tests
é Auramine + (1%) } Gel
L 00%) /
Cc
N=89 MGIT +

5 (6%) tested
negative for all
tests

18 (20%)

Auramine +
1(1%)

MGIT +

N=89

3 (3%) tested
negative for all
tests

3 (3%)

i

CF-augmented +
‘= (%)

1(1%)

N=89

49 (55%) tested
negative for all
! tests

neXpert +
0 (0%)

N=89

i | 47 (53%) tested
negative for all
tests

DMN-Tre +
0 (0%)

‘ N=89

i | 34 (38%) tested
negative for all
tests

CF-independent +
0 (0%) /i .

r Auramine +
1 0 (0%)

{ 0 (0%)

i CF-augmented +
i 3 (3%)

MGIT +

21 (24%)

10(0%)]

MGIT +
29 (33%)

/

MGIT +

17 (19%)

GeneXpert +

0 (0%)

CF-independent
1 (1%)






OEBPS/Images/fcimb-13-1186191-g003.jpg
Participant 3074 Participant 3185
(high bacterial load) (very high bacterial load)
Sputum <+«——— Tongue swab ——» +«————— Sputum —————» «——— Tongue swab ———

No staining
detected

Auramine

°
s
z
s
a
B
Sputum Tongue swab Sputum Tongue swab
I\ I\ I\ A
20
3 / Gredne | Tongue swab | |_Tongue swab_|
Sputt Tc b | Sput Tc b
% 15 longue swal ' longue swal
& g Zero
2
5 10
g
(G}
5
Z/
%
0
O N O O N O O N O O O N O O
25508 E 1’@@ & Qg‘b & 1’0@ & ng S LS
SINAY SRNAY SINAY RN
RS VS ARy ROy
NS NS RS ©





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





OEBPS/Images/fcimb-13-1186191-g006.jpg
43 (48%) 2 (2%)
MGIT MGIT A .
uramine :
sputum + tongue + Auramine
SPUTum:& tongue +
N=89 N=89
6 (7%) tested negative in both 23 (26%) tested negative in
sample types both sample types
o D
18 (20% 15 (17%

GeneXpert (0] GaneXpert DMN-Tre (17%) DMN-Tre
sputum + tongue + sputum + tongue +
N=89 N=89
10 (11%) tested negative in 62 (70%) tested negative in
both sample types both sample types

E F
. 25 (28%
CF-augmented 35 (39%) CF-independent () CF-independent
sputum + CF-augmented sputum + tongue +
tongue +
N=89 N=89
6 (7%) tested negative in both 24 (27%) tested negative in

sample types both sample types






OEBPS/Images/fcimb-13-1186191-g002.jpg
% Positive

w

100 100
mm== Sputum == Sputum
= Tongue Swab == Tongue Swab
75 ;\: 75
>
2
50 o 50 ) ° )
N 2 . )
T 5] 5} 5}
< 2 2 2
25 L 25 3 3 3
° ° °
P4 Z P4
Negative Scanty + ++ +++
(§$ & dé
A} 5\9 & .
& @ Auramine Smear score
S S
<7§~°
Ao D

800
40 kK ok

600 30

400 20

200

Time To Positivity (TTP [hrs])
GeneXpert Ct value

Sputum Tongue Swab Sputum Tongue swab





OEBPS/Images/table1.jpg
Variable

Demographics

‘ Sex
Male, n (%) 65 (73)
Female, n (%) 19 (21)
Age, yr, median (IQR) 34 (27 - 41)
Diabetes, n 2
On ART, n 10
CD4 Count, median (IQR), (n = 16) 197.5 (13.0 - 855.0)
Overall (n = 64)
BMI, median (IQR) e 19.77 (12.74 - 30.78)

On multi-drug anti-TB medication before enrollment

Yes, n (%) 36 (40)
No, n (%) 33(37)
Unknown or not captured, n (%) 20(23)
Conventional TB diagnosis, n (%)
Smear grade negative 23 (26)
Smear grade positive % 66 (74)
Scanty/+ [n (% of positive)] 23 (35)
++ 18 (27)
et 25(38)
MGIT positive, n (%) 83 (93)
Time to positivity, hrs, median (IQR) 172 (129.0 - 256.0)*
GeneXpert positive, n (%) 79 (89)
High, n (% of positive) 27 (34)
Medium, n (%) 30 (38)
Low and Very Low, n (%) 22(28)
Cycle threshold value, median (IQR) 19.80 (14.59 - 23.65)

MPN (bacterial load)

MPN positive (CF-augmented), n (%) 82 (92)

MPN positive (CF-independent), n (%) 64 (72)
CFU/ml, Log median (IQR) 3.56 (0.0 - 5.12)
CF-dependent MPN, Log median (IQR) 4.26 (3.26 - 5.66)
CF-independent MPN [media], Log median (IQR) 1.66 (0.0 - 3.460)

HIV-negative
(n = 53)

43 (66)
10 (53)
33 (26.0 - 39.0)
2
N/A
N/A
HIV Negative (n = 40)

2031 (12.74 - 29.20)

22 (42)
22 (41)
9(17)

Sputum

10 (19)
43 (81)
12 (28)
12(28)
19 (44)
48 (91)
167.5 (1315 - 239.3)
46 (87)
21 (46)
17(37)
8(17)

17.96 (15.92 - 25.04)

49 (92)

38 (72)
3.63 (0.0 - 5.22)°
4.66 (3.48 - 5.93)

1.66 (0.0 - 3.10)

Tongue swabs

Conventional TB diagnosis, n (%)

Smear grade negative 87 (98)
Smear grade positive § 2(2)
Scanty/+ [n (% of positive)] 2 (100)
++ 0
i+ 0
MGIT positive, n (%) 39 (44)"
Time to positivity, hrs, median (IQR) 366 (306.0 - 455.0)
GeneXpert positive, n (%) 18 (20)
High, n (% of positive) 0
Medium, n (%) 0
Low and Very Low, n (%) 18 (100)
Cycle threshold value, median (IQR) 31.07 (29.68 - 32.13)

51 (59)
2(67)
2(75)
0
0
26 (67)
377.5 (306.8 - 468.5)
10 (53)
0
0
10 (52.6)

30.7 (29.61 - 32.09)

HIV-status

HIV-positive
(n=31)

22 (34)
9(47)
35 (30.0 - 42.0)
0
10
1975 (13.0 - 855.0)
HIV Positive (n = 24)

19.18 (14.88 - 30.78)

14 (45)
11 (36)

6(19)

2(39)
19 (61)
10 (53)
6(32)

3(16)

1(100)

216.0 (115.0 - 267.0)

29 (94)
3(10)
12 (41)
14 (48)

22.96 (19.57 - 26.28)

29 (94)

22 (71)
3.140 (0.0 - 5.10)
3.93 (2.66 - 4.93)°

1.68 (0.0 - 2.93)"

31 (100)
0
0
0
0
9(29)
358.0 (294.0 - 446.0)
6(19)
0
0
6 (100)

322(31.2- 32.9)

HIV unknown
(ni='5)

Unknown
Unknown
31(23.0 - 385)

0
N/A
N/A
HIV unknown (n = 0)

N/A

0(0)
0(0)

5 (100%)

1(20)
4 (80)
1(25)
0
3(75)
4 (80)
139.0 (108.3 - 166.8)
4 (80)
3(75)
1(25)
0(0)

15.99 (15.55 - 18.06)

4(80)

4 (80)
5.74 (2.27 - 5.99)
5.93 (2.33 - 6.60)

5.18 (0.81 - 6.06)

4(80)
1(20)
1(100)
0
0
4 (80)
320.5 (264.0 - 358.3)
3 (60)
0
0
3 (100)

26.1(26.0 - 29.7)

MPN (bacterial load)

MPN positive (CF-augmented), n (%) 36 (40)

MPN positive (CF-independent), n (%) 26 (29)
CFU/ml, Log median (IQR) 0(0-0"
CF-dependent MPN, Log median (IQR) 0 (0 - 1.66)
CF-independent MPN [media], Log median (IQR) 0(0- 1.02°

18 (34)
9(17)
0(0-0)
0(0-162)

0(-0"

MGIT, mycobacterial growth indicator tube; CFU/ml, colony forming units/ml; CF, culture filtrate.
oo indicates that BMI was calculated on a subset of participants (shown above the value) for which clinical data was captured;  Includes scanty, +, ++, and +++; * 86/89 MGIT positive samples;
(in Sputum section) # plates of 3 samples were contaminated; $ and A one MPN plate contaminated; (in Tongue swabs section) ¥ 1/89 MGIT samples not done; # plates of 2 samples were

contaminated; $ and A one MPN plate contaminated.
Data are from sputum and tongue swab samples at baseline.
N/A, not applicable.

17 (55)

15 (48)

0(0-0
0.85 (0 - 1.93)"

0(0-1.93)

1 (20)
2 (40)
0(0-0
0(0-059)

0(0-085)
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