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Abstract

:

Existing tools (including GeneXpert) for diagnosis of multidrug resistant TB (MDR-TB) have limited utility when sputum samples for microbiological analyses cannot be obtained. There is the need for immunological biomarkers which could serve as putative diagnostic markers of MDR-TB. We measured and compared the serum cytokine levels of inflammatory cytokines (IFN-γ, TNF-α, IL12p70, IL-17A, granzyme B) and anti-inflammatory cytokines (IL-10, IL-6, IL-4) among MDR-TB, drug-susceptible (DS)-TB and healthy controls (no-TB) using the Human Magnetic Luminex Multiplex Immunoassay. Levels of IFN-γ and IL-4 were respectively 1.5 log lower and 1.9 log higher in MDR-TB compared to DS-TB cases. Moreover, IFN-γ, TNF-α, IL-10, IL-6, and IL-4 levels were significantly higher in individuals with MDR-TB and DS-TB cases compared to healthy controls. Pairs of cytokines, IL-4 and IFN-γ (p = 0.019), IL-4 and TNF (p = 0.019), and Granzyme B and TNF-α (p = 0.019), showed significant positive correlation in MDR-TB. Serum cytokine profiles can be exploited for immunodiagnostics, as made evident by the Interferon Gamma Release Assays (IGRAs) for TB infection. Using area under the curve values, no single or multiple cytokine combinations could discriminate between DS- and MDR-TB in this study. Studies with a larger sample size and more cytokines could better address the issue.
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1. Introduction


Among the top ten leading causes of death worldwide, tuberculosis (TB) ranks ninth but remains the leading cause of death from a single infectious agent. Compounding the control of TB is the growing global phenomenon of antibiotic drug resistance. The long duration of TB therapy (6 to 9 months) ironically makes M. tuberculosis an ideal candidate for drug and multidrug resistance (MDR). MDR-TB, defined as resistance to the two most effective first-line drugs (isoniazid and rifampicin), is a worldwide clinical problem associated with high morbidity and mortality [1]. It is difficult to treat and requires longer treatment periods. The global prevalence of MDR-TB is alarming with most reported cases from Africa and Asia [2,3].



According to the global tuberculosis report (2020), the coverage of rifampicin resistance testing, unarguably the most potent and effective of TB medicines, was 59% for new and 81% for previous bacteriologically confirmed TB cases. The fact that millions of deaths (53 million 2000–2016) are averted when TB cases are diagnosed early and successfully treated lends credence to the assertion that like most infectious disease, TB can be effectively controlled and even eliminated by early diagnosis and prompt treatment [4]. However, the challenges to implementing a test-and-treat strategy are even more complex in the face of MDR-TB. This challenge of late diagnosis has been improved by scaling up MDR-TB/RR-TB (Rifampicin-Resistant-TB) detection using GeneXpert, from 7% in 2012 to 61% in 2019 [4,5]. However, the use of GeneXpert for diagnosis of multidrug resistant TB (MDR-TB) is limited by the difficulty in producing quality sputum specimen for microbiological analyses in specific cases such as pediatric or extrapulmonary TB. Identification of sputum-independent samples for diagnosis of MDR-TB are needed.



A blood sample is best suited for such a purpose not only due to the ease of access, but it represents a reservoir of immune cells trafficking to and from the sites of active disease and lymphoid organs [6]. Analytes such as cytokines in blood components associated with a TB disease state could be a useful surrogate marker [7,8,9,10]. In this dispensation of increasing numbers of MDR-TB cases, the search for cytokine biomarkers with the potential to discriminate DS-TB cases from MDR-TB cases is crucial. Mounting data supports the critical role of cytokines in the immune response to mycobacterial infections [11,12,13].



MDR-TB is characterized by disturbance between protective and pathogenic effects induced by the immunosuppression of Th1 and Th2 type responses [11,14,15]. However, the role of Th2 cytokines as classical antagonists of the Th1 profile has not been fully elucidated. The identification of an immunological biomarker with the potential to segregate MDR-TB from drug-susceptible TB (DS-TB) could lay the foundation for point-of-care tests to provide correlates of early treatment effect, risk of relapse, and eventual development into MDR-TB.



In this study, we measured the concentration of selected TB pathogenesis-associated proinflammatory, anti-inflammatory cytokines in the serum of MDR-TB patients, DS-TB patients, and healthy controls with no TB to identify associated cytokine profiles. We hypothesized that individuals with MDR-TB disease will have different cytokine signatures compared with those with DS-TB disease or no TB. We aimed to identify specific biosignatures as putative biomarkers, which may be useful at the early phase of diagnosis for monitoring therapeutic effects even before confirmation of M. tuberculosis growth or clearance in culture.




2. Materials and Methods


2.1. Study Participants and Sampling


Sixty-seven (69) serum samples from 21 MDR-TB, 25 DS-TB, and 23 no-TB (QuantiFERON TB test-negative) individuals were used. The study participants were recruited from the chest clinic of Korle-Bu teaching hospital and other regional TB referral centers across Ghana between January and May 2015 by convenient sampling for an MDR-TB study and a TB biomarker study. DS-TB cases were confirmed by sputum microscopy using the auramine stained fluorescence microscopy technique. MDR species were confirmed by culture on Lowenstein Jensen (LJ) media, followed by drug sensitivity testing using the proportion method. Isolates that were sensitive to isoniazid and rifampicin were considered as susceptible and patients categorized as DS-TB patients. Isolates that showed resistance to both isoniazid and rifampicin were considered as multidrug-resistant (MDR) and patients categorized as MDR-TB patients.



QuantiFERON-TB negative participants were considered as healthy controls (no TB infection) using the QuantiFERON-TB Gold test (Cellestis, Victoria, Australia) and the QFT-IT Analysis Software according to manufacturer’s instructions. From all participants, blood samples (2–5 mL) were collected in vacutainer tubes without anti-coagulants. After 30–60 min at room temperature, samples were centrifuged at 1500 rpm for 15 min, and the resulting sera were stored at −80 °C until analysis. Blood samples from MDR-TB and DS-TB patients were taken prior to anti-TB therapy initiation. Patients with HIV/AIDS, cancer, or those on steroid therapy were excluded from this study. Samples were blinded for all patient information except study number and sampling day until after testing.




2.2. Quantification of Serum Cytokines


Cytokine quantification was performed by multiplexing using the Luminex™ 200 system (Luminex, Austin, TX, USA) following manufacturer’s instructions. The Luminex-200 system uses uniformly sized microspheres internally labeled with graded proportions of a red and a near-infrared fluorescence Au uniform, 658 and 712 nm, providing the capacity to interrogate and classify 100 discrete beads. TNF-α, IFN-γ, IL-4, IL-6, IL-10, IL-17A, Granzyme B, and IL-12p70 were analyzed in 1:2 diluted samples in this 8-plex assay. All samples were run in duplicate.




2.3. Statistical Analysis


All data were entered in Microsoft Excel 2010, and demographic details (age profile, geographical distributions, educational status, and other risk factors) were assessed using descriptive statistics. To compare concentration differences of each of the eight analytes between the groups, GraphPad Prism V 7.03 (Mann−Whitney U test) was used for analysis of graphs. Numeric variables were expressed as median (interquartile range) for all cytokines in the different population groups. Statistical analysis was performed using SPSS (V 23). Pairwise analysis was performed by chi square. Spearman analysis was employed to assess correlations among continuous variables. Receiver operating characteristic (ROC) curves were constructed and the area under the ROC curve (AUROC) was used to evaluate the sensitivity of each cytokine level to discriminate between different population groups [16].





3. Results


3.1. Characteristics of Participants


A total of sixty-nine (69) serum samples were used for the study, 21 MDR-TB (30.4%), 25 DS-TB (36.2%), and 23 no-TB (33.3%). The average ages were similar for the three groups: 46 years (range 15–56) for MDR-TB, 36 years (range 20–58) for DS-TB, and 40 years (range 25–52 for No-TB). The socio-demographic characteristics of the MDR-TB and DS-TB cases are shown in Table 1.




3.2. Analyzing Biosignatures of Patients with MDR-TB and DS-TB


Results of the multiplex assay were expressed as median concentration (pg/mL) and used for the analysis (Mann−Whitney U test). There was 1.5-fold decrease and 1.9-fold increase in IFN-γ and IL-4 concentration, respectively, in MDR-TB compared to DS-TB patients (Figure 1). This trend was not observed for the six remaining cytokines. The average concentrations for all the eight cytokines were lowest in the healthy control group. The concentrations of IFN-γ, TNF-α, IL-6, IL-10, and IL-4 were significantly higher in DS-TB cases compared to healthy controls (p = 0.0003, 0.005, 0.0075, 0.0115, and 0.0110, respectively). Similarly, the concentrations of TNF-α, IL-4, and IFN-γ were significantly higher in MDR-TB patients compared to healthy controls (p < 0.0001, 0.0003, 0.0222, respectively), as shown in Figure 1.




3.3. Ability of Cytokine Responses to Discriminate between Groups


Among the eight cytokines, TNF-α, IL-4, IFN-γ were found to have significant potential to discriminate between No-TB and MDR-TB cases (Figure 1). In addition to IL-4, TNF-α, and IFN-γ, IL-6 and IL-10 also showed the greatest ability to discriminate between No-TB and DS-TB cases (Figure 1).




3.4. Receiver Operating Characteristic (ROC) Analyses


We performed ROC analysis to determine the diagnostic potential of each of the eight cytokines to discriminate between any two of the three study groups. Based on the area under the curve values, no single cytokine could significantly (p < 0.05) discriminate between DS-TB and MDR-TB (graphs not shown). However, TNF-α, Granzyme B, IL-6, IL-4, and IFN-γ could significantly discriminate between either No-TB and DS-TB or No-TB and MDR TB. The representative curves showing the cytokines with the best diagnostic accuracy between and among these groups are shown in Figure 2.




3.5. Correlation between the Eight Serum Cytokines


A Spearman rho test of correlation between serum cytokines was performed. There was a significantly positive correlation between the following pairs of cytokines in healthy controls: IL-12 and IL-6 (p = 0.028); DS-TB: Granzyme B and IL-6 (p = 0.023), IL-12p70 and IL-17A (p = 0.001); MDR-TB: IL-4 and IFN-γ (p = 0.019), IL-4 and TNF (p = 0.019), and Granzyme B and TNF-α (p = 0.019). In general, there were high positive correlations (r > 0.7) between IL-17A and IL-4, IL-12 p70 and IL-17 A (MDR-TB), and IL-10 and Granzyme B (DS-TB). There was also high negative correlation between IL-4 and IFN-γ, IL-17A and IFN-γ, IL-4 and TNF-α, and IL-17A and TNF-α (MDR-TB); TNF-α and IL-10 (DS-TB); and IL-12p70 and IL-6 (No-TB) (Figure 3).





4. Discussion


M. tuberculosis infection triggers complex host−pathogen interactions, which culminate in the induction of several inflammatory mediators such as cytokines [12,16]. We have identified that the concentration of IFN-γ and IL-4 were respectively 1.5 log lower and 1.9 log higher in MDR-TB compared to DS-TB cases. In addition, the concentration of IFN-γ, TNF-α, IL-10, IL-6, and IL-4 were significantly higher in MDR-TB and DS-TB cases compared to the healthy controls (No-TB).



In a similar study, serum levels of IFN-γ were significantly elevated in new, under-treatment and MDR-TB cases compared to healthy controls, but there was no significant difference between under treatment and MDR-TB patients [17,18]. Whole blood stimulation of culture filtrate protein of M. tuberculosis reported no significant difference in IFN-γ levels between DS-TB and MDR-TB [13]. Recent studies on IFN-γ have reported its pro-inflammatory role in addition to it serving as the major activator of macrophages towards protective immune response [19,20,21]. Interestingly, the mean concentration of IFN-γ was predominant in MDR-TB cases with poor treatment outcome [22]. As a dominant cytokine within the Th1 subset [14], one may expect a positive correlation between disease progression and down-regulation of IFN-γ. Notably, the distinctive potential of IFN-γ in DS-TB and MDR-TB may involve a complex array of mechanisms that vary from its diagnostic potential.



IL-4 is a Th2 cytokine believed to be an indicator of weak cytotoxic activity detected in DS and MDR-TB patients [23,24]. The high concentration of IL-4 in MDR-TB compared to DS-TB and healthy control individuals from this study suggest that high IL-4 levels may favor disease progression. Reports from India investigating serum concentration of IL-4 showed significant elevation in MDR-TB cases compared to healthy controls, as observed in our study [25,26]. The pattern of change in regulatory T cells was seen to increase in drug-susceptible TB compared to successfully treated patients [27]. Assessment of regulatory T cells [28] supports the high level of IL-10 in DS-TB observed in this study compared to the healthy controls owing to their possible inhibitory effects [29]. Considering these changes, we assume a decreased Th1-lymphocyte activity coupled with heightened Th2 activity in these groups of MDR-TB patients compared to DS-TB.



The observed increase in IL-10 levels in active disease states from this study suggests a probable immunoregulatory role against the deleterious effect of the elevated IFN-γ and TNF-α levels through inflammatory reactions. Thus, the argument that the relationship between IL-10 (anti-inflammatory cytokine) and IFN-γ, TNF-α (pro-inflammatory cytokine) is not necessarily an antagonistic one [23,30] is buttressed; rather, the relationship appears to act in complementary fashion [31].



In this study, granzyme B, TNF-α, IFN-γ, IL-6, and IL-4 individually show a relatively greater potential (AUC 73% to 97% p < 0.05) to discriminate between either No-TB and DS-TB or No-TB and MDR-TB. IL-10 had the lowest (AUC 36.6% p = 0.554) predictive potential. This observation could be partly attributed to the least number of readable values recorded. TNF-α and IL-4 levels in MDR-TB and new cases were significantly elevated compared to patients under treatment [19]. In another study, IL-4 significantly increases in MDR-TB patients compared to healthy controls [32].



Statistically significant sensitivity patterns were observed for all the cytokines comparing MDR-TB and negative controls except for IL-17A, IL-10, and IL-12p70. The AUC of active TB (DS-TB) and healthy controls (No-TB) follows a similar pattern excluding IL-17A and IL-12p70. In M. tuberculosis infection, production of IL-12p70 is one of the earliest events in the activation of cell-mediated immunity [33,34] and hence may not be an excellent predictor in advanced stages of M. tuberculosis infection.



Due to the difficulty in recruiting participants with MDR-TB, we had to perform the analysis with samples from only 21 MDR patients, and to maintain proportionality, we used samples from 25 DS-TB and 23 healthy control individuals. The small sample size notwithstanding, our results show that serum cytokine profiles have the potential to be exploited for immunodiagnostics as some cytokines were clearly elevated in DS-TB and MDR-TB, compared to healthy controls with no TB. This has been made evident by the Interferon Gamma Release Assays (IGRAs) which use a specific IFN-γ cut-off to discriminate between TB infected and non-infected individuals. We did not have a cohort that had other respiratory diseases but no TB (No-TB, but non-healthy), which could have given more insight into serum cytokine levels during TB infection versus other respiratory infections.




5. Conclusions


Our study shows that MDR-TB is associated with lower levels of serum IFN-γ and higher levels of IL-4 compared to DS-TB. Moreover, Granzyme B, TNF-α, IFN-γ, IL-4, and IL-6 showed the greatest potential to distinguish between No-TB and DS-TB or MDR-TB. Using AUC values, no single or multiple cytokine combinations could discriminate between DS- and MDR-TB in this study. Ultimately, the utility of serum cytokines in development of immunodiagnostic assays for MDR-TB will depend on the generation of validated single/multiple cytokine cut-off levels that will be sufficiently robust to distinguish between MDR-TB from DS-TB. This should be further evaluated in larger cohort of participants and with inclusion of more host analytes.
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Figure 1. Background corrected serum concentrations of cytokines (A–H) in participants with MDR-TB (triangle), DS-TB (square), and No-TB (circle). Statistical differences were analyzed using Mann−Whitney U tests (* = p < 0.01, ** = p < 0.001, *** = p < 0.0001). 
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Figure 2. ROC curves (A–J) showing the accuracies of individual serum cytokines in distinguishing between No-TB and MDR-TB or DS-TB. 
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Figure 3. Heat map of Spearman rho correlations between cytokines measured in serum of participants with No-TB (a), DS-TB (b), and MDR-TB (c). 
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Table 1. Socio-demographic characteristics of MDR-TB and DS-TB cases.
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	Variables
	MDR-TB n (%)
	DS-TB
	Chi-square
	p-value





	Sex
	
	
	
	



	Female
	9(42.9)
	15(60)
	1.3
	0.253



	Male
	12(57.1)
	10(40)
	
	



	Educational level
	
	
	
	



	Primary
	5(23.8)
	4(16)
	
	



	Junior High
	6(28.6)
	8(32)
	2.4
	0.085



	Senior High
	2(9.5)
	1(4)
	
	



	Tertiary
	0(0)
	1(4)
	
	



	None
	8(38.1)
	11(44)
	
	



	Occupation
	
	
	
	



	Skilled
	2(9.5)
	4(16)
	
	



	Unskilled
	9(42.9)
	9(36)
	5.8
	0.463



	Retired
	1(4.8)
	2(8)
	
	



	Unable to work
	9(42.9)
	10(40)
	
	



	Marital status
	
	
	
	



	Married
	11(52.4)
	6(24)
	
	



	Separated
	2(9.5)
	3(12)
	7
	0.221



	Divorced
	5(23.8)
	14(56)
	
	



	Never married
	3(14.3)
	2(8)
	
	



	Smokes?
	
	
	
	



	Yes
	3(14.3)
	9(36)
	12.4
	0.002



	No
	18(85.7)
	16(64)
	
	



	Drinks alcohol?
	
	
	
	



	Yes
	10(47.6)
	15(60)
	4.5
	0.301



	No
	11(52.4)
	10(40)
	
	



	Under Dots?
	
	
	
	



	Yes
	18(85.7)
	8(32)
	13.6
	0.001



	No
	3(14.3)
	17(68)
	
	



	Previous TB history
	
	
	
	



	Yes
	21(100)
	2(8)
	16.8
	0.0001



	No
	0(0)
	23(92)
	
	



	Previous TB treatment
	
	
	
	



	Yes
	21(100)
	1(4)
	16.4
	0.0002



	No
	0(0)
	24(96)
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