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There is an urgent need to identify immunological markers of tuberculosis (TB) risk in HIV co-infected individuals. Previously we have shown that TB recurrence in HIV co-infected individuals on ART was associated with markers of systemic inflammation (IL-6, IL1β and IL-1Rα). Here we examined the effect of additional acute inflammation and microbial translocation marker expression on risk of TB recurrence. Stored plasma samples were drawn from the TB Recurrence upon Treatment with HAART (TRuTH) study, in which individuals with previously treated pulmonary TB were screened for recurrence quarterly for up to 4 years. Recurrent TB cases (n = 37) were matched to controls (n = 102) by original trial study arm assignment and ART start date. Additional subsets of HIV infected (n = 41) and HIV uninfected (n = 37) individuals from Improving Recurrence Success (IMPRESS) study were sampled at active TB and post successful treatment completion. Plasma concentrations of soluble adhesion molecules (sMAdCAM, sICAM and sVCAM), lipopolysaccharide binding protein (LBP) and transforming growth factor-beta (TGF-β1, TGF-β2, TGF-β3) were measured by multiplex immunoassays and ELISA. Cytokine data was square root transformed in order to reduce variability. Multivariable analysis adjusted for a number of potential confounders measured at sample time-point: age, BMI, CD4 count, viral load (VL) and measured at baseline: presence or absence of lung cavities, previous history of TB, and WHO disease stage (4 vs 3). The following analytes were associated with increased risk of TB recurrence in the multivariable model: sICAM (aOR 1.06, 95% CI: 1.02-1.12, p = 0.009), LBP (aOR 8.78, 95% CI: 1.23-62.66, p = 0.030) and TGF-β3 (aOR 1.44, 95% CI 1.01-2.05, p = 0.044). Additionally, we observed a positive correlation between LBP and sICAM (r= 0.347, p<0.0001), and LBP and IL-6, identified to be one of the strongest predictors of TB risk in our previous study (r=0.623, p=0.03). These data show that increased risk of TB recurrence in HIV infected individuals on ART is likely associated with HIV mediated translocation of microbial products and the resulting chronic immune activation.
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Introduction

Despite being a preventable and treatable disease, tuberculosis (TB) is currently one of the top ten causes of mortality globally and ranks above human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) as the primary cause of mortality from an infectious agent (1). Africa accounted for 25% of new TB cases in 2019, partly driven by the overlapping HIV epidemic. The risk of developing active TB disease in people living with HIV (PLHIV) is 18 (2–8) times higher compared to HIV uninfected individuals (1). There is a dire need to improve our ability to predict those most at risk for TB disease progression and poor TB treatment response especially among HIV infected patients to enable early implementation of mitigating clinical and public health measures.

The lack of reliable biomarkers of TB risk and treatment response has hindered TB management and drug development. Well defined correlates of TB risk and protection could facilitate rapid screening of new prevention methods and could improve diagnosis of active disease thereby slowing down transmission (9). TB biomarkers are needed partly because of inability to detect the bacterium or its products in easily accessible patient samples. The current diagnosis of active disease and monitoring of response to TB treatment relies on sputum samples, whose volume and quality vary during the course of the disease. Blood-based biomarkers would be advantageous for several reasons, mainly due to relative ease of sample collection, reduced transmission risk, and the ability to measure multiple biomarkers at the same time therefore improving the predictive power of the test (10).

Susceptibility to both HIV and TB infections as well as the course and outcome of the disease are affected by the inflammation induced changes in cytokine/chemokine expression (10–15). Inflammatory responses to both HIV and TB act similarly, whereby the initial response is needed to prevent and contain the infection. However, if left uncontrolled, this inflammatory response can lead to immune mediated pathology (16, 17). HIV mediated translocation of microbial products and the resulting chronic immune activation are known to increase the risk of opportunistic infections, including TB (14). On the other side, both latent and active TB have been shown to exacerbate immune activation in individuals co-infected with HIV (18) potentially contributing to faster HIV disease progression.

Utilizing specimens from the TB Recurrence upon Treatment with HAART (TRuTH) study we have previously identified several inflammatory markers of risk of TB recurrence (IL-6, IL-1β and IL-1Rα) and protection (IFN- β) in HIV co-infected individuals on antiretroviral therapy (ART) (11). Macaque models of TB/simian immunodeficiency virus (SIV) coinfection have demonstrated that SIV-mediated chronic immune activation was the likely driver of reactivation of latent TB infection (14). As the chronic inflammation during HIV/SIV infection is driven by HIV/SIV-mediated gastrointestinal damage and leakage of microbial products we wanted to assess the effect of lipopolysaccharide binding protein (LBP), as a surrogate marker of systemic LPS exposure (19, 20), on risk of TB recurrence in TB-HIV co-infected patients. We additionally expanded our initial observations and examined three adhesion molecules: soluble intracellular adhesion molecule (sICAM), soluble vascular cell adhesion molecule (sVCAM) and soluble mucosal addressin cell adhesion molecule (sMAdCAM) for their roles in inflammation and cell recruitment to the mucosal tissues (21); and three isoforms of the transforming growth factor – beta family (TGF-β1, 2 and 3) for their roles in inflammation, immunoregulation and mucosal barrier repair (2, 3). The effect of the measured analytes on the risk of TB recurrence was done using specimens from the TB Recurrence upon Treatment with HAART (TRuTH) study, in which HIV infected individuals with previously treated pulmonary TB were screened for recurrence quarterly for up to 4 years. Additional cohort (Improving Recurrence Success, IMPRESS) was used to assess the effect of active TB and successful TB treatment completion on the expression of the measured analytes in both HIV infected and uninfected individuals.



Methods


Study Participants

Informed written consent for study enrolment and sample storage for future analysis was obtained from all study participants. The University of KwaZulu-Natal’s Biomedical Research Ethics Committee (BE659/17) approved this study. We analyzed stored plasma specimens from two Centre for the AIDS Programme of Research in South Africa (CAPRISA) study cohorts: the 005 TRuTH and CAPRISA 011 IMPRESS. All study participants were recruited and treated at the urban CAPRISA eThekwini Research Clinic in KwaZulu-Natal, South Africa.

The CAPRISA 005 TRuTH observational cohort study investigated the rate of TB recurrence in ART treated adults following completion of treatment for pulmonary TB (Clinical trial NCT 01539005). These participants were previously enrolled in the CAPRISA 003 SAPiT trial (4), which investigated timing of antiretroviral (ART) initiation during pulmonary TB treatment. Participants that entered TRuTH had a confirmatory negative status for TB upon completion of TB treatment. While retained on ART, participants were screened four times a year for a maximum of 4 years for TB recurrence. We conducted a nested case-control study using TRuTH stored samples, where cases, defined by TB recurrence that had an available pre-recurrence sample, were matched on ART start date in 1:3 ratio to controls, defined as those participants with no TB recurrence during follow-up. Cases were sampled at a minimum of 3 and maximum of 9 months prior to TB recurrence, and controls sampled at comparable time points to minimize the difference in sample cryopreservation length between groups. A subset of cases was followed longitudinally at additional time points: Recurrence/TB (2-month window before or after TB recurrence) and cure/post TB (capturing a 2 month-window before and 3 month- window after recurrent TB treatment completion date).

The CAPRISA 011 IMPRESS open-label randomized controlled study (Clinical trials NCT 02114684), compared TB treatment outcomes among previously treated TB patients receiving an interventional Moxifloxacin containing TB regimen compared to standard of care for treatment of smear positive pulmonary TB (5). This study enrolled men and women who were HIV infected and uninfected, >18 years of age, with a documented previous history of TB and current sputum smear positive Mycobacterium tuberculosis (M.tb) infection. Patients were stratified by HIV status and randomized into the intervention and control arm. To analyze the effect of TB treatment completion on the expression of measured analytes (MAdCAM, ICAM, VCAM, LBP, TGF-β1, TGF-β2 and TGF-β3), a subset of HIV infected and HIV uninfected men and women were sampled at two time-points: active TB disease and post successful TB treatment completion (Cure). No matching was performed.



Sample Collection and Processing

Acid citrate dextrose (ACD) tubes were used to collect peripheral blood. The blood was centrifuged for 10 minutes at 1600rpm, the plasma was retrieved and cryopreserved for future analysis at -80°C.



Soluble Analyte Measurement

Plasma levels of sICAM and sVCAM where simultaneously quantified using the Milliplex MAP Human Sepsis kit (Millipore Corporation, St. Charles, MO). Plasma levels of TGF-β1, TGF -β2 and TGF -β3 were quantified using the Transforming Growth factor-beta kit (Bio-Rad, Laboratories Inc., Hercules, CA). All multiplex assays were analyzed on the Bio-Plex ™ 200 system. Soluble LBP (sLBP) plasma levels were quantified using the Human Lipopolysaccharide Binding Protein ELISA (R&D Systems Inc., Minneapolis, MN). Soluble MAdCAM-1 (sMAdCAM-1) levels where quantified using the Hycult Biotech HK337 Human sMAdCAM-1 ELISA kit (Hycult, USA). ELISAs were analyzed using the VersaMax™ ELISA Microplate Reader with SoftMax® Pro Software. All assays were performed as per the manufacturer’s instructions. Briefly, following sample dilutions were used: sMAdCAM-1 (1:10), TFG- β1/2/3 (1:16), sLBP (undiluted), sICAM/sVCAM (1:40). All samples measured for sMAdCAM, sICAM, sVCAM and LBP produced a value within the range of the standard curve (100% detectability). Samples measured for TGF-β1, TGF-β2 and TGF-β3 had high levels of detectability, where TGF-β1 was 97.92% and TGF-β2 and TGF-β3 were 89.06% detectable. The samples with values below the range of the standard curve were assigned the value half of the limit of detection (LOD/2). LODs for the measured analytes were as follows: sMAdCAM-1 (0.41 ng/ml), TFG- β1 (3.9 pg/ml), TFG- β2 (1.9 pg/ml), TFG- β3 (0.5 pg/ml), sLBP (1.5 ng/ml), sICAM (17.7 pg/ml), sVCAM (10.7 pg/ml).



Statistical Analysis

All specimens were analyzed blinded to the clinical status, with longitudinal samples analyzed on the same plate. GraphPad Prism version 8.3.1 (GraphPad software, La Jolla, CA), SPSS version 24 and SAS version 9.4 were used to perform statistical analysis.

For comparison of baseline characteristics of TRuTH samples between cases and controls, the Wilcoxon signed rank and the McNemar tests were used. Cytokine data was square root transformed in order to reduce the variability, a phenomenon that is known to affect most cytokine measurements. To determine if measured plasma analytes had an effect on the TB recurrence, we conducted a univariable and multivariable conditional logistic regression. Multivariable analysis adjusted for a number of potential confounders measured at sample time-point: age, body mass index (BMI), CD4 count, viral load (VL) and measured at baseline: presence or absence of lung cavities, previous history of TB, and World Health Organization (WHO) disease stage (4 vs 3). Longitudinal samples were compared using paired t-test or Wilcoxon signed rank test. Correlations between analytes were determined using Spearman correlation. The Benjamini-Hochberg method was applied to control for the false discovery rate (FDR), Q:5%.

Baseline and follow-up characteristics in IMPRESS were summarized using percentages and frequencies for categorical variables and median and interquartile range (IQR) values for continuous variables. Changes in measured analytes between active TB and TB cure were analyzed using a paired t-test for normally distributed variables and using a Wilcoxon signed rank test for variables that were not normally distributed. Individuals that failed treatment or for which TB recurrence was observed (n=3) were excluded from the analysis.




Results


Study Participants Characteristics and Demographics

TRuTH cohort: The final analysis included 139 participants, of which 37 (19 males and 18 females) were cases and 102 (45 males and 57 females) were controls. The median age was 32 years [interquartile range (IQR) 28-35] for cases and 34 years (IQR 28-40) for controls (p=0.025). The median CD4 count was 479.0 cell/mm3 (IQR 339.0-834.0) and 458.5 cells/mm3 (IQR 360.0 – 631.0, p=0.762), for cases and controls, respectively. Despite ART, some participants had detectable viral loads (VLs): the mean (standard deviation) VL for cases was 1.61 (0.7) log copies/ml and 1.5 (0.6) log copies/ml for controls (p=0.319). A detailed list of the TRuTH cohort characteristics can be found in Supplementary Table 1.

IMPRESS study: In total, 41 HIV infected and 33 HIV uninfected participants had samples available at both time points. Further 3 HIV infected individuals were excluded from analysis because they failed treatment. Out of the 38 HIV infected participants 16 were females and 22 males and out of the 33 HIV uninfected participants 2 were females and 31 males. The median age at enrolment was 35 (IQR 32-43) years for HIV infected and 33 (IQR 25-49) years for HIV uninfected participants. A detailed list of the IMPRESS cohort characteristics can be found in Supplementary Table 2.



Measured Analytes as Predictors of TB Recurrence in TRuTH

To determine if measured plasma analytes had an effect on the rate of TB recurrence, we conducted a univariable and multivariable conditional logistic regression. In the univariable analysis, two analytes were associated with increased odds of TB recurrence: sICAM [Odds Ratio (OR) 1.05, 95% Confidence Interval (CI) 1.01 – 1.08, p = 0.005] and LBP (OR 3.28, 95% CI 1.02 – 10.59, p = 0.047) (Table 1, Figure 1). These associations remained significant in the multivariable model: sICAM (aOR 1.06, 95% CI 1.02 – 1.12, p = 0.009) and LBP (aOR 8.78, 95% CI 1.23– 62.66, p = 0.030). We also observed a significant correlation between sICAM and LBP expression (r= 0.347, p<0.001, Supplementary Table 3). In addition to LBP and sICAM, TGF-β3 (aOR 1.44, 95% CI 1.01 – 2.05, p = 0.044) was significantly associated with increased risk of TB recurrence in the multivariable model (Table 1).


Table 1 | Univariable and multivariable analysis of TRuTH plasma analytes (sMAdCAM, sICAM, sVCAM, LBP, TGF-β1, TGF-β2 and TGF-β3) as biomarkers of TB recurrence.






Figure 1 | Plasma levels of LBP, sMAdCAM, sICAM, sVCAM, TGF-β1, TGF-β2 and TGF-β3 in controls (n = 103) and cases (n = 37) from TRuTH. Analytes were plotted using Box and Whiskers (5-95%). P-values indicated in the figures are the result of univariable conditional logistic regression (please refer to Table 1 for full analysis).



Previously, we measured the plasma expression of 23 plasma cytokines/chemokines to look at their impact on the risk of TB recurrence (11) in the TRuTH cohort. Here we examined if there was a correlation between the expression of 23 measured cytokines/chemokines and sMAdCAM, sICAM, sVCAM, LBP, TGF-β1, TGF-β2 and TGF-β3 in 21 overlapping plasma samples. We observed significant positive correlations between LBP and IL-6 (r=0.623, p=0.003); sVCAM and IL-27 (r=0.438, p=0.047); TGF-β1 and sCD14 (r=0.513 p=0.017); and TGF-β2 with: IL-7 (r=0.481, p=0.027), IL-6 (r=0.438, p=0.047), and sCD14 (r=0.456, p=0.038) (Supplementary Table 4).



Effect of TB Treatment Completion on Plasma Expression of Measured Analytes

A small subset of cases was followed longitudinally to observe the changes in plasma expression of measured analytes (sMAdCAM, sICAM, sVCAM, LBP, TGF-β1, TGF-β2 and TGF-β3) in response to TB treatment completion in the TRuTH cohort (n=14). No significant differences were observed in measured analyte expression between active TB and post TB treatment/Cure time-point (Supplementary Table 5).

Next we examined the changes in plasma expression of measured analytes (LBP, sMAdCAM, sICAM, sVCAM, TGF-β1, TGF-β2 and TGF-β3) from active TB to post TB/cure in HIV infected (n= 38) and HIV uninfected (n = 33) participants from the IMPRESS study. We observed no significant differences in the expression of sMAdCAM, sICAM, sVCAM, TGF-β1, TGF-β2 and TGF-β3 between active TB and post TB cure in HIV infected and HIV uninfected participants (Table 2). A trend towards increased LBP levels following TB treatment was observed in HIV infected participants [Mean difference (MD) -2.03 (95% CI 4.17-0.12), p =0.064]. Conversely, HIV uninfected participants demonstrated the opposite trend, showing lower LBP levels at TB cure [MD 2.08 (95% CI -0.20-4.36), p =0.073] (Figure 2, Table 2).


Table 2 | Changes in measured analytes in response to TB treatment in HIV infected (n = 38) and HIV uninfected (n = 33) IMPRESS study participants.






Figure 2 | Plasma levels of LBP, sMAdCAM, sICAM, sVCAM, TGF-β1, TGF-β2 and TGF-β3 in HIV uninfected [HIV(-)] and HIV infected [HIV(+)] IMPRESS participants at active TB (active) and post- TB treatment (cure) timepoints. Based on the result of the normality test either parametric: paired t-test (Active vs Cure) and t-test (HIV+ vs HIV-), or non-parametric: Wilcoxon signed rank (Active vs Cure) and Mann-Whitney (HIV+ vs HIV-) tests were used for the analysis. *Statistically significant association after FDR adjustment using 0.05 threshold.



Additionally we examined the differences in expression levels of measured analytes between HIV uninfected and HIV infected participants at both active TB and TB cure timepoints. Expression of LBP, sVCAM and TGF-β2 were significantly elevated in HIV infected participants at both active TB and TB cure (p<0.02, Figure 2). Expression of sICAM (p=0.019) and TGF-β3 (p=0.002) were significantly elevated in HIV infected participants only at TB cure timepoint, likely due to TB – induced inflammatory changes at active TB (18). No significant differences were observed for sMADCAM and TGF-β1.




Discussion

HIV-TB co-epidemic is one of the major health challenges affecting sub-Saharan Africa. Considering the geographical overlap of the HIV and TB epidemics and the 18 fold higher risk of TB in HIV co-infected (1), there is an urgent need to identify TB prognostic markers in HIV co-infected individuals, in order to improve patient management and fast-track the development of novel therapeutics. Here we identified increased levels of LBP and sICAM as biomarkers of risk of TB recurrence in HIV co-infected patients.

In the univariable and multivariable logistic models, the risk of TB recurrence was significantly associated with increase in plasma expression of sICAM and LBP, known to play a role in inflammation and translocation of microbial products, respectively (6, 19, 21). ICAM, present on endothelial cells, is involved in the firm arrest and transmigration of leukocytes from blood vessels to tissues, and is an important early marker of immune activation and response (7, 8, 22). Soluble, circulating forms of ICAM have been involved in a range of proinflammatory responses, and increase in sICAM levels have been linked with a range of human diseases including atherosclerosis and heart failure (21, 22). Previous studies have shown that the concentration of sICAM is elevated in patients with active TB disease (23, 24) and serum concentration of sICAM has been linked to bacterial burden (23, 25, 26) and disease severity (10). The observed increase in sICAM prior to TB disease likely reflects increased systemic inflammation as a result of increased bacterial replication from new infection or re-activation of latent disease.

In serum, LBP is present as a soluble acute-phase protein which binds to LPS and stimulates an immune response by presenting the LPS to cell surface pattern recognition receptors (PRRs) such as CD14 and toll like receptor 4 (TLR4) (20, 24). Increased concentrations of LBP have been observed in patients with sepsis and in healthy individuals injected with LPS (27, 28) as well as bronchoalveolar lavage fluids of heathy individuals and patients with lung injury (29). LBP was shown to be elevated in individuals with active TB and declined during treatment, suggesting that it may play an important role in the host reaction to TB (24). Increased levels of plasma LBP were associated with an increased risk of TB recurrence in this study. Since the TRuTH cohort only includes HIV co-infected individuals, increased LBP levels likely reflect both the HIV induced translocation of microbial products (30) as well as increase in TB bacterial burden. We also observed a strong positive correlation between LBP and sICAM as well as LBP and IL-6 identified to be one of the main pro-inflammatory cytokines associated with TB recurrence in our previous study (11). Interestingly, LPS was shown to be a strong inducer of both IL-6 and ICAM-1 (31, 32) suggesting that HIV-associated loss in gastrointestinal integrity and the resulting systemic inflammation could be fuelling the increased risk of TB recurrence in HIV co-infected individuals. HIV mediated gastrointestinal damage and the resulting translocation of microbial products (33) are known to cause immune activation and dysregulation of the host responses and as a result can lead to opportunistic infections including TB. This is supportive of a recent study in macaques co-infected with M.tb and SIV suggesting that SIV-driven chronic immune activation and dysregulation of T cell homeostasis associate with reactivation of latent TB (LTBI) (14). Furthermore changes in integrity of the gastrointestinal tract and resulting immune activation have been linked to lung inflammation, with 50% of adults who suffer with inflammatory bowel disease (IBD) and 33% of individuals who suffer with inflammatory bowel syndrome (IBS) having pulmonary involvement (34–36). This likely indicates that there is an inflammatory cross talk between different mucosal sites and that inflammation and dysbiosis in the gut can translate to inflammatory changes in the lungs (37).

After adjusting for covariates, the risk of TB recurrence was associated with increased concentrations of TGF-β3. TGF-β belongs to a superfamily of immunoregulatory cytokines which include three isoforms: TGF-β1, TGF-β2, and TGF-β3 (3). TGF-β controls the initiation and resolution of inflammation via regulation of chemotaxis, activation and survival of immune cells (38). Excess TGF-β was shown to supress T cell responses to M.tb antigens (39) and increased TGF-β activity is a feature of active pulmonary TB (40). Increase in TGF-β3 prior to TB recurrence likely reflects the increase in systemic inflammation. Additionally, TGF-β1 and TGF-β2 expression was positively correlated with sCD14 expression, a known marker of active TB (11, 18, 41, 42). While there is a general lack of isoform-specific data on TGF-β, isoform -specific knockout mice studies have shown non- redundant phenotypes. Specifically TGF-β3 knockout mice were shown to die perinatally due to developmental defects of the lung and defective palatogenesis (43).

We observed no significant changes in measured analytes between active TB disease and post TB treatment/cure time-points in a small subset of patients from TRuTH cohort. Likewise when we examined the changes in the expression of LBP, sMAdCAM, sICAM, sVCAM, TGF-β1, TGF-β2 and TGF-β3 from active TB disease to TB treatment completion in HIV infected and HIV uninfected individuals from IMPRESS, no significant differences were observed. Although not statistically significant, there was a trend towards decreased concentrations of plasma LBP in HIV uninfected individuals following TB treatment, likely due to a decrease in TB bacterial burden which is consistent with previous studies in predominantly HIV uninfected individuals (24). A trend towards increased concentrations of plasma LBP was observed in HIV infected individuals following TB treatment, likely reflecting a decrease in the gastrointestinal integrity caused by progressing HIV infection (33, 44). When we examined the differences in the relevant analytes between HIV infected and HIV uninfected individuals at active TB and post-successful TB treatment, we observed that LBP was significantly elevated in HIV infected individuals irrespective of the TB status, indicating that the HIV infection and resulting increase in systemic LPS exposure are the predominant drivers of increased LBP levels in co-infected patients. Plasma ICAM and TGF-β3 levels were only significantly elevated in HIV infected individuals post TB treatment completion, highlighting the effect of active TB in driving the increased expression of these markers (23, 25, 26).

Our study has several limitations. The observed associations are statistically modest and need to be confirmed in an independent human cohort to fully evaluate the predicative value of the identified biomarkers. The identified biomarkers of TB recurrence are only relevant in the context of TB-HIV co-infection. The analysis of the IMPRESS cohort is limited by an unequal gender distribution (specifically the predominance of men in the HIV-uninfected sample), a small sample size and resulting inability to stratify for potential confounders. Additional studies are needed to fully understand the relationship between treatment completion and disease severity, and the expression of the measured analytes.

In conclusion, we identified increased expression of plasma LBP and sICAM as biomarkers of TB recurrence in individuals who were receiving ART treatment in the TRuTH cohort. Our results support the notion of HIV associated chronic immune activation as the driving force in TB reactivation/reinfection in HIV infected individuals. Mitigating chronic immune activation through utilization of immune based interventions might not only lead to improved HIV outcome, but could significantly reduce the rates of TB recurrence and have a profound impact on reducing TB disease burden in HIV endemic settings. Further studies are needed to decipher the mechanism of how HIV mediated chronic immune activation increases the risk of TB reactivation in HIV co-infected individuals.



Data Availability Statement

The datasets generated for this study are available on request to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by the University of KwaZulu-Natal’s Biomedical Research Ethics Committee (BE659/17). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Designed the study: AS and KN. Performed the experiments: KP and AS. Analyzed the data: KP, AS, SR, LL, NY-Z, and DA. Wrote the first draft of the paper: KP and AS. Collected specimens and clinical data: SG, DG, and RH-M. Supervised clinical and/or experimental aspects of the study: AS, LM, DA, KN, NP, SA, and NS. All authors contributed to the article and approved the submitted version.



Funding

The TRUTH study was supported by the Howard Hughes Medical Institute, Grant Number 55007065, as well as the Centers for Disease Control and Prevention (CDC) Cooperative Agreement Number UY2G/PS001350-02. Its contents are solely the responsibility of the authors and do not necessarily represent the official views of either the Howard Hughes Medical Institute or the Centers for Disease Control and Prevention (CDC). The research infrastructure to conduct this trial, including the data management, laboratory and pharmacy cores were established through the US National Institutes for Health’s Comprehensive International Program of Research on AIDS grant (CIPRA, grant # AI51794). AS is supported by European & Developing Countries Clinical Trials partnership (EDCTP) Career Development Fellowship (TMA2016CDF-1582). KP and SR was supported by the National Research Foundation (Grant numbers: 96354 and 108038 respectively). DA was supported the NRF Research Career Advancement Fellowship (grant # RCA13101656388) and a senior fellowship through the European and Developing Countries Clinical Trials Partnership (EDCTP) (grant # TMA2017SF-1960) funds. Any opinion, funding, and conclusion or recommendations expressed in this material is that of the author and the NRF does not accept liability in this regard. Patient care was supported by the KwaZulu-Natal Department of Health and the U.S. President’s Emergency Plan for AIDS Relief (PEPFAR). Research reported in this publication was supported by the Strategic Health Innovation Partnership (SHIP) Unit of the South African Medical Research Council, a grantee of the Bill & Melinda Gates Foundation, and the South African Medical Research Council. The funding sources listed here did not have any role in the analysis or preparation of the data in this manuscript, nor was any payment received by these or other funding sources for this manuscript.



Acknowledgments

Authors would like to thank all the research participants and the staff of the CAPRISA eThekwini clinic in KwaZulu-Natal, South Africa for their dedication to these studies.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.631094/full#supplementary-material



References

1. World Health Organization. Global tuberculosis report.  Geneva, Switzerland: World Health Organization (2020).

2. Travis, MA, and Sheppard, D. TGF-β activation and function in immunity. Annu Rev Immunol (2014) 32:51–82. doi: 10.1146/annurev-immunol-032713-120257

3. Morikawa, M, Derynck, R, and Miyazono, K. TGF-β and the TGF-β Family: Context-Dependent Roles in Cell and Tissue Physiology. Cold Spring Harbor Perspect Biol (2016) 8:a021873. doi: 10.1101/cshperspect.a021873

4. Abdool Karim, SS, Naidoo, K, Grobler, A, Padayatchi, N, Baxter, C, Gray, AL, et al. Integration of antiretroviral therapy with tuberculosis treatment. N Engl J Med (2011) 365:1492–501. doi: 10.1056/NEJMoa1014181

5. Perumal, R, Padayatchi, N, Yende-Zuma, N, Naidoo, A, Govender, D, and Naidoo, K. A moxifloxacin-based regimen for the treatment of recurrent drug-sensitive pulmonary tuberculosis: An open-label randomised controlled trial. Clin Infect Dis (2019) 70(1):90–8. doi: 10.1093/cid/ciz152

6. Gutsmann, T, Müller, M, Carroll, SF, MacKenzie, RC, Wiese, A, and Seydel, U. Dual role of lipopolysaccharide (LPS)-binding protein in neutralization of LPS and enhancement of LPS-induced activation of mononuclear cells. Infection Immun (2001) 69:6942–50. doi: 10.1128/IAI.69.11.6942-6950.2001

7. Springer, TA. Adhesion receptors of the immune system. Nature (1990) 346:425–34. doi: 10.1038/346425a0

8. Seth, R, Raymond, FD, and Makgoba, MW. Circulating ICAM-1 isoforms: diagnostic prospects for inflammatory and immune disorders. Lancet (1991) 338:83–4. doi: 10.1016/0140-6736(91)90077-3

9. Walzl, G, Ronacher, K, Hanekom, W, Scriba, TJ, and Zumla, A. Immunological biomarkers of tuberculosis. Nat Rev Immunol (2011) 11:343–54. doi: 10.1038/nri2960

10. Sigal, GB, Segal, MR, Mathew, A, Jarlsberg, L, Wang, M, Barbero, S, et al. Biomarkers of Tuberculosis Severity and Treatment Effect: A Directed Screen of 70 Host Markers in a Randomized Clinical Trial. EBIOM (2017) 25:112–21. doi: 10.1016/j.ebiom.2017.10.018

11. Sivro, A, McKinnon, LR, Yende-Zuma, N, Gengiah, S, Samsunder, N, Abdool Karim, SS, et al. Plasma Cytokine Predictors of Tuberculosis Recurrence in Antiretroviral-Treated Human Immunodeficiency Virus-infected Individuals from Durban, South Africa. Clin Infect Dis (2017) 65:819–26. doi: 10.1093/cid/cix357

12. McKinnon, LR, Liebenberg, LJ, Yende-Zuma, N, Archary, D, Ngcapu, S, Sivro, A, et al. Genital inflammation undermines the effectiveness of tenofovir gel in preventing HIV acquisition in women. Nat Med (2018) 24:491–6. doi: 10.1038/nm.4506

13. Masson, L, Passmore, J-AS, Liebenberg, LJ, Werner, L, Baxter, C, Arnold, KB, et al. Genital inflammation and the risk of HIV acquisition in women. Clin Infect Dis (2015) 61:260–9. doi: 10.1093/cid/civ298

14. Bucşan, AN, Chatterjee, A, Singh, DK, Foreman, TW, Lee, T-H, Threeton, B, et al. Mechanisms of reactivation of latent tuberculosis infection due to SIV coinfection. J Clin Invest (2019) 129:5254–60. doi: 10.1172/JCI125810

15. Boulware, DR, Hullsiek, KH, Puronen, CE, Rupert, A, Baker, JV, French, MA, et al. Higher levels of CRP, D-dimer, IL-6, and hyaluronic acid before initiation of antiretroviral therapy (ART) are associated with increased risk of AIDS or death. J Infect Dis (2011) 203:1637–46. doi: 10.1093/infdis/jir134

16. Sivro, A, Su, R-C, Plummer, FA, and Ball, TB. Interferon responses in HIV infection: from protection to disease. AIDS Rev (2014) 16:43–51.

17. Sousa, J, Cá, B, Maceiras, AR, Simões-Costa, L, Fonseca, KL, Fernandes, AI, et al. Mycobacterium tuberculosis associated with severe tuberculosis evades cytosolic surveillance systems and modulates IL-1β production. Nat Commun (2020) 11:1949. doi: 10.1038/s41467-020-15832-6

18. Sullivan, ZA, Wong, EB, Ndung’u, T, Kasprowicz, VO, and Bishai, WR. Latent and Active Tuberculosis Infection Increase Immune Activation in Individuals Co-Infected with HIV. EBIOM (2015) 2:334–40. doi: 10.1016/j.ebiom.2015.03.005

19. Schumann, RR. Function of lipopolysaccharide (LPS)-binding protein (LBP) and CD14, the receptor for LPS/LBP complexes: a short review. Res Immunol (1992) 143:11–5. doi: 10.1016/0923-2494(92)80074-u

20. Schumann, RR, Leong, SR, Flaggs, GW, Gray, PW, Wright, SD, Mathison, JC, et al. Structure and function of lipopolysaccharide binding protein. Science (1990) 249:1429–31. doi: 10.1126/science.2402637

21. Gearing, AJ, and Newman, W. Circulating adhesion molecules in disease. Immunol Today (1993) 14:506–12. doi: 10.1016/0167-5699(93)90267-O

22. Lawson, C, and Wolf, S. ICAM-1 signaling in endothelial cells. Pharmacol Rep (2009) 61:22–32. doi: 10.1016/S1734-1140(09)70004-0

23. López Ramírez, GM, Rom, WN, Ciotoli, C, Talbot, A, Martiniuk, F, Cronstein, B, et al. Mycobacterium tuberculosis alters expression of adhesion molecules on monocytic cells. Infection Immun (1994) 62:2515–20. doi: 10.1128/IAI.62.6.2515-2520.1994

24. Juffermans, NP, Verbon, A, van Deventer, SJ, Buurman, WA, van Deutekom, H, Speelman, P, et al. Serum concentrations of lipopolysaccharide activity-modulating proteins during tuberculosis. J Infect Dis (1998) 178:1839–42. doi: 10.1086/314492

25. Demir, T, Yalcinoz, C, Keskinel, I, Demiröz, F, and Yildirim, N. sICAM-1 as a serum marker in the diagnosis and follow-up of treatment of pulmonary tuberculosis. Int J Tuberculosis Lung Dis (2002) 6:155–9.

26. Mukae, H, Ashitani, J-I, Tokojima, M, Ihi, T, Kohno, S, and Matsukura, S. Elevated levels of circulating adhesion molecules in patients with active pulmonary tuberculosis. Respirology (2003) 8:326–31. doi: 10.1046/j.1440-1843.2003.00471.x

27. Froon, AH, Dentener, MA, Greve, JW, Ramsay, G, and Buurman, WA. Lipopolysaccharide toxicity-regulating proteins in bacteremia. J Infect Dis (1995) 171:1250–7. doi: 10.1093/infdis/171.5.1250

28. van der Poll, T, Coyle, SM, Levi, M, Jansen, PM, Dentener, M, Barbosa, K, et al. Effect of a recombinant dimeric tumor necrosis factor receptor on inflammatory responses to intravenous endotoxin in normal humans. Blood (1997) 89:3727–34. doi: 10.1182/blood.V89.10.3727

29. Martin, TR, Mathison, JC, Tobias, PS, Letúrcq, DJ, Moriarty, AM, Maunder, RJ, et al. Lipopolysaccharide binding protein enhances the responsiveness of alveolar macrophages to bacterial lipopolysaccharide. Implications for cytokine production in normal and injured lungs. J Clin Invest (1992) 90:2209–19. doi: 10.1172/JCI116106

30. Sandler, NG, and Douek, DC. Microbial translocation in HIV infection: causes, consequences and treatment opportunities. Nat Rev Microbiol (2012) 10:655–66. doi: 10.1038/nrmicro2848

31. Sawa, Y, Ueki, T, Hata, M, Iwasawa, K, Tsuruga, E, Kojima, H, et al. LPS-induced IL-6, IL-8, VCAM-1, and ICAM-1 expression in human lymphatic endothelium. J Histochem Cytochem (2008) 56:97–109. doi: 10.1369/jhc.7A7299.2007

32. Fukuda, K, Kumagai, N, Yamamoto, K, Fujitsu, Y, Chikamoto, N, and Nishida, T. Potentiation of lipopolysaccharide-induced chemokine and adhesion molecule expression in corneal fibroblasts by soluble CD14 or LPS-binding protein. Invest Ophthalmol Vis Sci (2005) 46:3095–101. doi: 10.1167/iovs.04-1365

33. Brenchley, JM, Price, DA, Schacker, TW, Asher, TE, Silvestri, G, Rao, S, et al. Microbial translocation is a cause of systemic immune activation in chronic HIV infection. Nat Med (2006) 12:1365–71. doi: 10.1038/nm1511

34. Yazar, A, Atis, S, Konca, K, Pata, C, Akbay, E, Calikoglu, M, et al. Respiratory symptoms and pulmonary functional changes in patients with irritable bowel syndrome. Am J Gastroenterol (2001) 96:1511–6. doi: 10.1111/j.1572-0241.2001.03748.x

35. Budden, KF, Gellatly, SL, Wood, DLA, Cooper, MA, Morrison, M, Hugenholtz, P, et al. Emerging pathogenic links between microbiota and the gut–lung axis. Nat Rev Microbiol (2017) 15:55–63. doi: 10.1038/nrmicro.2016.142

36. Keely, S, Talley, NJ, and Hansbro, PM. Pulmonary-intestinal cross-talk in mucosal inflammatory disease. Mucosal Immunol (2011) 5:7–18. doi: 10.1038/mi.2011.55

37. Budden, KF, Gellatly, SL, Wood, DLA, Cooper, MA, Morrison, M, Hugenholtz, P, et al. Emerging pathogenic links between microbiota and the gut-lung axis. Nat Rev Microbiol (2017) 15:55–63. doi: 10.1038/nrmicro.2016.142

38. Li, MO, Wan, YY, Sanjabi, S, Robertson, A-KL, and Flavell, RA. Transforming growth factor-beta regulation of immune responses. Annu Rev Immunol (2006) 24:99–146. doi: 10.1146/annurev.immunol.24.021605.090737

39. Hirsch, CS, Ellner, JJ, Blinkhorn, R, and Toossi, Z. In vitro restoration of T cell responses in tuberculosis and augmentation of monocyte effector function against Mycobacterium tuberculosis by natural inhibitors of transforming growth factor beta. Proc Natl Acad Sci USA (1997) 94:3926–31. doi: 10.1073/pnas.94.8.3926

40. Aung, H, Toossi, Z, McKenna, SM, Gogate, P, Sierra, J, Sada, E, et al. Expression of transforming growth factor-beta but not tumor necrosis factor-alpha, interferon-gamma, and interleukin-4 in granulomatous lung lesions in tuberculosis. Tuber Lung Dis (2000) 80:61–7. doi: 10.1054/tuld.2000.0235

41. Lawn, SD, Labeta, MO, Arias, M, Acheampong, JW, and Griffin, GE. Elevated serum concentrations of soluble CD14 in HIV- and HIV+ patients with tuberculosis in Africa: prolonged elevation during anti-tuberculosis treatment. Clin Exp Immunol (2000) 120:483–7. doi: 10.1046/j.1365-2249.2000.01246.x

42. Liu, Y, Ndumnego, OC, Chen, T, Kim, RS, Jenny-Avital, ER, Ndung’u, T, et al. Soluble CD14 as a Diagnostic Biomarker for Smear-Negative HIV-Associated Tuberculosis. Pathogens (2018) 7:26. doi: 10.3390/pathogens7010026

43. Kaartinen, V, Voncken, JW, Shuler, C, Warburton, D, Bu, D, Heisterkamp, N, et al. and cleft palate in mice lacking TGF-beta 3 indicates defects of epithelial-mesenchymal interaction. Nat Genet (1995) Dec11(4):415–21. doi: 10.1038/ng1295-415

44. Brenchley, JM, and Douek, DC. HIV infection and the gastrointestinal immune system. Mucosal Immunol (2007) 1:23–30. doi: 10.1038/mi.2007.1



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.

Copyright © 2021 Pillay, Lewis, Rambaran, Yende-Zuma, Archary, Gengiah, Govender, Hassan-Moosa, Samsunder, Abdool Karim, McKinnon, Padayatchi, Naidoo and Sivro. 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



      		

        Plasma Biomarkers of Risk of Tuberculosis Recurrence in HIV Co-Infected Patients From South Africa

      

        		

          Introduction

        



        		

          Methods

        

          		

            Study Participants

          



          		

            Sample Collection and Processing

          



          		

            Soluble Analyte Measurement

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Study Participants Characteristics and Demographics

          



          		

            Measured Analytes as Predictors of TB Recurrence in TRuTH

          



          		

            Effect of TB Treatment Completion on Plasma Expression of Measured Analytes

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Variable HIV Infected (n = 38) Active T8 - Post TB/Cure.

Mean Differonce (95% C))

SMAGCAM 0355 (0264 10 0974)
SCAM £905.385 (-1926.394 0 115,624)
voAM -1200.160 (-3392.082 10 991.743)

8P 2026 (4.173100.122)
TGF.81 530,684 (119091510 131.547)
T6F.82 18892 (51919 10 14.256)
1683 10,169 (23,778 103.399)

' - vabo i rgresontod o o pared et
I — oot i ecsasiedt o b Yhlbcaos e ik et

p-valuo

o252
oo
063
006
o108
0305
o160

HIV Uninfected (0 = 39) Active T8 - Post TB/Cure

Moan Difforence (95% )

0264 (0.75100221)
206615 (76821510 1201.446)
48588 (2158311 (0 1186.552)
2081 (020210 4364
246,483 (466.96 10 950.917)
7.006 (21552 10 35.564)
242(901910 13858

p-value

0276
0279
o787
007
ozar
033"
025"





OEBPS/Images/fimmu-12-631094-g002.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2021.631094_cover.jpg
, frontiers
in Immunology

Plasma Biomarkers of Risk of
Tuberculosis Recurrence in HIV
Co-Infected Patients From South Africa





OEBPS/Images/fimmu-12-631094-g001.jpg





OEBPS/Images/table1.jpg
Cytokine

MAGCAM
SICAM
ovoAM
8P

TGF- f1
TGF- B2
TGF- §3

Univariable

OR (95% CI)

099089 - 2.52)
1.05(1.01 - 1.08)
102 (099 - 1.04)

328(1.02 - 1059)
106097 - 1.12)
100093 - 129)
1.21(095-1.55

pevalue

0984
0.005*
0142
0047
0222
0274
0120

Multivariable®

20 (95% CI)

094026 - 3.3
106(1.02 - 1.12)
102 (099 - 1.05)
878 (1.23 - 62.66)
105096 - 1.14)
115093 - 1.49)
144 (101 - 208)

p-value

0922
0009
0222
0030
0179
0194
0044

"Mutvariable anays's adjusted for WHO stage o the disease, BM lung cavtes, age,
CD# ount, VL, gender and previous history of TB. “Statsticaly signficant associton
ator FOR acfustrent using 0.05 teshol.
Bold values: p-value < 0.05.





