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Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb) remains a major public health problem worldwide due in part to the lack of an effective vaccine and to the lengthy course of antibiotic treatment required for successful cure. Combined immuno/chemotherapeutic intervention represents a major strategy for developing more effective therapies against this important pathogen. Because of the major role of CD4+ T cells in containing Mtb infection, augmentation of bacterial specific CD4+ T cell responses has been considered as an approach in achieving this aim. Here we present new data from our own research aimed at determining whether boosting CD4+ T cell responses can promote antibiotic clearance. In these studies, we first characterized the impact of antibiotic treatment of infected mice on Th1 responses to major Mtb antigens and then performed experiments aimed at sustaining CD4+ T cell responsiveness during antibiotic treatment. These included IL-12 infusion, immunization with ESAT-6 and Ag85B immunodominant peptides and adoptive transfer of Th1-polarized CD4+ T cells specific for ESAT-6 or Ag85B during the initial month of chemotherapy. These approaches failed to enhance antibiotic clearance of Mtb, indicating that boosting Th1 responses to immunogenic Mtb antigens highly expressed by actively dividing bacteria is not an effective strategy to be used in the initial phase of antibiotic treatment, perhaps because replicating organisms are the first to be eliminated by the drugs. These results are discussed in the context of previously published findings addressing this concept along with possible alternate approaches for harnessing Th1 immunity as an adjunct to chemotherapy.
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Introduction

Tuberculosis (TB), caused by the infection with the bacterium Mycobacterium tuberculosis (Mtb) is the most lethal infectious disease in human history and estimates indicate that it has been responsible for the death of nearly one billion people in the past two centuries alone (Paulson, 2013). In the present days, TB is still a major public health problem worldwide, with close to 10 million new cases and 1.4 million deaths (208,000 of which were due to Mtb-HIV co-infection) reported in 2019 (WHO, 2019).

The only currently licensed vaccine for TB is BCG (Bacillus Calmette–Guérin), which was first deployed in 1921 (Calmette, 1931). Clinical studies have failed to demonstrate its uniform efficacy, identifying variable protection rates that may range from as high as 80% to no protection at all (Aronson et al., 2004; Soysal et al., 2005; Tuberculosis Research, 2013). Antibiotic treatment for TB is available, however it consists of 4 different antibiotics administered for six to nine months in patients infected with drug-susceptible Mtb. In people infected with antibiotic-resistant bacteria, therapy can last up to 24 months, employs more toxic drugs and has a low success rate (WHO, 2019). Importantly, the side effects associated with prolonged treatment frequently lead to non-compliance which can promote disease reactivation and the emergence of drug resistant bacteria. These problems combined with the absence of a proven effective vaccine for the prevention of adult TB help explain why this disease has been so difficult to control let alone eradicate.

While the search for more effective antibiotics continues, a more recent focus has been on treatment strategies that target host biological processes identified as playing important roles in the disease pathogenesis, also known as host-directed therapies. Of these, a major approach is to boost protective immune responses against Mtb in conjunction with antibiotic therapy in order to accelerate pathogen clearance (Wallis and Hafner, 2015). Promising results have been obtained utilizing this general strategy. Many of these employ therapeutic administration of cytokines that are critical for host protection against Mtb infection, such as IFN-γ, produced mainly by CD4+ Th1 cells (Saravia et al., 2019), which resulted in improved control of bacterial replication and tissue damage in patients (Condos et al., 1997; Suarez-Mendez et al., 2004; Grahmann and Braun, 2008). Along the same lines, vaccination strategies known to potentiate host T cell responses against Mtb have been used as an adjunct to antibiotic therapy in Mtb-infected patients and animals, resulting in accelerated bacterial clearance (Skinner et al., 1997; Gupta et al., 2012; Coler et al., 2013; Huang and Hsieh, 2017; Sharma et al., 2017).

In this perspective article, we present new data from experiments in which we employ an Mtb mouse model and epitope specific flow cytometric analyses to re-examine different strategies for boosting CD4+ T cell responses to Mtb antigens concomitant with antibiotic therapy in Mtb-infected mice. We then discuss our findings in the light of those from the previous studies referred to above to suggest alternative approaches for improving the outcome of this interventional strategy.



Material and Methods


Mice, Experimental Infection, and Bacterial Load Quantification

C57BL/6, B6.SLJ, Rag1-/- and TCRα-/- mice were acquired through a National Institute of Allergy and Infectious Diseases (NIAID) supply contract with Taconic Farms (Germantown, NY), while C7 TCR P25 TCR mice were kindly provided by Dr. Michael Glickman from Sloan Kettering Memorial Cancer and Dr. Joel Ernst from University of California San Francisco, respectively. C7 TCR and P25 TCR mice were crossed with Rag1-/- mice to generate C7 Rag1-/- and P25 Rag1-/- animals. Mice were housed at Biosafety levels 2 and 3 facilities at the NIAID, National Institutes of Health (NIH) and all the experimental protocols were approved by the NIAID Animal Care and Use Committee (ACUC). Mice were infected through aerosol route using a whole-body exposure/inhalation system (Glas Col, Terre Haute, IN) with an average of 100 CFU of M. tuberculosis (Mtb) strain H37Rv (inoculum was assessed for every exposure procedure and only those in which CFU values were between 50 to 150 were used in experiments). Bacterial loads were quantified in lung homogenates through limiting dilution in 7H11 agar medium (Sigma-Aldrich, Saint Louis, MO) enriched with OADC (BD Biosciences, San Jose, CA).



Reagents and Treatment Regimens

Antibiotic treatment was initiated at 14 or 28 days post-infection. All other treatments were initiated at or after 28 days post-infection. Antibiotic administration (rifampicin, isoniazid and pyrazinamide - all from Sigma-Aldrich - at 10, 25 and 150 mg/kg respectively) was performed orally by gavage (5 days/week), as previously published (Costa et al., 2016). IL-12, kindly provided by Dr. Giorgio Trinchieri, National Cancer Institute, NIH). was intraperitoneally injected (350 ng of recombinant murine IL-12p70/mouse/dose). Mice treated with rmIL-12p70 had increased numbers of splenocytes compared to animals that were not treated with the cytokine (not shown), confirming its biological activity (splenomegaly is a common effect associated with IL-12p70 administration) (Car et al., 1995). ESAT-61-20 (MTEQQWNFAGIEAAASAIQG) or Ag85B280-294 (FQDAYNAAGGHNAVF) peptides (100 μg/mouse/dose) were intravenously injected as were C7 or P25 TCR transgenic Th1-polarized CD4+ T cells (5 x 105 cells/mouse/dose). In vitro Th1 polarization was performed as previously described (Sallin et al., 2017).



Lung Processing, Quantification of IL-12p40 and Flow Cytometry

At different time points post-Mtb infection and treatment (days 28, 38, 48, 56, 58, 68, 78 and 88 post-infection, or alternatively, days 0, 10, 20, 28, 30, 40, 50 and 60 post-treatment, individually indicated in figure legends), mice were euthanized and lungs were perfused with sterile PBS, excised and processed. For cytokine quantification, the organs were disrupted in 2 ml tubes containing 2.7 mm glass beads in PBS with cOmplete ULTRA™ protease inhibitor cocktail (Roche, Basel Switzerland) or Trizol reagent (ThermoFisher Scientific, Waltham, MA) for Elisa and real time PCR respectively, using a Precellys Evolution™ tissue homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France). Elisa for IL-12p40 (Becton & Dickinson, San Jose, CA) detection was performed according to manufacturer’s instructions. For real-time PCR, total mRNA was extracted using Qiagen RNeasy mini kits (Qiagen, Hilden, Germany) and 1 μg of RNA was reverse transcribed into cDNA using superscript II reverse transcriptase and random primers (ThermoFisher Scientific). SYBR Green and 7900HT Fast Real-Time PCR (ThermoFisher Scientific) were used in real time PCR reactions. Relative expression of Il12b gene in Mtb-infected mouse lungs was normalized to that of β-actin and further analyzed in relation to those of uninfected naïve mice lungs. Murine primers used: Actb F: 5’ AGC TGC GTT TTA CAC CCT TT 3’; Actb R: 5’ AAG CCA TGC CAA TGT TGT CT 3’; Il12b F: 5’ AGC ACC AGC TTC TTC ATC AGG 3’; Il12b R: 5’ GCG CTG GAT TCG AAC AAA G 3’. For flow cytometry, lung single cell suspensions were prepared as previously described (Costa et al., 2020). For intracellular cytokine detection, prior to staining cells were incubated for 5 hours at 37°C with 10 µg/ml ESAT-6 1-20 or Ag85B 280-294 in the presence of brefeldin A and monensin during the whole 5h culture period, as previously published (Sallin et al., 2018). Antibody clones used were: TCRβ (H57-597), CD4 (GK1.5), CD44 (IM7), Foxp3 (FJK-16s), IFNγ (XMG1.2), TNF (MP6-XT22) and Fixable Viability Dye eFluor 780 (Biolegend, San Jose, CA, BD Biosciences and ThermoFisher Scientific). Fluorochrome-labeled I-Ab ESAT-6 1-20 and I-Ab Ag85B 280-294 tetramers were obtained from the NIAID tetramer facility (Atlanta, GA). Samples were acquired on a LSRII Fortessa cytometer (BD Biosciences) and analyzed using FlowJo software (FlowJo LLC, Ashland, OR).



Statistical Analysis

Differences between groups were statistically assessed by unpaired Student’s t test using Prism software (GraphPad) and considered significant when p ≤ 0.05.




Results and Discussion


Antibiotic Treatment Induces a Rapid Reduction in Pulmonary IL-12p40 Expression and Alters CD4+ T Cell Response to ESAT-6 and Ag85B

T cell responses are critical for the containment of Mtb infection (Cooper, 2009) and may also play an important role in the effects of antibiotic treatment to TB. Patients that have TB-HIV co-infection present higher rates of antibiotic therapy failure and relapse compared to immunocompetent individuals with TB (Nahid et al., 2007; Bisson et al., 2015). In addition, using a murine model of high dose Mtb infection, Zhang et al. found that nude mice, which lack T lymphocytes, fail to clear Mtb infection when treated with antibiotics (Zhang et al., 2011). We have also tested whether T cells play a role in antibiotic treatment in experimental TB, but utilized a low-dose (~100 CFU) aerosol infection with Mtb strain H37Rv in C57BL/6 or TCRα-/- mice. Treatment was initiated at 14 days post-infection (dpi), a time point at which no difference in pulmonary bacterial loads could be detected between C57BL/6 and TCRα-/- mice (Figure 1A). Although we were unable to detect bacteria in the lungs of mice from both groups after 16 weeks of treatment (126 dpi) (Figure 1A), at an earlier phase, 8 weeks (70 dpi) post-treatment initiation, the pulmonary bacterial loads were higher in TCRα-/- mice than C57BL/6 animals (Figure 1A). These results indicate that T cell-deficient mice display a delayed response to treatment and suggest therefore that concomitant induction of T cell responses might enhance the efficacy of antibiotic therapy in its initial phase.




Figure 1 | Antibiotic treatment of Mtb-infected mice results in rapid decrease in pulmonary IL-12p40 production and ESAT-6-specific Th1 response. (A) C57BL/6 (red dots and line) or TCRα-/- (blue dots and line) mice were infected with 100 CFU of M. tuberculosis strain H37Rv and then treated, starting at 14 days post-infection (dpi), with a cocktail containing rifampicin (10 mg/kg), isoniazid (25 mg/kg) and pyrazinamide (150 mg/kg) (RHZ) for the first 56 days, followed by a continuation phase in which mice received only rifampicin (10 mg/kg), isoniazid (25 mg/kg) until 126 dpi. Graph shows pulmonary bacterial loads 70 dpi (56 days post-treatment - dpt) and 126 dpi (112 dpt); (B–G) C57BL/6 mice were infected with 100 CFU of M. tuberculosis strain H37Rv and then treated or not, starting at 28 dpi (day 0 post-treatment), with a cocktail containing rifampicin (10 mg/kg), isoniazid (25 mg/kg) and pyrazinamide (150 mg/kg) (RHZ); (B) Pulmonary bacterial loads in non-treated (NT – white dots) and antibiotic treated (RHZ – gray dots) Mtb-infected mice at 0, 10, 20, 30, 40, 50 and 60 dpt; (C) IL-12p40 mRNA expression (left panel) and protein quantification (right panel) in lung homogenates of non-treated (NT – white dots) or antibiotic treated (RHZ – gray dots) Mtb-infected mice at 0, 10, 20, 30, 40, 50 and 60 dpt; (D) Graphs and (E) representative dot plots depicting frequencies of ESAT-6 and Ag85B - specific CD4+CD44+ T lymphocytes (Singlets/Live/TCRβ+CD4+/Foxp3-/CD44+/tetramer+) in lungs of NT or RHZ treated Mtb-infected mice, 10 and 40 dpt; (F) Graphs and (G) representative dot plots depicting IFNγ and TNF double producing and IL-17-producing pulmonary CD4+CD44+ T lymphocytes (Singlets/Live/TCRβ+CD4+/Foxp3-/CD44+/IFNγ+TNF+or IL-17+) after ex vivo stimulation with ESAT-6 or Ag85B peptides in NT or RHZ treated Mtb-infected mice, at 10 and 40 dpt. Representative data of 2 independent experiments containing 4-5 mice/group are shown. Results are expressed as mean ± standard error of mean (A–D, F) and dot plots from flow cytometry concatenated data (E, G). Statistical analysis: unpaired Student’s t test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.



Previous studies have shown that successful antibiotic treatment of TB patients results in decreased expression of pro-inflammatory cytokines (Cliff et al., 2015) as well as diminished T cell responses (Veenstra et al., 2007; Mattos et al., 2010). In order to evaluate the impact of antibiotic treatment on the production of Th1-associated cytokines in the lungs of Mtb-infected mice, we infected C57BL/6 animals with Mtb and treated them with antibiotics starting 28 dpi (day 0 of treatment). As expected, chemotherapy resulted in progressive reduction of pulmonary bacterial loads, which were significantly lower in treated animals compared to untreated mice at 20, 30, 40, 50 and 60 days post-treatment (Figure 1B). We also observed significantly lower IL-12p40 mRNA and protein levels in lungs of antibiotic-treated mice compared to untreated animals in all time points post-treatment (Figure 1C).

We next evaluated the pulmonary CD4+ T cell responses to two major immunodominant Mtb protein antigens; the first from ESAT-6, which is actively secreted by the bacilli (Pagan and Ramakrishnan, 2014), and the second from Ag85B, involved in the synthesis of the bacterial cell wall (Kremer et al., 2002). First, we used ESAT-6 or Ag85B peptide-MHC class II tetramers conjugated to fluorochromes to quantify antigen-specific activated (CD44+) CD4+ T cells in the lungs of Mtb-infected mice. Antibiotic treatment resulted in a reduction of ESAT-6-specific CD4+ T lymphocytes and an increase in Ag85B-specific cells at both 10 and 40 days post-treatment (Figures 1D, E). We also quantified the frequency of IFN-γ and TNF double-producer or IL-17 producer activated (CD44+) CD4+ T lymphocytes among leukocytes isolated from Mtb-infected mouse lungs after ex vivo stimulation with ESAT-6 or Ag85B peptides. The frequencies of IFN-γ and TNF double-positive CD4+ T cells following ESAT-6 stimulation were lower in samples of antibiotic-treated mice compared to those of untreated animals, at both 10 and 40 days post-treatment time points (Figures 1F, G). In contrast, Ag85B stimulation resulted in higher frequency of IFN-γ and TNF double producer CD4+ T cells in samples of antibiotic treated mice compared to untreated animals at 10 days post-treatment, while no difference was observed at the day 40 (Figures 1F, G). IL-17 expression following ESAT-6 or Ag85B stimulation was similar in untreated and antibiotic-treated animals at both 10 and 40 days post-treatment (Figures 1F, G).

Together these results demonstrated that antibiotic treatment results in a rapidly initiated and progressive reduction in the pulmonary levels of IL-12p40 and in IFN-γ and TNF production by CD4+ T lymphocytes in response to ESAT-6. Interestingly, this reduction in cytokine production was evident as early as 10 days post-treatment initiation, a time point in which there was no significant difference in pulmonary bacterial loads (Figure 1B). A study by Tousif et al. found that antibiotic treatment of Mtb-infected mice results in decreased numbers of activated CD4+ T cells, which was found to be caused by isoniazid-induced apoptosis of activated CD4+ T lymphocytes (Tousif et al., 2014). However, these findings contrast with the increase in Ag85B- (as opposed to ESAT-6) specific CD4+ T cells found in antibiotic-treated Mtb-infected mice (Figures 1D, E). Prior studies have shown that antibiotic (isoniazid) treatment upregulates the expression of proteins of the Ag85 complex in vitro (Garbe et al., 1996). Thus, it is possible that the post-treatment increases in Ag85B-specific CD4+ T cell levels observed in our experiments may be the consequence of an isoniazid-induced increase in the bacterial expression of Ag85 complex proteins in the mice receiving antibiotics. However, this initial enhancement of IFN-γ and TNF production in response to this antigen subsides at later time points, resulting in equally low responsiveness to Ag85B in treated and non-treated mice, which was previously demonstrated, in the case of untreated animals, to occur due to the natural reduction in the expression of this antigen by the bacteria in chronic phases of infection (Moguche et al., 2017; Ernst et al., 2019). In fact, the expression of a number of Mtb genes changes in response to stress conditions such as those triggered by antibiotic treatment (Briffotaux et al., 2019). Therefore, we favor the hypothesis that the early effects of antibiotic therapy on antigen specific CD4+ T cell responses results from alterations in bacterial gene and protein expression in response to antibiotic-induced stress rather than to apoptosis of CD4+ T cells.

In humans, successful treatment was also shown to result in reduction of IFN-γ levels in bronchoalveolar lavage fluid (BAL), although the antigen-specificity of this response was not assessed (Tsao et al., 2002). In peripheral blood mononuclear cells antibiotic therapy induced reduction of IFN-γ secretion by CD4+ T lymphocytes in response to ESAT-6 peptides and Ag85 (Pathan et al., 2001; Feruglio et al., 2015) measured at 4 and 2 weeks post-treatment, respectively. Our results regarding ESAT-6 responses are consistent with these findings, but differ from those involving Ag85.

Regardless, our findings establish that drug therapy results in a parallel decline in both IL-12 and ESAT-6-specific T cells producing Th1 cytokines, while Ag85B-specific Th1 responses initially increase in response to treatment, but will also decrease at later time points. Since both IL-12 and Th1 responses have been shown to be important for host control of infection and undergo dramatic changes in the initial phase of antibiotic treatment, we next asked whether boosting and sustaining them during the first month of therapy would improve treatment outcome.



Strategies Aimed at Boosting Th1 Responses to Ag85B and ESAT-6 Antigens Fail to Accelerate Bacterial Clearance During the First Month of Antibiotic Treatment

IL-12 is composed of two subunits, IL-12p40 and IL-12p35, and its production is critical for host resistance to Mtb infection due to its crucial role in promoting the development of protective Th1 immunity (Feng et al., 2005). Genetic deletion of IL-12p40 subunit in mice results in impaired generation of Th1 adaptative immune responses, culminating in increased susceptibility to infection with Mtb (Cooper et al., 2002), and humans who carry mutations in IL12B (the IL-12p40 subunit) are highly susceptible to mycobacterial infections (Filipe-Santos et al., 2006). Elías-López et al. found that oral administration of extracts of transgenic tomatoes expressing recombinant murine IL-12 resulted in increased levels of the cytokine in the circulation and bronchoalveolar space of Mtb-infected mice, consequently improving the control of bacterial replication by the animals (Elias-Lopez et al., 2008). Similarly, Mata-Espinosa et al. demonstrated that intranasal administration of a genetically engineered adenoviral vector expressing mouse IL-12 during Mtb infection resulted in a significant reduction in pulmonary bacterial loads (Mata-Espinosa et al., 2019). However, the effects of IL-12 supplementation during antibiotic treatment of Mtb-infected mice to the best of our knowledge have never been investigated. Considering the importance of this cytokine for resistance to infection and the rapid and persistent reduction in IL-12p40 expression in pulmonary tissues of antibiotic-treated Mtb-infected mice, we wondered whether in vivo supplementation with IL-12 could accelerate the clearance of Mtb in pulmonary tissue by antibiotic therapy. Initially we tested a 4-week treatment strategy (from 28 to 56 dpi) in which Mtb-infected mice treated or not with antibiotics were injected with IL-12 intraperitoneally three times per week (Figure 2A). No decrease in bacterial loads was observed in mice treated with IL-12 alone compared to untreated animals and the concomitant administration of IL-12 and antibiotics did not induce further reductions in bacterial loads compared with that resulting from antibiotic treatment alone, although both antibiotic treated groups (RHZ and RHZ + IL-12) displayed lower bacillary burdens than untreated mice or IL-12 treated animals (Figure 2B). Unexpectedly, there was a lower frequency of IFN-γ and TNF double producing pulmonary CD4+ T cells after ex vivo stimulation with ESAT-6 and Ag85B peptides in lung cells from IL-12 injected mice compared to untreated animals (Figures 2C, D). As predicted, cells from antibiotic-treated mice displayed a decreased frequency of IFN-γ+ TNF+ CD4+ T cells in response to ESAT-6 stimulation compared to those of untreated animals, and these responses were not enhanced in IL- 12-treated mice. However, the percentages of IFN-γ and TNF double producing CD4+ T cells in response to ESAT-6 stimulation were further reduced in lungs of mice treated with antibiotics + IL-12 and were lower than the values obtained from samples from of all of the other groups (Figures 2C, D). Furthermore, the frequency of IFN-γ+ TNF+ CD4+ T lymphocytes after ex vivo Ag85B stimulation was higher in cells from antibiotic-treated mice compared to those of untreated and IL-12-treated animals. In addition, treatment with antibiotics + IL-12 resulted in a lower frequency of IFN-γ+ TNF+ CD4+ T cells in response to Ag85B peptide stimulation compared to samples from untreated and antibiotic-treated mice, but similar to those of mice treated with IL-12 only (Figures 2C, D). Transient lymphopenia is observed following IL-12 administration (Robertson et al., 1999) and we wondered if this effect might have impaired the recruitment of Th1 CD4+ T cells to mouse lungs following uninterrupted cytokine injections. Therefore, we repeated the experiment this time administering IL-12 only during the third week of treatment (42, 44 and 46 dpi) and allowing one week before euthanizing the mice (Figure 2E). Again, the pulmonary bacterial loads of untreated and IL-12 treated mice were similar, while animals treated with antibiotics or antibiotics + IL-12 displayed lower numbers of bacilli compared to untreated and IL-12 treated mice, and as in the prior experiment there was no difference in bacterial loads between antibiotics or antibiotics + IL-12 -treated mice (Figure 2F). Once again, the frequency of pulmonary IFN-γ and TNF-producing CD4+ T cells after ex vivo stimulation with ESAT-6 peptide was lower in the IL-12, antibiotics or antibiotics + IL-12 -treated animals compared with untreated mice, but was indistinguishable among the three first groups (Figures 2G, H). When pulmonary leukocytes were ex vivo stimulated with Ag85B peptide, the frequency of IFN-γ+ TNF+ CD4+ T cells was similar in all groups (Figures 2G, H).




Figure 2 | Strategies focused on enhancement of Th1 responses fail to improve bacterial clearance in Mtb-infected mice during the first four weeks of antibiotic treatment. In all experiments, C57BL/6 or B6.SLJ mice were treated or not, starting at 28 days post-infection (dpi) with a cocktail containing rifampicin (10 mg/kg), isoniazid (25 mg/kg) and pyrazinamide (150 mg/kg) (RHZ) for 28 days (until 56 dpi). (A) Treatment strategy for (B–D), in which Mtb-infected mice were treated or not with RHZ in combination or not with recombinant murine IL-12p70 (350 ng/mouse/dose, 3× per week - between 28 and 56 dpi - intraperitoneally); (B) Pulmonary bacterial loads in Mtb-infected mice treated as in described in (A), at 56 dpi (28 days post-treatment - dpt); (C) Graphs and (D) representative dot plots of IFNγ and TNF-producing pulmonary CD4+CD44+ T lymphocytes (Singlets/Live/TCRβ+CD4+/Foxp3-/CD44+/IFNγ+TNF+) after ex vivo stimulation with ESAT-6 or Ag85B peptide, which were obtained from Mtb-infected mice treated as in described in (A) at 56 dpi (28 dpt); (E) Treatment strategy for (F-H), in which Mtb-infected mice were treated or not with RHZ in combination or not with recombinant murine IL-12p70 (350 ng/mouse/dose at 42, 44 and 46 dpi intraperitoneally); (F) Pulmonary bacterial loads in Mtb-infected mice treated as in described in (E), at 56 dpi (28 dpt); (G) Graphs and (H) representative dot plots of IFNγ and TNF-producing pulmonary CD4+CD44+ T lymphocytes (Singlets/Live/TCRβ+CD4+/Foxp3-/CD44+/IFNγ+TNF+) after ex vivo stimulation with ESAT-6 or Ag85B peptide, which were obtained from Mtb-infected mice treated as in described in (E), at 56 dpi (28 dpt); (I) Treatment strategy for (J–O), in which Mtb-infected mice were treated or not with RHZ in combination or not with ESAT-6 1-20 peptide (J–L) (100 μg/mouse/dose at 35, 42 and 49 dpi, intravenously) or Ag85B 280-294 peptide (M–O) (100 μg/mouse/dose 35, 42 and 49 dpi, intravenously); (J) Pulmonary bacterial loads in Mtb-infected mice treated or not with RHZ in combination or not with ESAT-6 as in described in (I), at 56 dpi (28 dpt); (K) Graphs and (L) representative dot plots of IFNγ and TNF-producing pulmonary CD4+CD44+ T lymphocytes (Singlets/Live/TCRβ+CD4+/Foxp3-/CD44+/IFNγ+TNF+) after ex vivo stimulation with ESAT-6 peptide, which were obtained from Mtb-infected mice treated or not with RHZ in combination or not with ESAT-6 as in described in (I), at 56 dpi (28 dpt); (M) Pulmonary bacterial loads in Mtb-infected mice treated or not with RHZ in combination or not with Ag85B as in described in (I), at 56 dpi (28 dpt); (N) Graphs and (O) representative dot plots of IFNγ and TNF-producing pulmonary CD4+CD44+ T lymphocytes (Singlets/Live/TCRβ+CD4+/Foxp3-/CD44+/IFNγ+TNF+) after ex vivo stimulation with Ag85B peptide, which were obtained from Mtb-infected mice treated or not with RHZ in combination or not with Ag85B as in described in (I), at 56 dpi (28 dpt); (P) Treatment strategy for (Q-V), in which Mtb-infected mice were treated or not with RHZ in combination or not with adoptive transfer of Th1-polarized C7 TCR transgenic CD4+ T cells (Q–S) (5 x 105 cells/dose/mouse at 38, 45 and 52 dpi, intravenously) or Th1-polarized P25 TCR transgenic CD4+ T cells (T–V) (5 x 105 cells/dose/mouse at 38, 45 and 52 dpi, intravenously); (Q) Pulmonary bacterial loads in Mtb-infected mice treated or not with RHZ in combination or not with C7 cell transfer as in described in (P), at 56 dpi (28 dpt); (R) Graph and (S) representative dot plots of C7 TCR transferred cells (gated among Singlets/Live/TCRβ+CD4+FoxP3-CD44+ cells) isolated from lungs of Mtb-infected mice treated or not with RHZ in combination or not with C7 cell transfer as described in (P), at 56 dpi (28 dpt); (T) Pulmonary bacterial loads in Mtb-infected mice treated or not with RHZ in combination or not with P25 cell transfer as in described in (P), at 56 dpi (28 dpt); (U) Graph and (V) representative dot plots of P25 TCR transferred cells (gated among Singlets/Live/TCRβ+CD4+FoxP3-CD44+ cells) isolated from lungs of Mtb-infected mice treated or not with RHZ in combination or not with P25 cell transfer as in described in (P), at 56 dpi (28 dpt). Representative data from a single experiment (B–D, F–H, T–V) or 2 independent experiments (J–O, Q–S), all containing 4 mice/group are shown. Results are expressed as mean ± standard error of mean (B, C, F, G, J, K, M, N, Q, R, T, U) and dot plots from flow cytometry concatenated data (D, H, L, O, S, V). Statistical analysis: unpaired Student’s t test. (B, C, F, G, J, K, M, N, Q, T) *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001 compared to NT; xp ≤ 0.05, xxp≤ 0.01, xxxp≤ 0.001 and xxxxp≤ 0.0001 compared to IL-12 or ESAT-6 or C7, or Ag85B or P25; #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001; ####p ≤ 0.0001 and n.s., non-significant, where indicated. (R, U): *p ≤ 0.05 and ***p ≤ 0.001.



The above findings indicated that while the levels of IL-12 decrease as a result of antibiotic treatment, co-administration of the cytokine does not sustain or increase the magnitude of pulmonary Th1 responses to the major immunodominant Mtb antigens ESAT-6 and Ag85B in immunocompetent Mtb-infected mice treated with antibiotics and may, on the contrary, induce their contraction. These results do not exclude the possibility that IL-12 infusion may have enhanced Th1 responsiveness to other Mtb antigens apart from ESAT-6 and Ag85. Nonetheless, the data demonstrate that IL-12 supplementation does not improve the control of Mtb infection by immunocompetent hosts nor accelerate the clearance of pathogens in the initial month of therapy when performed in conjunction with antibiotic treatment.

There are important side effects resulting from IL-12 supplementation that limit the use of direct cytokine administration, such as anemia, liver toxicity, splenomegaly, bone marrow hyperplasia, and lymphopenia (Gately et al., 1994; Sarmiento et al., 1994). The latter side effect may help explain the reduced levels of ESAT-6 and Ag85B-specific IFN-γ and TNF production by CD4+ T cells that we observed in animals treated with recombinant IL-12 for 3 weeks (Figures 2C, D). Additionally, ESAT-6 specific CD4+ T cells develop a terminally differentiated effector phenotype, while those specific to Ag85B acquire characteristics that resemble those of memory cells (Moguche et al., 2017). The one-week IL-12 infusion strategy used by us resulted in a drastic reduction of ESAT-6 responsive cells, while Ag85B responsiveness was unaltered (Figures 2G, H). Therefore, it is possible that terminally differentiated CD4+ T cells may be more susceptible to the detrimental effects of IL-12.

The production of IFN-γ and TNF are major players in Th1 immune response-mediated protection against Mtb infection (O’Garra et al., 2013). Since we observed that antibiotic therapy induced a rapid and persistent reduction in the production of IFN-γ and TNF by CD4+ T cells in response to ESAT-6 (Figures 1F, G), we decided to test whether sustaining or even enhancing ESAT-6 specific Th1 cell responsiveness in the lungs of antibiotic-treated animals might consequently result in more efficient bacterial clearance. Intravenous infusion of peptides was previously shown to result in stimulation of pulmonary peptide-specific CD4+ T cells in vivo in Mtb-infected mice (Moguche et al., 2017), and, therefore, we used the same approach to target ESAT-6-specific lung CD4+ T cells, administering or not ESAT-61-20 peptide to untread or antibiotic-treated mice on days 7, 14 and 21 post-treatment (35, 42 and 49 dpi) (Figure 2I). We observed that pulmonary bacterial loads of ESAT-6-treated animals were similar to those of untreated mice. Animals treated with antibiotics or antibiotics + ESAT-6 also presented similar pulmonary bacterial loads, although lower than those from untreated or mice treated with ESAT-6 alone (Figure 2J). Interestingly, when we performed ex vivo stimulation of pulmonary leucocytes with ESAT-6 peptide, the frequency of IFN-γ+ TNF+ CD4+ T cells was lower in ESAT-6-treated mice compared to untreated animals but similar to antibiotic-treated mice. Therapy with antibiotics + ESAT-6 resulted in a further reduction in the frequency of IFN-γ+ TNF+ CD4+ T lymphocytes, which was lower in magnitude in mice that received this regimen compared to those of all of the other groups (Figures 2K, L). The above findings indicated that under the conditions employed by us, ESAT-6 supplementation fails to sustain or enhance Th1 responsiveness to this antigen and on the contrary, induces a contraction of this response in both groups of Mtb-infected mice whether treated or not with antibiotics. Additionally, ESAT-6 peptide co-administration did not improve the efficacy of antibiotic therapy.

The reduction in the frequency of ESAT-6-specific CD4+ T lymphocytes following peptide administration was surprising, considering that this approach was intended to sustain or enhance the pulmonary Th1 responses to this antigen. However, as mentioned previously, during the course of murine Mtb infection, the chronic activation of ESAT-6-specific CD4+ T lymphocytes induces terminal differentiation of these cells, which exhibit phenotypic and functional signals of exhaustion (Moguche et al., 2017). Terminally differentiated exhausted T cells are more susceptible to undergo apoptosis upon subsequent antigen stimulation (Saeidi et al., 2018), and in this case, it is possible that additional stimulation provided by ESAT-6 peptide infusion may have induced apoptosis in these cells, therefore reducing their numbers in the lungs.

In order to formally test if an increase in the levels of ESAT-6 specific Th1 cells could enhance the control of bacterial replication by the host and accelerate its clearance by antibiotic therapy, we performed sequential adoptive transfers of a Th1 polarized ESAT-6-specific CD4+ T cell clone (C7 cells) to Mtb-infected mice in the presence or absence of antibiotic treatment over a period of 4 weeks (Figure 2P). Transferred cells were detected in the lungs of recipient mice at the experiment’s endpoint and represented a higher proportion of the total pool of pulmonary activated CD4+ T cells in antibiotic-treated animals than in untreated mice (Figures 2R, S). Animals treated with C7 cells had similar bacterial loads compared to untreated mice. Animals treated with antibiotics or antibiotics + C7 also had similar pulmonary bacterial loads, although both groups presented reduced numbers of bacilli compared to untreated mice or mice receiving C7 cells alone (Figure 2Q). We hypothesized above that the reduction of ESAT-6-specific CD4+ T lymphocytes in antibiotic treated mice may be a reflection of decreased expression of ESAT-6 by bacteria in response to antibiotic-induced stress. Such scenario would explain the failure of C7 Th1 cell infusion strategy in reducing bacterial loads in antibiotic treated Mtb-infected mice, because in that event, the increase in the frequency of ESAT-6 specific Th1 cells would be useless, since there would be reduced levels of MHC-II associated ESAT-6 peptides on the surface of infected cells, thereby limiting the response of these lymphocytes.

We had previously observed (Figure 1) that contrary to what was found regarding ESAT-6-specific Th1 responses, antibiotic treatment induces an increase in the frequency of Ag85B-specific CD4+ T lymphocytes along with higher IFN-γ and TNF production by these cells. We therefore performed parallel experiments using Ag85B peptide treatment (Figure 2I) as well as sequential adoptive transfers of a Th1 polarized Ag85B-specific CD4+ T cell clone (P25 cells) (Figure 2P) to test if further enhancement of this response, in contrast to the ESAT-6 response, could help restrict bacterial growth or accelerate its clearance by antibiotics. Similar to our results with ESAT 6, we again found that bacterial loads recovered from lungs of Ag85B-treated and untreated mice were similar. Mice treated with antibiotics or antibiotics + Ag85B presented lower numbers of bacilli in lungs compared to untreated or Ag85B-treated mice, however, no significant difference was found between the bacterial loads of antibiotics and antibiotics + Ag85B-treated mice (Figure 2M). In contrast to the results obtained with ESAT-6 treatment, mice receiving Ag85B alone displayed a major increase in the frequency of IFN-γ and TNF double producer pulmonary CD4+ T cells in response to Ag85B peptide stimulation compared to untreated mice. However, no difference was observed between untreated, antibiotics and antibiotics + Ag85B-treated mice groups which all presented lower frequencies compared to animals treated with Ag85B-treated alone (Figures 2N, O). Importantly, the increase in IFN-γ+ TNF+ CD4+ T cells in Ag85B-treated mice was not accompanied by changes in pulmonary bacterial loads (Figure 2M).

The enhancement in IFN-γ and TNF production by antigen-specific CD4+ T lymphocytes following Ag85B peptide administration was previously observed and this strategy was also found to promote improved control of bacterial replication in Mtb infected mice (Bold et al., 2011; Moguche et al., 2017). This was not observed in our experiments. However, in the studies cited above, the authors did not perform Ag85B peptide administration in conjunction with antibiotics. In contrast, two additional studies demonstrated that the administration of an Ag85A DNA vaccine in combination with antibiotic therapy was effective in preventing the reactivation of Mtb infection after cessation of treatment, which correlated with heightened IFN-γ production in response to the antigen in mice that received DNA vaccination in conjunction with antibiotic therapy (Ha et al., 2003; Ha et al., 2005). Therefore, although our results did not indicate a beneficial effect of Ag85B administration in accelerating bacterial clearance in the first month of therapy, the studies above suggest that this effect may be achieved at later time points, perhaps because the CD4+ T cell-specific responses to Ag85 proteins, in contrast to those to ESAT-6, can be boosted during the chronic phases of Mtb infection (Moguche et al., 2017).

In the single experiment in which we performed adoptive transfer of Th1-polarized P25 cells (Figure 2P), we also detected a higher frequency of transferred cells in the total pool of pulmonary activated (CD44+) CD4+ T cells in RHZ-treated animals compared to untreated mice (Figures 2U, V). However, as observed for C7 cell transfer, P25 cell transfer did not result in changes in pulmonary bacterial burden. Also, mice treated with RHZ or RHZ + P25 cells had lower bacterial loads compared to untreated animals and Ag85B-treated mice, while no difference was found between the RHZ and RHZ + P25-treated groups (Figure 2T).

Thus, these attempts at accelerating pathogen clearance during the initial month of antibiotic therapy using approaches designed to enhance the magnitude of Th1 responses, and in particular those specific to ESAT-6 and Ag85B were uniformly unsuccessful. However, our results do not exclude the possibility that such approaches might have an impact at later time points after treatment initiation, especially if continued for longer periods, aspects that were not assessed in the experiments presented here. Also, there is a possibility that they may have a beneficial effect if combined with a suboptimal antibiotic regimen, such as the administration of a single or a combination of only two antibiotics, as observed in many studies on host-directed therapies to TB. Nonetheless, the use of suboptimal antibiotic dosage would be an unlikely scenario in the treatment of TB patients. Although largely negative, our findings argue that the reduction in Th1 response seen following antibiotic treatment is not a critical factor limiting the therapeutic efficacy of the drug regimen.



Further Considerations on Host-Directed Therapies Focused on Enhancing CD4+ T Cell Reactivity to M. tuberculosis Antigens

The results presented here suggest that pulmonary IL-12 production and Th1 immunity against ESAT-6 and Ag85B may not be appropriate targets for host-directed therapeutic intervention against pulmonary TB. However, there are other studies in which similar strategies were used that resulted in increased resistance to Mtb and that when used adjunctively improved antibiotic therapeutic outcomes. These are discussed below.

IL-12 has been previously tested as an adjuvant for antibiotic therapy in a patient with disseminated TB who did not respond to conventional antibiotic therapy, although no drug-resistant bacteria were detected during the whole duration of treatment. The adjunctive therapy with IL-12 was associated with improvement in the patient’s clinical manifestations and better containment of the previously uncontrolled bacterial dissemination, however, the patient still relapsed and required 5 extra months of therapy (Greinert et al., 2001). Therefore, although we found no improvement in the control of pulmonary bacterial loads upon IL-12 administration, the results of the above-mentioned study suggest that the cytokine may improve the effects of antibiotic treatment in controlling Mtb replication in extrapulmonary sites. In addition, our results do not exclude the possibility that strategies able to sustain or enhance pulmonary IL-12 levels in a controlled manner may be beneficial when performed in conjunction with antibiotic therapy. As mentioned previously, two studies by Elías-López et al. and Mata-Espinosa et al., in which IL-12 was supplemented orally in food or via the airways using an adenoviral vector expressing the cytokine promoted beneficial outcomes during Mtb infection (Elias-Lopez et al., 2008; Mata-Espinosa et al., 2019), although the authors did not test these approaches in conjunction with antibiotic therapy. The strategies utilized for IL-12 supplementation in these studies may have prevented the detrimental side effects associated with the accumulation of exacerbated systemic levels of the cytokine, therefore explaining its beneficial outcome during experimental TB. Also, distinct from the experimental model used by us, in both studies performed, IL-12 was provided at different time points post Mtb-infection and employed high dose challenge of BALB/c mice, an inbred strain which usually produces lower levels than C57BL/6 animals of IFN-γ (Arko-Mensah et al., 2009), a cytokine that plays a critical role in the detrimental effects of IL-12 supplementation (Car et al., 1995; Ryffel, 1997).

A critical aspect to be considered when developing strategies for enhancing the magnitude of the CD4+ T cell responses against Mtb during antibiotic treatment is the choice of the right antigens/epitopes. We and other authors have used widely characterized Mtb antigens that are known to be highly immunogenic, such as those from Ag85 proteins and ESAT-6 (Brodin et al., 2004; Kroesen et al., 2019). These antigens are expressed by actively replicating bacilli, which are the first to be eliminated by antibiotic treatment. However, after the first rounds of therapy, slowly and non-replicating/latent bacilli persist, which have an extremely low metabolic activity and express a different set of antigens compared to actively dividing bacteria. The expression of many of these antigens is induced in response to the stress caused by immune response and chemotherapy and the non-replicating bacilli are known to be less vulnerable to the action of antibiotics (Baer et al., 2015). In fact, the persistence of non-replicating bacteria is intimately associated with the need for the extremely lengthy therapeutic regimen that is used in the standard treatment of Mtb infection (Connolly et al., 2007).

A better strategy to be employed during antibiotic therapy, might be to amplify CD4+ T cell responses against antigens selectively expressed by these non-replicating bacteria. A recent study found that isoniazid treatment induces the expression of a stress-responsive enzyme by Mtb, which results in increased levels of CD4+ T cells specific for this protein in antibiotic treated mice. The authors also found that therapeutic vaccination with a DNA vaccine for this enzyme results in improved bacterial clearance in mice treated with isoniazid (Chuang et al., 2020). RUTI is a vaccine candidate composed of fragments of Mtb bacilli that were grown in culture conditions that mimic immune response-driven stress, which result in heightened expression of antigens that are present in non-replicating bacilli (Cardona, 2006). The administration of RUTI vaccine during or after short term antibiotic treatment in experimental Mtb infection resulted in better control of bacterial reactivation (Cardona et al., 2005; Guirado et al., 2008). ID93 is another candidate vaccine for TB, which is composed of three Mtb virulence-associated antigens and one Mtb latency-associated antigen. This vaccine is formulated with the GLA-SE synthetic adjuvant, a TLR4 agonist, and has been considered safe and immunogenic in phase 1 and 2a clinical trial studies in humans (Penn-Nicholson et al., 2018; Day et al., 2020). When administered to Mtb-infected mice in conjunction with antibiotics, ID93 + GLA-SE was able to improve bacterial clearance and reduce relapse compared to antibiotic treatment alone (Coler et al., 2013). Importantly, in all of the above-mentioned studies, the beneficial outcomes were associated with enhanced CD4+ T cell responses towards the bacterial antigens.

A final aspect that needs to be considered in the development of all of the strategies mentioned previously, is the route of administration. Several candidates for immunization protocols, either for preventive or therapeutic purposes, were shown to induce strong Th1 systemic responses against several Mtb antigens when administered by the intramuscular route (Scriba et al., 2020). However, it is important that these cells be able to migrate to the lesion sites in the pulmonary parenchyma and activate infected phagocytes to eliminate the internalized bacteria (Sakai et al., 2014). In this regard, it has been demonstrated that the delivery of the immunizing agent by either mucosal (Wang et al., 2004), and as recently shown, by intravenous route (Darrah et al., 2020), can induce enhanced migration of memory and effector cells to the pulmonary tissue compared to the conventional intramuscular route, resulting in improved protection against infection. For this reason, further studies evaluating different routes of therapeutic vaccination in the context of antibiotic treatment are needed.

In summary, the enhancement of CD4+ T cell function as a strategy of host-directed therapy during antibiotic treatment in tuberculosis has a great potential in the development of more rapid and effective TB therapies. However, there are still important aspects that require further research before the best strategies can be defined. In particular a better understanding of the host-pathogen interaction during antibiotic treatment is needed. This involves a better characterization of the changes in the dynamics of the CD4+ T cell responses to Mtb antigens and alterations in bacterial and infected host cell gene expression and metabolism that take place during antibiotic treatment to TB, in either fast, slow or poor responding hosts.




Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The animal study was reviewed and approved by NIAID Animal Care and Use Committee (ACUC).



Author Contributions

Conceptualization: DC and AS. Experimental design: DC, EA, BA, and AS. Investigation: DC, EA, SN, LM, and BA. Data analysis and interpretation: DC, EA, SN, BA, and AS. Resources: AS. Writing: original draft - DC. Review and editing: DC, EA, SN, BA, and AS. Supervision: AS. Funding acquisition: AS. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by the Intramural Research Program of the NIAID. DC is currently funded by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), grant #2019/08445-8. SN, EA, and AS are funded by the Intramural Research Program of the NIAID, NIH. BA is funded by the Intramural Research Program of the Fundação Oswaldo Cruz, Brazil, and is a senior fellow of the Conselho Nacional de Desenvolvimento Científico e Tecnológico, Brazil.



Acknowledgments

The authors thank Drs. Daniel Barber, Katrin Mayer-Barber and Dragana Jankovic for helpful discussions.



References

 Arko-Mensah, J., Rahman, M. J., Degano, I. R., Chuquimia, O. D., Fotio, A. L., Garcia, I., et al. (2009). Resistance to Mycobacterial Infection: A Pattern of Early Immune Responses Leads to a Better Control of Pulmonary Infection in C57BL/6 Compared With BALB/C Mice. Vaccine 27 (52), 7418–7427. doi: 10.1016/j.vaccine.2009.06.110

 Aronson, N. E., Santosham, M., Comstock, G. W., Howard, R. S., Moulton, L. H., Rhoades, E. R., et al. (2004). Long-Term Efficacy of BCG Vaccine in American Indians and Alaska Natives: A 60-Year Follow-Up Study. JAMA 291 (17), 2086–2091. doi: 10.1001/jama.291.17.2086

 Baer, C. E., Rubin, E. J., and Sassetti, C. M. (2015). New Insights Into Tb Physiology Suggest Untapped Therapeutic Opportunities. Immunol. Rev. 264 (1), 327–343. doi: 10.1111/imr.12267

 Bisson, G. P., Zetola, N., and Collman, R. G. (2015). Persistent High Mortality in Advanced HIV/TB Despite Appropriate Antiretroviral and Antitubercular Therapy: An Emerging Challenge. Curr. HIV/AIDS Rep. 12 (1), 107–116. doi: 10.1007/s11904-015-0256-x

 Bold, T. D., Banaei, N., Wolf, A. J., and Ernst, J. D. (2011). Suboptimal Activation of Antigen-Specific CD4+ Effector Cells Enables Persistence of M. Tuberculosis In Vivo. PloS Pathog. 7 (5), e1002063. doi: 10.1371/journal.ppat.1002063

 Briffotaux, J., Liu, S., and Gicquel, B. (2019). Genome-Wide Transcriptional Responses of Mycobacterium to Antibiotics. Front. Microbiol. 10, 249. doi: 10.3389/fmicb.2019.00249

 Brodin, P., Rosenkrands, I., Andersen, P., Cole, S. T., and Brosch, R. (2004). ESAT-6 Proteins: Protective Antigens and Virulence Factors? Trends Microbiol. 12 (11), 500–508. doi: 10.1016/j.tim.2004.09.007

 Calmette, A. (1931). Preventive Vaccination Against Tuberculosis With Bcg. Proc. R. Soc Med. 24 (11), 1481–1490. doi: 10.1177/003591573102401109

 Cardona, P. J. (2006). RUTI: A New Chance to Shorten the Treatment of Latent Tuberculosis Infection. Tuberc. (Edinb) 86 (3-4), 273–289. doi: 10.1016/j.tube.2006.01.024

 Cardona, P. J., Amat, I., Gordillo, S., Arcos, V., Guirado, E., Diaz, J., et al. (2005). Immunotherapy With Fragmented Mycobacterium Tuberculosis Cells Increases the Effectiveness of Chemotherapy Against a Chronical Infection in a Murine Model of Tuberculosis. Vaccine 23 (11), 1393–1398. doi: 10.1016/j.vaccine.2004.09.008

 Car, B. D., Eng, V. M., Schnyder, B., LeHir, M., Shakhov, A. N., Woerly, G., et al. (1995). Role of Interferon-Gamma in Interleukin 12-Induced Pathology in Mice. Am. J. Pathol. 147 (6), 1693–1707.

 Chuang, Y. M., Dutta, N. K., Gordy, J. T., Campodonico, V. L., Pinn, M. L., Markham, R. B., et al. (2020). Antibiotic Treatment Shapes the Antigenic Environment During Chronic TB Infection, Offering Novel Targets for Therapeutic Vaccination. Front. Immunol. 11, 680. doi: 10.3389/fimmu.2020.00680

 Cliff, J. M., Kaufmann, S. H., McShane, H., van Helden, P., and O’Garra, A. (2015). The Human Immune Response to Tuberculosis and its Treatment: A View From the Blood. Immunol. Rev. 264 (1), 88–102. doi: 10.1111/imr.12269

 Coler, R. N., Bertholet, S., Pine, S. O., Orr, M. T., Reese, V., Windish, H. P., et al. (2013). Therapeutic Immunization Against Mycobacterium Tuberculosis is an Effective Adjunct to Antibiotic Treatment. J. Infect. Dis. 207 (8), 1242–1252. doi: 10.1093/infdis/jis425

 Condos, R., Rom, W. N., and Schluger, N. W. (1997). Treatment of Multidrug-Resistant Pulmonary Tuberculosis With Interferon-Gamma Via Aerosol. Lancet 349 (9064), 1513–1515. doi: 10.1016/S0140-6736(96)12273-X

 Connolly, L. E., Edelstein, P. H., and Ramakrishnan, L. (2007). Why is Long-Term Therapy Required to Cure Tuberculosis? PloS Med. 4 (3), e120. doi: 10.1371/journal.pmed.0040120

 Cooper, A. M. (2009). Cell-Mediated Immune Responses in Tuberculosis. Annu. Rev. Immunol. 27, 393–422. doi: 10.1146/annurev.immunol.021908.132703

 Cooper, A. M., Kipnis, A., Turner, J., Magram, J., Ferrante, J., and Orme, I. M. (2002). Mice Lacking Bioactive IL-12 can Generate Protective, Antigen-Specific Cellular Responses to Mycobacterial Infection Only If the IL-12 P40 Subunit is Present. J. Immunol. 168 (3), 1322–1327. doi: 10.4049/jimmunol.168.3.1322

 Costa, D. L., Amaral, E. P., Namasivayam, S., Mittereder, L. R., Fisher, L., Bonfim, C. C., et al. (2021). Heme Oxygenase-1 Inhibition Promotes Ifngamma- and NOS2-Mediated Control of Mycobacterium Tuberculosis Infection. Mucosal. Immunol. 14 (1), 253–266. doi: 10.1038/s41385-020-00342-x

 Costa, D. L., Namasivayam, S., Amaral, E. P., Arora, K., Chao, A., Mittereder, L. R., et al. (2016). Pharmacological Inhibition of Host Heme Oxygenase-1 Suppresses Mycobacterium Tuberculosis Infection In Vivo by a Mechanism Dependent on T Lymphocytes. mBio 7 (5), e01675–16. doi: 10.1128/mBio.01675-16

 Darrah, P. A., Zeppa, J. J., Maiello, P., Hackney, J. A., Wadsworth, M. H. 2nd, Hughes, T. K., et al. (2020). Prevention of Tuberculosis in Macaques After Intravenous BCG Immunization. Nature 577 (7788), 95–102. doi: 10.1038/s41586-019-1817-8

 Day, T. A., Penn-Nicholson, A., Luabeya, A. K. K., Fiore-Gartland, A., Du Plessis, N., Loxton, A. G., et al. (2021). Safety and Immunogenicity of the Adjunct Therapeutic Vaccine ID93 + GLA-SE in Adults Who Have Completed Treatment for Tuberculosis: A Randomised, Double-Blind, Placebo-Controlled, Phase 2a Trial. Lancet Respir. Med. 9 (4), 373–386. doi: 10.1016/S2213-2600(20)30319-2

 Elias-Lopez, A. L., Marquina, B., Gutierrez-Ortega, A., Aguilar, D., Gomez-Lim, M., and Hernandez-Pando, R. (2008). Transgenic Tomato Expressing Interleukin-12 has a Therapeutic Effect in a Murine Model of Progressive Pulmonary Tuberculosis. Clin. Exp. Immunol. 154 (1), 123–133. doi: 10.1111/j.1365-2249.2008.03723.x

 Ernst, J. D., Cornelius, A., and Bolz, M. (2019). Dynamics of Mycobacterium Tuberculosis Ag85B Revealed by a Sensitive Enzyme-Linked Immunosorbent Assay. mBio 10 (2), e00611–19. doi: 10.1128/mBio.00611-19

 Feng, C. G., Jankovic, D., Kullberg, M., Cheever, A., Scanga, C. A., Hieny, S., et al. (2005). Maintenance of Pulmonary Th1 Effector Function in Chronic Tuberculosis Requires Persistent IL-12 Production. J. Immunol. 174 (7), 4185–4192. doi: 10.4049/jimmunol.174.7.4185

 Feruglio, S. L., Tonby, K., Kvale, D., and Dyrhol-Riise, A. M. (2015). Early Dynamics of T Helper Cell Cytokines and T Regulatory Cells in Response to Treatment of Active Mycobacterium Tuberculosis Infection. Clin. Exp. Immunol. 179 (3), 454–465. doi: 10.1111/cei.12468

 Filipe-Santos, O., Bustamante, J., Chapgier, A., Vogt, G., de Beaucoudrey, L., Feinberg, J., et al. (2006). Inborn Errors of IL-12/23- and IFN-Gamma-Mediated Immunity: Molecular, Cellular, and Clinical Features. Semin. Immunol. 18 (6), 347–361. doi: 10.1016/j.smim.2006.07.010

 Garbe, T. R., Hibler, N. S., and Deretic, V. (1996). Isoniazid Induces Expression of the Antigen 85 Complex in Mycobacterium Tuberculosis. Antimicrob. Agents Chemother. 40 (7), 1754–1756. doi: 10.1128/AAC.40.7.1754

 Gately, M. K., Gubler, U., Brunda, M. J., Nadeau, R. R., Anderson, T. D., Lipman, J. M., et al. (1994). Interleukin-12: A Cytokine With Therapeutic Potential in Oncology and Infectious Diseases. Ther. Immunol. 1 (3), 187–196.

 Grahmann, P. R., and Braun, R. K. (2008). A New Protocol for Multiple Inhalation of IFN-Gamma Successfully Treats MDR-TB: A Case Study. Int. J. Tuberc. Lung Dis. 12 (6), 636–644.

 Greinert, U., Ernst, M., Schlaak, M., and Entzian, P. (2001). Interleukin-12 as Successful Adjuvant in Tuberculosis Treatment. Eur. Respir. J. 17 (5), 1049–1051. doi: 10.1183/09031936.01.17510490

 Guirado, E., Gil, O., Caceres, N., Singh, M., Vilaplana, C., and Cardona, P. J. (2008). Induction of a Specific Strong Polyantigenic Cellular Immune Response After Short-Term Chemotherapy Controls Bacillary Reactivation in Murine and Guinea Pig Experimental Models of Tuberculosis. Clin. Vaccine Immunol. 15 (8), 1229–1237. doi: 10.1128/CVI.00094-08

 Gupta, A., Ahmad, F. J., Ahmad, F., Gupta, U. D., Natarajan, M., Katoch, V. M., et al. (2012). Protective Efficacy of Mycobacterium Indicus Pranii Against Tuberculosis and Underlying Local Lung Immune Responses in Guinea Pig Model. Vaccine 30 (43), 6198–6209. doi: 10.1016/j.vaccine.2012.07.061

 Ha, S. J., Jeon, B. Y., Kim, S. C., Kim, D. J., Song, M. K., Sung, Y. C., et al. (2003). Therapeutic Effect of DNA Vaccines Combined With Chemotherapy in a Latent Infection Model After Aerosol Infection of Mice With Mycobacterium Tuberculosis. Gene Ther. 10 (18), 1592–1599. doi: 10.1038/sj.gt.3302057

 Ha, S. J., Jeon, B. Y., Youn, J. I., Kim, S. C., Cho, S. N., and Sung, Y. C. (2005). Protective Effect of DNA Vaccine During Chemotherapy on Reactivation and Reinfection of Mycobacterium Tuberculosis. Gene Ther. 12 (7), 634–638. doi: 10.1038/sj.gt.3302465

 Huang, C. Y., and Hsieh, W. Y. (2017). Efficacy of Mycobacterium Vaccae Immunotherapy for Patients With Tuberculosis: A Systematic Review and Meta-Analysis. Hum. Vaccin. Immunother. 13 (9), 1960–1971. doi: 10.1080/21645515.2017.1335374

 Kremer, L., Maughan, W. N., Wilson, R. A., Dover, L. G., and Besra, G. S. (2002). The M. Tuberculosis Antigen 85 Complex and Mycolyltransferase Activity. Lett. Appl. Microbiol. 34 (4), 233–237. doi: 10.1046/j.1472-765x.2002.01091.x

 Kroesen, V. M., Madacki, J., Frigui, W., Sayes, F., and Brosch, R. (2019). Mycobacterial Virulence: Impact on Immunogenicity and Vaccine Research. F1000Res 8 (F1000 Faculty Rev), 2025. doi: 10.12688/f1000research.20572.1

 Mata-Espinosa, D. A., Francisco-Cruz, A., Marquina-Castillo, B., Barrios-Payan, J., Ramos-Espinosa, O., Bini, E. I., et al. (2019). Immunotherapeutic Effects of Recombinant Adenovirus Encoding Interleukin 12 in Experimental Pulmonary Tuberculosis. Scand. J. Immunol. 89 (3), e12743. doi: 10.1111/sji.12743

 Mattos, A. M., Almeida Cde, S., Franken, K. L., Alves, C. C., Abramo, C., de Souza, M. A., et al. (2010). Increased Igg1, IFN-Gamma, TNF-Alpha and IL-6 Responses to Mycobacterium Tuberculosis Antigens in Patients With Tuberculosis are Lower After Chemotherapy. Int. Immunol. 22 (9), 775–782. doi: 10.1093/intimm/dxq429

 Moguche, A. O., Musvosvi, M., Penn-Nicholson, A., Plumlee, C. R., Mearns, H., Geldenhuys, H., et al. (2017). Antigen Availability Shapes T Cell Differentiation and Function During Tuberculosis. Cell Host Microbe 21 (6), 695–706 e695. doi: 10.1016/j.chom.2017.05.012

 Nahid, P., Gonzalez, L. C., Rudoy, I., de Jong, B. C., Unger, A., Kawamura, L. M., et al. (2007). Treatment Outcomes of Patients With HIV and Tuberculosis. Am. J. Respir. Crit. Care Med. 175 (11), 1199–1206. doi: 10.1164/rccm.200509-1529OC

 O’Garra, A., Redford, P. S., McNab, F. W., Bloom, C. I., Wilkinson, R. J., and Berry, M. P. (2013). The Immune Response in Tuberculosis. Annu. Rev. Immunol. 31, 475–527. doi: 10.1146/annurev-immunol-032712-095939

 Pagan, A. J., and Ramakrishnan, L. (2014). Immunity and Immunopathology in the Tuberculous Granuloma. Cold Spring Harb. Perspect. Med. 5 (9), a018499. doi: 10.1101/cshperspect.a018499

 Pathan, A. A., Wilkinson, K. A., Klenerman, P., McShane, H., Davidson, R. N., Pasvol, G., et al. (2001). Direct Ex Vivo Analysis of Antigen-Specific IFN-Gamma-Secreting Cd4 T Cells in Mycobacterium Tuberculosis-Infected Individuals: Associations With Clinical Disease State and Effect of Treatment. J. Immunol. 167 (9), 5217–5225. doi: 10.4049/jimmunol.167.9.5217

 Paulson, T. (2013). Epidemiology: A Mortal Foe. Nature 502 (7470), S2–S3. doi: 10.1038/502S2a

 Penn-Nicholson, A., Tameris, M., Smit, E., Day, T. A., Musvosvi, M., Jayashankar, L., et al. (2018). Safety and Immunogenicity of the Novel Tuberculosis Vaccine ID93 + GLA-SE in BCG-Vaccinated Healthy Adults in South Africa: A Randomised, Double-Blind, Placebo-Controlled Phase 1 Trial. Lancet Respir. Med. 6 (4), 287–298. doi: 10.1016/S2213-2600(18)30077-8

 Robertson, M. J., Cameron, C., Atkins, M. B., Gordon, M. S., Lotze, M. T., Sherman, M. L., et al. (1999). Immunological Effects of Interleukin 12 Administered by Bolus Intravenous Injection to Patients With Cancer. Clin. Cancer Res. 5 (1), 9–16.

 Ryffel, B. (1997). Interleukin-12: Role of Interferon-Gamma in IL-12 Adverse Effects. Clin. Immunol. Immunopathol. 83 (1), 18–20. doi: 10.1006/clin.1996.4306

 Saeidi, A., Zandi, K., Cheok, Y. Y., Saeidi, H., Wong, W. F., Lee, C. Y. Q., et al. (2018). T-Cell Exhaustion in Chronic Infections: Reversing the State of Exhaustion and Reinvigorating Optimal Protective Immune Responses. Front. Immunol. 9, 2569. doi: 10.3389/fimmu.2018.02569

 Sakai, S., Mayer-Barber, K. D., and Barber, D. L. (2014). Defining Features of Protective CD4 T Cell Responses to Mycobacterium Tuberculosis. Curr. Opin. Immunol. 29, 137–142. doi: 10.1016/j.coi.2014.06.003

 Sallin, M. A., Kauffman, K. D., Riou, C., Du Bruyn, E., Foreman, T. W., Sakai, S., et al. (2018). Host Resistance to Pulmonary Mycobacterium Tuberculosis Infection Requires CD153 Expression. Nat. Microbiol. 3 (11), 1198–1205. doi: 10.1038/s41564-018-0231-6

 Sallin, M. A., Sakai, S., Kauffman, K. D., Young, H. A., Zhu, J., and Barber, D. L. (2017). Th1 Differentiation Drives the Accumulation of Intravascular, non-Protective CD4 T Cells During Tuberculosis. Cell Rep. 18 (13), 3091–3104. doi: 10.1016/j.celrep.2017.03.007

 Saravia, J., Chapman, N. M., and Chi, H. (2019). Helper T Cell Differentiation. Cell. Mol. Immunol. 16 (7), 634–643. doi: 10.1038/s41423-019-0220-6

 Sarmiento, U. M., Riley, J. H., Knaack, P. A., Lipman, J. M., Becker, J. M., Gately, M. K., et al. (1994). Biologic Effects of Recombinant Human Interleukin-12 in Squirrel Monkeys (Sciureus Saimiri). Lab. Invest. 71 (6), 862–873.

 Scriba, T. J., Netea, M. G., and Ginsberg, A. M. (2020). Key Recent Advances in TB Vaccine Development and Understanding of Protective Immune Responses Against Mycobacterium Tuberculosis. Semin. Immunol. 50, 101431. doi: 10.1016/j.smim.2020.101431

 Sharma, S. K., Katoch, K., Sarin, R., Balambal, R., Kumar Jain, N., Patel, N., et al. (2017). Efficacy and Safety of Mycobacterium Indicus Pranii as an Adjunct Therapy in Category II Pulmonary Tuberculosis in a Randomized Trial. Sci. Rep. 7 (1), 3354. doi: 10.1038/s41598-017-03514-1

 Skinner, M. A., Yuan, S., Prestidge, R., Chuk, D., Watson, J. D., and Tan, P. L. (1997). Immunization With Heat-Killed Mycobacterium Vaccae Stimulates CD8+ Cytotoxic T Cells Specific for Macrophages Infected With Mycobacterium Tuberculosis. Infect. Immun. 65 (11), 4525–4530. doi: 10.1128/IAI.65.11.4525-4530.1997

 Soysal, A., Millington, K. A., Bakir, M., Dosanjh, D., Aslan, Y., Deeks, J. J., et al. (2005). Effect of BCG Vaccination on Risk of Mycobacterium Tuberculosis Infection in Children With Household Tuberculosis Contact: A Prospective Community-Based Study. Lancet 366 (9495), 1443–1451. doi: 10.1016/S0140-6736(05)67534-4

 Suarez-Mendez, R., Garcia-Garcia, I., Fernandez-Olivera, N., Valdes-Quintana, M., Milanes-Virelles, M. T., Carbonell, D., et al. (2004). Adjuvant Interferon Gamma in Patients With Drug - Resistant Pulmonary Tuberculosis: A Pilot Study. BMC Infect. Dis. 4, 44. doi: 10.1186/1471-2334-4-44

 Tousif, S., Singh, D. K., Ahmad, S., Moodley, P., Bhattacharyya, M., Van Kaer, L., et al. (2014). Isoniazid Induces Apoptosis of Activated CD4+ T Cells: Implications for Post-Therapy Tuberculosis Reactivation and Reinfection. J. Biol. Chem. 289 (44), 30190–30195. doi: 10.1074/jbc.C114.598946

 Tsao, T. C., Huang, C. C., Chiou, W. K., Yang, P. Y., Hsieh, M. J., and Tsao, K. C. (2002). Levels of Interferon-Gamma and Interleukin-2 Receptor-Alpha for Bronchoalveolar Lavage Fluid and Serum Were Correlated With Clinical Grade and Treatment of Pulmonary Tuberculosis. Int. J. Tuberc. Lung Dis. 6 (8), 720–727.

 Tuberculosis Research, C. (2013). Fifteen Year Follow Up of Trial of BCG Vaccines in South India for Tuberculosis Prevention. Indian J. Med. Res. 137 (3), 56–69.

 Veenstra, H., Crous, I., Brahmbhatt, S., Lukey, P., Beyers, N., van Helden, P. D., et al. (2007). Changes in the Kinetics of Intracellular IFN-Gamma Production in TB Patients During Treatment. Clin. Immunol. 124 (3), 336–344. doi: 10.1016/j.clim.2007.05.014

 Wallis, R. S., and Hafner, R. (2015). Advancing Host-Directed Therapy for Tuberculosis. Nat. Rev. Immunol. 15 (4), 255–263. doi: 10.1038/nri3813

 Wang, J., Thorson, L., Stokes, R. W., Santosuosso, M., Huygen, K., Zganiacz, A., et al. (2004). Single Mucosal, But Not Parenteral, Immunization With Recombinant Adenoviral-Based Vaccine Provides Potent Protection From Pulmonary Tuberculosis. J. Immunol. 173 (10), 6357–6365. doi: 10.4049/jimmunol.173.10.6357

 WHO (2019). Global Tuberculosis Report 2019 (Geneva, Switzerland: World Health Organization).

 Zhang, M., Li, S. Y., Rosenthal, I. M., Almeida, D. V., Ahmad, Z., Converse, P. J., et al. (2011). Treatment of Tuberculosis With Rifamycin-Containing Regimens in Immune-Deficient Mice. Am. J. Respir. Crit. Care Med. 183 (9), 1254–1261. doi: 10.1164/rccm.201012-1949OC



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 Costa, Amaral, Namasivayam, Mittereder, Andrade and Sher. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


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





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Enhancement of CD4+ T Cell Function as a Strategy for Improving Antibiotic Therapy Efficacy in Tuberculosis: Does It Work?

      

        		

          Introduction

        



        		

          Material and Methods

        

          		

            Mice, Experimental Infection, and Bacterial Load Quantification

          



          		

            Reagents and Treatment Regimens

          



          		

            Lung Processing, Quantification of IL-12p40 and Flow Cytometry

          



          		

            Statistical Analysis

          



        



        



        		

          Results and Discussion

        

          		

            Antibiotic Treatment Induces a Rapid Reduction in Pulmonary IL-12p40 Expression and Alters CD4+ T Cell Response to ESAT-6 and Ag85B

          



          		

            Strategies Aimed at Boosting Th1 Responses to Ag85B and ESAT-6 Antigens Fail to Accelerate Bacterial Clearance During the First Month of Antibiotic Treatment

          



          		

            Further Considerations on Host-Directed Therapies Focused on Enhancing CD4+ T Cell Reactivity to M. tuberculosis Antigens

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-11-672527-g002.jpg
A L c o LD LG cee
ESAT-61.20 AGBSB2s020¢ ~ {7137 mmz_RezZeiliz

wocEuMs e = ’
- 55 s |#
cimele o 20 I 02 ESATS,,
8 e S5 10 e
8 2 -
112 o ol
socpil | Bwos L
3 f " CD4* CD44" cells
RHZ_ RHZ+IL12
100GFUMD
. & g
ciTeLe 2 19 00[ESATS,.,
28451 i H
e o
PR 07|A98%B a0z
sounl (124449) :
ot
: E X 2 CD4" CD44- cells
ecriMe £0 e, NT___ESATG _ RAZ RHZ+ESAT6
- s = ‘
ciTel =
2 27 o
28051 By 2 K¢
espre O
oragess
Podph (0245)
ol
" ° CD4: CD44- cells
NT  AgesB  RAZ RHZ+Agass
g o Y
2 3 =i @
S Ny
¢ 9 e s cpa T cD4"
100CFUMD Iy CD44" cells CD44" cells
: 56 $4.m NT - NT
8oL =2 B2 14 = i8] ‘
&3 2 r| B |
28piT RHZ 5 2 | S 1
Bl 25 2 & 3 )
e O olliN Lo rRiz O RHz
cell add 5 &
o0 (1m4552) *‘\0?;.0 S& 52, o
ot & PRI & gl [
3 & )






OEBPS/Images/fcimb.2021.672527_cover.jpg
’ frontiers

in Cellular and Infection Microbiology

Enhancement of CD4* T Cell
Function as a Strategy for Improving
Antibiotic Therapy Efficacy in
Tuberculosis: Does It Work?k





OEBPS/Images/fcimb-11-672527-g001.jpg
CFU flog 10)

CFU (g 10)
Tonawve
sz al

EEXET)

Rolave exprossion

CD4" CD4" colls

£
N i &
; &

—

HAD) ESAT-61.20"(%) ©

AR A8 280204

ADIESATS 120

LT
Days post roament

338

ESAT 8120

PNy TTNF 7 (%)

AT (%)

.
)
Days postvreatment

Days postreatment

ays postreamont

ays postreatment

10cp

00





