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Abstract

:

Mycobacterium tuberculosis infections remain a global health problem in immunosuppressed patients. The effectiveness of BCG (Bacillus Calmette–Guérin), an anti-tuberculosis vaccine, is unsatisfactory. Finding a new vaccine candidate is a priority. We compared numerous immune markers in BCG-susceptible C57BL/6 and BCG-resistant C3H mice who had been injected with 0.9% NaCl (control) or with wild-type BCG or recombinant BCG secreting interleukin (IL)-18 (rBCG/IL-18) and in immunized mice who were immunocompromised with cyclophosphamide (CTX). The inoculation of rBCG/IL-18 in immunocompetent mice increased the percentage of bone marrow myeloblasts and promyelocytes, which were further elevated in the rBCG/IL-18/CTX-treated mice: C57BL/6 mice—3.0% and 11.4% (control) vs. 18.6% and 42.4%, respectively; C3H mice—1.1% and 7.7% (control) vs. 18.4% and 44.9%, respectively, p < 0.05. The bone marrow cells showed an increased mean fluorescence index (MFI) in the CD34 adhesion molecules: C57BL/6 mice—4.0 × 103 (control) vs. 6.2 × 103; C3H mice—4.0 × 103 (control) vs. 8.0 × 103, p < 0.05. Even in the CTX-treated mice, the rBCG/IL-18 mobilized macrophages for phagocytosis, C57BL/6 mice—4% (control) vs. 8%; C3H mice—2% (control) vs. 6%, and in immunocompetent mice, C57BL/6 induced the spleen homing of effector memory CD4+ and CD8+ T cells (TEM), 15% (control) vs. 28% and 8% (control) vs. 22%, respectively, p < 0.05. In conclusion, rBCG/IL-18 effectively induced selected immune determinants that were maintained even in immunocompromised mice.
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1. Introduction


Tuberculosis (TB), a disease caused by Mycobacterium tuberculosis (M.tb), remains a global clinical and social problem. Annually, 7–10 million new cases occur, approximately 2 million people die from TB worldwide, and those who are infected constitute a reservoir of tubercle bacilli [1,2]. In the latent (dormant) state, M.tb exists in a quiescent state, constrained by host immune responses within granulomas or other protected sites. Latent M.tb infection has a 5–15% risk of progressing to active TB due to waning immunity [3]. The risk of TB infection or the reactivation of infection increases dramatically in people undergoing immunosuppressive treatment. The only effective way to protect immunocompromised patients with latent M.tb infection from the development of active TB is prophylactically administered antitubercular therapy [4]; however, such treatments cause side effects, including liver injury, peripheral neuropathy, dermatitis, and metabolic acidosis, making patients worse off [5]. Another possibility is prophylactic immunization using the Bacillus Calmette–Guérin (BCG) vaccine—a live attenuated vaccine containing Mycobacterium bovis bacilli (M. bovis BCG), which is so far the only available vaccine against TB [6]; however, as the risk of latent M.tb infection was not found to be lower in BCG-vaccinated individuals, they still remain a potent source of new M.tb transmissions. Thus, searching for a vaccine that is more effective than BCG for enhancing antitubercular immunity to serve as a tool for preventing TB and the reactivation of latent infection in immunocompromised patients is an urgent challenge.



M. bovis BCG is an attractive candidate for a recombinant vaccine with remarkable adjuvant activity and that is capable of activating both innate and adaptive immunity [7,8]. Recombinant BCG strains can express foreign antigens on the surface and in the cytoplasm or can secrete important immunomodulatory mediators to the environment. Mouse models that are susceptible or resistant to BCG can help us to understand the potential immune mechanisms driven by wild-type or recombinant BCG strains in both immunocompetent and immunocompromised subjects. In our study, we used the recombinant M. bovis BCG strain secreting murine interleukin (IL)-18 (rBCG/IL-18) as a prototype of a modified BCG anti-TB vaccine that could potentially be more effective than wild-type BCG in driving an immune response that is able to prevent the development of active TB. The rBCG/IL-18 strain was constructed at the Institut Pasteur de Lille, France, and showed enhanced immunomodulatory properties, resulting in the development of the type 1 T helper (h) lymphocyte response in mouse studies [9,10]. IL-18, originally discovered as an interferon (IFN)-gamma (γ)-inducing factor, is regarded as a potent regulator of both innate and acquired immune responses [11,12]. Along with IL-12 or IL-15, IL-18 induces the activity of natural killer (NK) cells and directs immunity towards the Th1 cell response, that is characterized by profound IFN-γ production, which is a key factor for increasing the antibacterial activity of macrophages [12,13,14,15,16]. The IL-18-driven increase in IFN-γ production is accompanied by enhanced T cell proliferation and the production of other cytokines and growth factors such as IFN-γ, tumor necrosis factor (TNF)-α, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-14, IL-5, and IL-13 by T helper (CD4+) lymphocytes as well as the activation of cytotoxic T (CD8+) lymphocytes. It was shown that intraperitoneal IL-18 injection in immunocompromised mice infected with pathogens such as Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, and Cryptococcus neoformans, enhanced both the Th1 and Th2 responses, humoral immunity, and antibacterial activity of neutrophils [17].



Previously, rBCG/IL-18 had never been tested in an immunosuppression model. Taking into account the diminished activity of the immune system due to therapeutic immunosuppression, we developed two mouse models, including mice strains that are sensitive or resistant to M.bovis BCG, to compare the immune status of immunocompetent animals that have been exposed to wild-type BCG or rBCG/IL-18 with the immune status of mice who have been exposed to these BCG formulations followed by immunosuppression. We used two strains of mice that differed in their BCG susceptibility, BCG-susceptible (C57BL/6 Bcgs) and BCG-resistant C3H (Bcgr), to see whether genetically determined defense mechanisms affect the immune responses to wild-type or rBCG/IL-18 bacilli in mice who have been treated and who have not been treated with cyclophosphamide (CTX). To some extent, this double mouse model can mimic the situation in humans in whom their genetic background may influence the outcome of mycobacterial infection. The differences attributed to susceptibility or resistance to BCG in mice were related to granuloma formation in the liver and spleen, delayed-type hypersensitivity, and resistance to the challenge with homologous (BCG) and heterologous (Listeria monocytogenes) pathogens [18,19].



The aim of this study was to show whether rBCG/IL-18 induced selective immune response determinants compared to those induced by wild-type BCG and whether those immune mechanisms could be restored in mice who had been immunized with recombinant BCG and then immunocompromised with CTX, potentially providing better protection against mycobacteria. We selected CTX as an immunosuppressive agent because it is used for the treatment of autoimmune diseases, in eradication therapy for malignant hematopoietic cells, and for the prevention of transplant rejection or graft-vs-host complications in humans [20]. CTX has a profound effect on immune responses that are mediated by B and T cells, including regulatory T lymphocytes. It was revealed that in humans, CTX decreased the systemic level of Th1 cytokines (IFN-γ and IL-12) and increased the secretion of Th2 cytokines such as IL-4 and IL-10 [21]. CTX’s strong immunomodulatory activity in tumor cell killing and in immune memory induction, which enabled tumor surveillance, was evident when CTX was used at low doses [22]. The optimal CTX dosage and delivery time for the induction of immunosuppression in mice in our models was experimentally established in our previous study [23].



In immunocompetent mice, rBCG/IL-18 inoculation vs. 0.9% NaCl (control) resulted in an increased percentage of bone marrow myeloblasts and promyelocytes, which was further elevated in immunized mice who had been treated with CTX (rBCG/IL-18/CTX) while the number of mature granulocytes was lower. CD34 adhesion molecule expression was enhanced on bone marrow cells in immunocompetent mice who had been inoculated with rBCG/IL-18 and particularly in rBCG/IL-18/CTX animals. The rBCG/IL-18 vaccination mobilized macrophages to undergo the phagocytosis of mycobacteria, even in immunized mice who had been treated with CTX, and in C57BL/6 mice, vaccination resulted in the spleen homing of effector memory CD4+ and CD8+ T cells (TEM). This study showed that rBCG/IL-18 effectively induced selected immune determinants, which were even able to be maintained in immunocompromised mice. Nonetheless, further investigations are required to determine the beneficial effects of rBCG/IL-18 in driving anti-mycobacterial immune responses in practice.




2. Materials and Methods


2.1. Animals


Sibling groups of C57BL/6 (Bcgs) and C3H (Bcgr) mice were purchased from Charles River Laboratories (Germany). They were matched in the breeding animal facility of the Institute of Microbiology, Biotechnology and Immunology, University of Lodz (Poland) to produce subsequent inbred generations. All animals were housed in ventilated cages in an environmentally controlled room (20–25 °C, 50 ± 10% humidity, 12 h dark/light cycles) and were provided with pelleted feed for rodents and water ad libitum. Eight-to-ten-week-old male mice were used for all experiments and were then euthanized by intraperitoneal (i.p.) injection with Morbital (a formulation of sodium pentobarbital: 133.3 mg/mL and pentobarbital: 26.7 mg/mL; Biowet, Puławy, Poland) at a dose of 2 mL/kg body weight in order to collect biological samples for assessment. The protocol was approved by the Local Ethics Committee for Animal Experimentation in Lodz (decision No. 33/ŁB717/2014).




2.2. Bacteria Growth Conditions


Mycobacterium bovis wild-type BCG (substrain 1173P2, World Health Organization, Stockholm, Sweden) and the recombinant M. bovis BCG strain secreting murine interleukin (IL)-18 (rBCG/IL-18), a gift from Dr. Camille Locht (Center for Infection and Immunity of Lille, Institut Pasteur de Lille, Université de Lille, Lille, France) and Dr. Franck Biet (Institut National de Recherche pour l’Agriculture, l’Alimentation et l’Environnement (INRAE), Université de Tours, Nouzilly, France), were cultivated in Middlebrook 7H9 broth (Difco, Detroit, MI, USA) supplemented with oleic acid-albumin-dextrose-catalase enrichment (OADC) (Life Technologies, Gaithersburg, MD, USA), 0.2% glycerol (POCH, Gliwice, Poland), and 0.05% Tween 80 (Sigma-Aldrich, Steinheim, Germany). The rBCG/IL-18 growth medium was additionally supplemented with HgCl2 (10 μg/mL) [9]. Mid-log-phase cultures were harvested, aliquoted, and frozen at −80°C. After thawing, the number of viable cells was determined by plating serial dilutions of the cultures on Middlebrook 7H10 agar containing 10% OADC (and mercuric chloride for rBCG/IL-18) followed by incubation at 37 °C for 3 weeks. To ensure a clump-free suspension of mycobacteria, 1 ml of the suspension was drawn through a nonpyrogenic needle (Microlance, 0.45 × 16, 26 G × 5/8′; BD, Drogheda, Ireland). Our laboratory facility, where the experiments were conducted, has governmental approval to work with genetically modified microorganisms (GMM).




2.3. Infection and Immunosuppression of Mice


The following groups of mice were used: immunocompetent animals, which were either intracutaneously (i.c.) injected with 0.9% NaCl or i.c. immunized with the wild-type BCG or rBCG/IL-18 and i.p. injected with 0.9% NaCl for 7 consecutive days, 6 weeks later (groups: NaCl/NaCl, wild-type BCG/NaCl, rBCG/IL-18/NaCl, respectively), and immunocompromised mice, which were injected with 0.9% NaCl or immunized with the wild-type BCG or rBCG/IL-18 (as above) and then i.p. injected with CTX for 7 days (groups: NaCl/CTX, wild-type BCG/CTX, rBCG/IL-18/CTX, respectively).



Mycobacteria were suspended in 0.9% NaCl and administered i.c. using a Myjector (29 G, 0.33 × 12, Terumo, Leuven, Belgium) at two spots into the loose skin over the interscapular area (30μL/spot containing approximately 5000 mycobacteria/spot). At the time of immunization, the animals were transiently anesthetized (15–30 min) with a mixture of Ketamine 10% (ketamine hydrochloride, 115.34 mg/mL) and Sedazin (xylazine hydrochloride, 20 mg/mL) (both from Biowet, Puławy, Poland), which was administered i.p. The control mice received an equivalent volume of 0.9% NaCl. Six weeks later, the mice were treated i.p. with cyclophosphamide (CTX, Endoxan; Baxter Oncology GmbH, Halle, Germany) at a dose of 50 µg/g b.w. for a subsequent seven days, as previously described [23]. The control mice were injected with NaCl (0.9%). A total of 24 h after the last dose of CTX or saline administration, the animals were euthanized, and biological samples were collected for further examination. We used four animals per each group, in accordance with the principle of reducing the number of animals tested. Each experiment was repeated three times. The number of animals per group was sufficient for statistical analysis. Immunosuppression status was confirmed as previously indicated and was determined based on the composition of the peripheral blood leukocytes (leukocyte index) and selected humoral parameters, including the total serum protein content, and total levels of albumins and alpha-, beta-, and gamma-globulins. Moreover, the proliferating activity of the splenocytes in response to phytohemagglutinin was examined via the [3H]-thymidine incorporation assay [23].




2.4. Isolation of Bone Marrow Cells and Cytospin Preparation


The femurs were excised, and a 25-gauge needle attached to a 1 mL insulin syringe filled with ice-cold RPMI medium was used to flush the bone marrow cells out [24]. Next, the cell suspension was centrifuged (+4 °C, 350× g, 10 min), and the pellet was suspended in 1 mL of phosphate-buffered saline (PBS) to determine the cell density. Finally, 3 × 105 cells in 300 µL of PBS with 1% bovine serum albumin (BSA) were used to prepare a single cytospin using the cytology set (MPW Med. Instruments, Warszawa, Poland). The cells were fixed in 4% paraformaldehyde (PFA) for 30 min, washed in PBS for 5 min, air-dried at room temperature, and stored until use for Pappenheim staining [25] or for the immunofluorescent staining (as indicated below) of the cluster differentiation (CD) surface molecules CD34 and CD117, which play a role in the adhesion and migration (CD34) as well as in the proliferation, differentiation, and apoptosis (CD117) of hematopoietic stem cells (HSCs) [26,27,28,29,30,31,32]. Cellular composition analysis, including the identification of individual cell types, was performed by two independent histopathologists in a specialistic histopathology unit—Institut für Tierpathologie, Berlin, Germany. The percentages of lymphocytes, monocytes, and granulocytes were assessed in all of the experimental variants. Additionally, myeloblasts, promyelocytes, myelocytes, and metamyelocytes were recognized in accordance with the guidelines contained in “Mouse Hematology: A Laboratory Manual” [33] and based on the nucleus to cytoplasm ratio, number of nuclei, nucleus shape and localization as well as chromatin staining and cytoplasm characteristics, including dark to light staining, the presence of granules, the visualization of Golgi, etc.




2.5. Fluorescent-Antibody Staining of Bone Marrow Cells


The PFA-fixed bone marrow cells on cytospin slides were soaked in PBS for 5 min, transferred to 100% methanol (−20 °C) for 3 min, and blocked in 5% BSA for 60 min. Next, the slides were washed in PBS and stained with DyLight 488-conjugated rat monoclonal anti-mouse CD34 and with allophycocyanin-conjugated rat monoclonal anti-mouse CD117 (1:250 and 1:100 in 1% BSA, respectively; both from Novus Biologicals, Centennial, CO, USA), as previously described [26,27,28,29,30,31,32]. The slides were kept in a humidity chamber for 90 min at room temperature. After washing in PBS for 5 min, a coverslip with a glycerol-mounting medium was mounted on a dry microscope slide, and the cells were imaged and analyzed under a confocal microscope (NikonD-Eclipse C1; Nikon, Japan) with a 60× objective. The ability of the confocal microscope to block out-of-focus light and thereby perform optical sectioning through a specimen allowed for the fluorescence to be quantified with very high precision [34]. The relative fluorescence of CD34 and CD117 on the cells was assessed as the mean fluorescence intensity (MFI) using ImageJ software, which is a reliable method for repeatedly quantifying hundreds of images and is the method of choice when there is a limited number of tissue samples [27]. All experiments were performed in triplicate.




2.6. Cytokine Measurement


Mice were euthanized as indicated earlier, and blood was collected via heart puncture. Serum was prepared and stored at −70 °C. Using the multiplex bead immunoassay (Bio-Plex Pro™ Mouse Cytokine Th1/Th2 Panel, 8-plex, Bio-Rad, Hercules, CA, USA), the following cytokines were examined simultaneously in the serum samples, according to the manufacturer’s protocol: interleukin (IL)-2, IL-4 IL-5, IL-10, IL-12, granulocyte macrophage-colony stimulating factor (GM-CSF), TNF-α, and IFN-γ. Data were acquired using the Bio-Plex® MAGPIX™ Multiplex Reader (Bio-Rad, Hercules, CA, USA) and analyzed using Bio-Plex Data Pro™ Software (Bio-Rad, Hercules, CA, USA). The sensitivity of the test for individual biomolecules was 0.6 pg/mL for IL-2, 0.3 pg/mL for IL-5, 1 pg/mL for IL-10, 2.3 pg/mL for IL-12(p70), 5.6 pg/mL for GM-CSF, 1.4 pg/mL for TNF-α, and 1.2 pg/mL for IFN-γ.




2.7. Isolation of Alveolar Macrophages and Assessment of Phagocytosis


Alveolar macrophages were isolated by the infusion of Ca2+- and Mg2+-free PBS (Biowest, Nuaillé, France) containing 0.5 mM EDTA into the lung through the trachea using a 20 G catheter (Kruuse, China) attached to a syringe. The collected bronchoalveolar lavage (BAL) fluid (∼3 mL) was centrifuged at 1200 rpm/4 °C for 10 min, and the pellet was resuspended in complete RPMI-1640 medium (Sigma-Aldrich, Steinheim, Germany) supplemented with 10% fetal bovine serum (FBS) (Biowest, France), 2 mM L-glutamine (Sigma-Aldrich), 100 U/mL penicillin (Sigma-Aldrich), and 100 μg/mL streptomycin (Sigma-Aldrich). Macrophages (2 × 105) were plated on a cover slip and incubated overnight at 37 °C/5% CO2. Afterwards, to remove any undetached cells, the cover slip was rinsed twice with PBS, and 1 × 107 live M. bovis BCG bacilli (Biomed, Lublin, Poland), at the multiplicity of infection (MOI) of 50:1 was added to complete RPMI-1640 medium. Three hours later, the medium was removed, and the cover slip was gently rinsed with PBS. The cells were fixed for 10 min with 80% methanol, stained for 15 min with 0.01% acridine orange (Sigma-Aldrich, Steinheim, Germany), and quenched with 0.002% methylene blue (POCH, Gliwice, Poland). Finally, the coverslips were mounted onto glass slides, and the cells were analyzed with fluorescence microscopy to determine bacterium engulfment (Axio Scope.A1, Carl Zeiss, Germany).




2.8. Staining of Splenocytes and Flow Cytometry for the Assessment of Central Memory T Cells (TCM) and Effector Memory T Cells (TEM)


Spleens were isolated from the euthanized animals, placed into ice-cold culture medium in Petri dishes, and stored on ice. Each spleen was homogenized, transferred to a 15 mL conical tube, and centrifuged at 350× g for 10 min (+4 °C). The pellet was resuspended in 1 mL of red blood cells lysis buffer (BioLegend, San Diego, CA, USA) for 5 min. A 10 mL amount of RPMI-1640 medium was added to stop the reaction. After centrifugation, the pellet was resuspended in 1 ml of PBS, and the cells were counted and stained as previously described [23]. Briefly, the splenocytes were fixed to assess CD4 and CD8 with the following mAb: APC-Cy7-anti-CD4 and APC-anti-CD8 (BD Biosciences, San Diego, CA, USA), and to determine the memory T cell markers: APC-Cy7-anti CD4, APC-anti-CD8, V500-anti-CD44 (BD Biosciences, San Diego, CA, USA), PE-Vio770-anti-CD62L (Miltenyi Biotec, Bergisch Gladbach, Germany), and FITC-anti-CD127 (eBiosciences, San Diego, CA, USA). An irrelevant isotype-matched mAb was used as the control. Stained cells were incubated for 30 min at 4 °C. To differentiate between splenocytes with the TCM and TEM phenotype, we used a previously published gating strategy based on the expression of the CD62L, CD44, and CD127 markers (Figures S1–S3) [23].



The central memory T cells (TCM) were identified as CD62L+CD44+/− CD127+ CD4/CD8+, and the effector memory T cells (TEM) were identified as CD62L − CD44+CD127+/− CD4/CD8+. Data were acquired and analyzed using a BD® LSR II Flow Cytometer (BD Biosciences, San Jose, CA, USA) and FlowJo software. A minimum of 10,000 events were collected. The results are presented as a percentage of positive spleen cells (% gated).




2.9. Statistical Analysis


The statistical significance of the differences was determined by using Statistica 13.1 PL software (Statsoft). After verifying the assumptions (including normality using the Kolmogorov–Smirnov test and homogeneity of variance with the Levene test as well as the type of data and the number of data), parametric and non-parametric tests were used. The one-way analysis of variance (ANOVA) with Tukey’s post hoc test and Kruskal–Wallis test, respectively, were used to determine the differences between antigens. p values < 0.05 were considered significant.





3. Results


3.1. Composition of Leukocytes in Cytospins from Bone Marrow Cells


The cytospin slides of the bone marrow from all of the experimental variants developed in mice (mice non-immunized or immunized with the wild-type BCG or rBCG/IL-18 and those that were immunocompetent or immunocompromised with CTX) were evaluated for the percentage (%) of granulocytes, macrophages, and lymphocytes as well as to determine the different granulocyte developmental stages: myeloblasts, promyelocytes, myelocytes, and metamyelocytes. (Figure 1). There were no statistical differences in the total numbers of immune cells (granulocytes, monocytes, and lymphocytes) in mice who had been immunized with the wild-type BCG or rBCG/IL-18 or those who were non-immunized, immunocompetent, or immunocompromised (Table 1). However, in the C57BL/6 mice who were non-immunized or who had been immunized with mycobacteria, the number (%) of lymphocytes was diminished after CTX administration (immunocompetent mice: 5.7; 3.2; 3.5, respectively vs. immunocompromised mice: 0.0; 1.6; 0.0, respectively).



We then analyzed how the vaccination of immunocompetent C57BL/6 (Bcgs) and C3H (Bcgr) mice with the wild-type BCG or rBCG/IL-18 influenced the number of myeloblasts being the precursors of granulocytes and monocytes as well as the number of granulocyte maturation stages: promyelocytes, myelocytes, and metamyelocytes. The same analysis was carried out in mice who had been injected with CTX only or who had been vaccinated with mycobacteria and then treated with an immunosuppressant. The percentage of myeloblasts, promyelocytes, and metamyelocytes differed significantly depending on the mouse strain and the mode of bacteria and/or CTX vaccination (Table 1).



In the C57BL/6 (Bcgs) mice who were non-immunized or inoculated with the wild-type BCG or rBCG/IL-18, the metamyelocyte percentages (premature granulocytes) were 38.7%, 39.7%, and 45.7%, respectively (Table 1). The number of such cells after CTX administration increased to 59% in the non-immunized mice, suggesting their propagation in response to the immunosuppressant. In the C57BL/6 mice who had been vaccinated with the wild-type BCG or rBCG/IL-18 and who later received CTX administration, the levels of premature granulocytes were only 13% and 10%, respectively, with 43.8% and 42.4% of the promyelocytes at the same stage, respectively. In immunosuppressed C57BL/6 mice who had been inoculated with rBCG/IL-18, the number of myeloblasts (18.6%) was also increased compared to in the mice who had been treated with CTX alone (5.7%). In the C3H (Bcgr) mice who were non-immunized with mycobacteria, the number of metamyelocytes was higher (61.6%) than it was in non-immunized C57BL/6 mice (38.7%). After the immunization of the C3H mice with the wild-type BCG or rBCG/IL-18, the metamyelocyte levels decreased from 61.0% in the control (NaCl) mice to 41.5% and to 44.9% in the immunized individuals, respectively, similar to what was observed in the non-immunized CTX-injected mice (43.0%). However, in the C3H mice who had been immunized with the wild-type BCG or rBCG/IL-18 followed by CTX administration, the number of metamyelocytes decreased to 4% and 10%, respectively, whereas the promyelocyte levels reached 43.9% and 44.9%, respectively. In both of the mice strains that were inoculated with the wild-type BCG or rBCG/IL-18 and treated with CTX, the number of myeloblasts tended to grow, and this growth was mainly driven by mycobacteria. These results may indicate the initiation of an inflammatory response or the interference of mycobacteria during the maturation of myeloblast-derived cell lines (granulocytes and monocytes). Promyelocyte propagation was mainly triggered by CTX in the mice who had been vaccinated with the wild-type BCG or BCG/IL-18 and then immunosuppressed, which means that both the CTX and mycobacteria were responsible for such an effect.




3.2. CD34 and CD117 Expression on Bone Marrow Cells


On bone marrow cells, there are two surface functional molecules that are typical of hematopoietic stem cells, CD34 and CD117, and these were determined in the C57BL6 and C3H mice, in those immunocompetent and immunocompromised with CTX, and in the mice who were non-immunized or immunized with Mycobacterium bovis wild-type BCG or rBCG/IL-18 (Figure 2).



Both mice of the strains that had been vaccinated with M. bovis bacilli (wild-type BCG or rBCG/IL-18) vs. the non-immunized mice (NaCl) showed an increased CD34 expression on the bone marrow cells (Figure 2A,B). The difference in the rBCG/IL-18-vaccinated animals was statistically significant, whereas an upward trend could be observed in the animals that had been inoculated with the wild-type BCG (Figure 2B). In both the C57BL/6 and C3H mice who were non-immunized with mycobacteria but treated with CTX alone, the CD34 expression on the bone marrow cells was higher than it was in the control immunocompetent mice (NaCl), which may indicate that CTX was an independent causative agent (Figure 2A,B). CD34 expression was also increased on the bone marrow cells from the C57BL/6 or C3H mice who had been inoculated with either the wild-type BCG or rBCG/IL-18 and then injected with CTX compared to the cells from the immunocompetent animals who had been immunized with mycobacteria and not immunocompromised. However, in the C57BL/6 mice who had been vaccinated with mycobacteria, the CD34 expression was reduced compared to that in the animals who had only been injected with CTX, although the expression remained higher than it did in the immunocompetent animals who had been injected with the wild-type BCG or rBCG/IL-18 (Figure 2B). This means that the vaccine bacilli and CTX upregulated the CD34 expression independently. In the C3H mice who had been immunized with rBCG/IL-18 and who were immunosuppressed, the CD34 deposition was even higher than it was in mice receiving CTX only, indicating that rBCG/IL-18 was a strong stimulator of CD34 expression in this group of mice (Figure 2B).



In the immunocompetent mice from both strains, the CD117 expression on the bone marrow cells did not change after vaccination with mycobacteria (Figure 2C). In mice who had only been treated with CTX or who had been inoculated with mycobacteria and then injected with CTX, the CD117 expression was significantly higher than it was in the immunocompetent animals. Only in the C3H mice, which were vaccinated with the wild-type BCG and then treated with CTX, was the level of CD117 lower than it was in the non-immunized but immunosuppressed mice (Figure 2C).



These results reveal that in C57BL/6 and C3H immunocompetent mice, vaccination with rBCG/IL-18 increased CD34 expression on the bone marrow cells. CTX alone also induced CD34 expression on such cells. This indicates that mycobacteria and CTX can drive CD34 expression independently. In the C3H mice who had been inoculated with rBCG/IL-18 and then exposed to the immunosuppressant, we could see a synergistic effect of both. In the case of CD117, this molecule was upregulated by CTX rather than by mycobacteria.




3.3. Phagocytic Activity of Alveolar Macrophages


The phagocytic activity of the alveolar macrophages from the immunocompetent or immunosuppressed mice who had been immunized with the wild-type BCG or with rBCG/IL-18 stimulated with live M. bovis BCG bacilli in vitro was assessed using the acridine orange staining method. In general, the number of phagocytes capable of engulfing mycobacteria was higher in the C57BL/6 mice than it was in the C3H mice (Figure 3A). In both mouse strains, regardless of whether the mice were immunized with the wild-type BCG or rBCG/IL-18, the number of phagocyte-ingesting mycobacteria was increased compared to in the control (non-immunized mice); however, the difference was not statistically significant (Figure 3A).



The CTX alone did not increase the number of cells capable of mycobacteria phagocytosis compared to the non-immunized control mice from both strains; however, the number of phagocytizing macrophages was significantly increased in the mice who had been vaccinated with the wild-type BCG or rBCG/IL-18 and who had been treated with CTX. This indicates that phagocytosis was driven in response to infectious agents (Figure 3A); however, in the C3H mice who had been injected with rBCG/IL-18 and then received CTX, the number of phagocytizing macrophages was higher than it was in the immunocompetent control mice (NaCl), (Figure 3A). These results indicate that the alveolar macrophages from immunocompetent as well as from CTX-immunocompromised mice were able to engage in phagocytosis in response to immunization with mycobacteria. It is interesting that the number of phagocytizing macrophages in the C3H mice was found to increase, especially in the mice who had been inoculated with rBCG/IL-18 and treated with CTX (Figure 3A), which was corelated with the ability of the macrophages to engulf more bacteria (Figure 3B). In the C57BL/6 mice, the number of macrophages involved in phagocytosis increased significantly after inoculation with mycobacteria and CTX administration (Figure 3A); however, the effectiveness of phagocytosis, which is measured as the number of ingested bacteria, was similar after the animals had been treated with the different BCG formulations and CTX (Figure 3B). This might be due to the macrophages of the immunocompetent C57BL/6 mice having a higher initial phagocytic activity (NaCl 0.9%), which might be a limitation in our experimental model.




3.4. Serum Cytokine Concentration


The cytokine levels, including those of the Th1 cytokines: IL-2, IL-12, TNF-α, and IFN-γ, and the Th2 cytokines: IL-4, IL-5, and IL-10, as well as GM-CSF were determined in the sera from immunocompetent and immunocompromised C3H and C57BL/6 mice who had been immunized with the wild-type BCG or rBCG/IL-18. In both mouse strains, the IFN-γ and IL-4 levels were undetectable (below the assay’s sensitivity). In general, the levels of other cytokines were higher in the C3H (Bcgr) mice than they were in the C57BL/6 (Bcgs) mice (Figure 4). In both mice strains, TNF-α production was not significantly affected in the immunocompetent or immunosuppressed mice, regardless of whether they were non-immunized or immunized with mycobacteria (Figure 4F).



In the C57BL/6 mice who had been inoculated with mycobacteria, the IL-2 and IL-10 levels were significantly lower than they were in the non-immunized mice (Figure 4A,C). The IL-5, IL-12, and GM-CSF levels were also lower in the animals who had been inoculated with mycobacteria than they were in the control mice; however, the differences were not statistically significant (Figure 4B,D,E). CTX administration did not diminish the spontaneous production of these cytokines; however, the IL-2, IL-10, and GM-CSF levels were significantly reduced in the mice who had been inoculated with mycobacteria and then with CTX (Figure 4A,C,E).



In the C3H (Bcgr) immunocompetent mice, only the IL-12 level diminished significantly after inoculation with rBCG/IL-18 (Figure 4D). CTX administration did not significantly influence cytokine production in the non-immunized C3H mice or in the mice who had been vaccinated with mycobacteria (Figure 4A–F).




3.5. Effect of BCG and rBCG on the CD4+ and CD8+ TCM and TEM Lymphocytes Response


To determine the effects of BCG or rBCG/IL-18 vaccination on the population of T lymphocytes belonging to the CD4+ or CD8+ phenotypes and the population of central memory T cells (TCM) or effector memory T cells (TEM) from both phenotypes in mice who were sensitive (C57BL/6) or resistant (C3H) to BCG, the splenocytes from immunocompetent and CTX-immunocompromised mice who were non-immunized or immunized with the wild-type BCG or rBCG/IL-18 were analyzed by flow cytometry after staining the specific CD molecules. The flow results are shown in Figure 5.



The total number of CD4+ T cells from both strains of mice treated with the wild-type BCG or with rBCG/IL-18 was similar to the total number of CD4-positive cells in the control mice (NaCl). CTX alone did not influence CD4 expression in either mouse strain. In the mice who had been vaccinated with mycobacteria and then treated with CTX, the CD4 expression that was induced by the mycobacteria was not affected as a result of CTX administration.



In the immunocompetent mice, the number of CD4+ TCM splenocytes was significantly decreased after vaccination with the wild-type BCG or rBCG/IL-18 (Figure 5C). The number was also not diminished after CTX administration; however, in the mice who had been vaccinated with mycobacteria and then treated with CTX, the number of CD4-positive TCM cells was significantly lower than it was in the mice who had been injected with CTX only (Figure 5C). This might indicate that mycobacteria were the causative agent, diminishing the number of CD4+ TCM splenocytes.



When analyzing the CD4+ TEM splenocytes in the C57BL/6 but not in the C3H mice, we could see a significantly increased number of positive cells after vaccination with the wild-type BCG or rBCG/IL-18 (Figure 5E). CTX administration did not influence the frequency of positive cells in both mouse strains. The increased number of CD4+ TCM cells in the C57BL/6 mice in response to vaccination with mycobacteria was restored in the mice who received CTX (Figure 5E).



As indicated in Figure 5B, the total number of CD8+ cells was significantly lower in the C57BL/6 mice who had been injected with rBCG/IL-18 and in the C3H mice who had been injected with the wild-type BCG compared to the control mice (NaCl). In the C57BL/6 strain but not in the C3H strain, CTX administration increased the number of CD8-positive splenocytes vs. immunocompetent mice; however, the difference was not statistically significant (Figure 5B). Similarly, in the C57BL/6 mice who had been vaccinated with mycobacterial formulations followed by the administration of CTX, the number of CD8 positive cells was found to be increased (Figure 5B).



In the case of both immunocompetent mouse strains, the number of CD8+ TCM-positive splenocytes was significantly decreased in the animals who had been vaccinated with the wild-type BCG or rBCG/IL-18 (Figure 5D). CTX alone did not reduce the number of CD8+ TCM cells; however, in the mice who had been vaccinated with mycobacteria and treated with CTX, the number of CD8+ TCM cells was considerably reduced, which might have been related to vaccination with the different BCG formulations (Figure 5D).



As far as the number of CD8+ TEM splenocytes is concerned, in the C57BL/6 mice, we could see an increased number of positive cells after vaccination with the wild-type BCG or with rBCG/IL-18 (Figure 5F). In the C3H mice, only an increasing trend was observed. In both mouse stains, CTX alone did not influence the amount of CD8+ TEM. In the mice who were vaccinated with mycobacteria after the administration of CTX, we could see a weak decrease in the levels of positive cells; however, the difference was not statistically significant (Figure 5F).





4. Discussion


The aim of this study was to establish the immune status of mice who were susceptible (C57BL/6, Bcgs) or resistant (C3H, Bcgr) to BCG mycobacteria in response to immunization with the wild-type BCG or rBCG/IL-18 secreting mouse IL-18, which is a prototype of a new BCG formulation. To assess whether the wild-type BCG or rBCG/IL-18-driven immune responses could be developed and persist when immune mechanisms are weakened, we used our previously developed model of immunocompetent or CTX immunosuppressed mice [23]. Our previous study (data not published) revealed that the immunization of mice with the wild-type BCG resulted in an enlargement of the cortical zone accompanied by an increase in the number of lymphocytes and plasma cells in the medulla of draining lymph nodes. This could be due to the migration of lymphocytes to the antigen presentation sites within the lymph nodes [35]. On the contrary, the mice who were inoculated with the wild-type mycobacteria and then with CTX showed a reduction in the cortical zone and an increase in the number of macrophages in the medulla as well as pigmented macrophages and granulocytes in the paracortical area. Histological examinations of the lymph nodes showed a reduction in the number of follicles in the cortex in the mice who had been inoculated with mycobacteria and CTX. The functional consequence of this was a complete inhibition of the production of antibodies against BCG bacilli. These two experimental mice models, C57BL/6, Bcgs and C3H, Bcgr, may help to demonstrate differences in the immune processes driven by the immunization of animals with the wild-type BCG or rBCG/IL-18 in immunocompetent mice and to assess the influence of CTX administration on the immune status induced by vaccine mycobacteria. The assessed parameters included the total number of immune cells in the bone marrow: granulocytes, macrophages, and lymphocytes, as well as the number of myeloblasts (precursors of granulocytes and monocytes), and the developmental stages of the granulocytes that initiate the inflammatory response.



There were no statistical differences in the total numbers of immune cells in the bone marrow in the mice who had been immunized with the wild-type BCG or rBCG/IL-18 or in the non-immunized mice, regardless of whether they were immunocompetent or immunocompromised (Table 1). Similarly, Cirovic et al. [36] did not find any differences within the total number of leukocytes in the peripheral blood and the bone marrow in individuals who had been vaccinated with BCG or those who were non-vaccinated [36]. In immunocompetent C57BL/6 mice, regardless of whether they had been non-immunized or immunized with mycobacteria, the lower number of bone marrow lymphocytes after CTX administration might be due to a different sensitivity to CTX between mice strains. No differences were observed between the immunocompetent and immunocompromised mice in terms of the number of immunocompetent cells in the current study, and this could depend on the CTX dose [23,37,38]. It is also possible that bone marrow cells and peripheral blood leukocytes may differ in terms of their sensitivity to CTX [23].



No differences were observed regarding the percentage of immune cells upon wild-type BCG or rBCG/IL-18 vaccination in immunocompetent or immunocompromised mice, and this prompted us to analyze bone marrow cell subpopulations: myeloblasts, promyelocytes, myelocytes, and metamyelocytes, in terms of their maturity. In mice from both strains who were vaccinated with the wild-type BCG or rBCG/IL-18, there was an increased number of metamyelocytes (pro-mature granulocytes) and myeloblasts. In the mice receiving mycobacteria and then CTX or CTX alone (only in C3H mice), promyelocytes were dominant. Buisman et al. [39] showed that CTX predominantly affects the later cell division stages in the bone marrow, resulting in a decrease in the number of granulocytic cells, monocytic cells, lymphoid cells, and myeloid blasts [39]. The differences in the number of maturation stages in the bone marrow cells between various studies might be due to different examination methods.



Hematopoietic cells respond to specific growth factors by means of proliferation and differentiation. In our study, the serum concentration of GM-CSF was diminished in the mice who had been vaccinated with mycobacteria and further decreased in the animals who received CTX. It is possible that bone marrow cells, which were not affected by the CTX resting phase, were triggered to proliferate faster [39]. In the mice who had been inoculated with mycobacteria, the production of monoblasts and of granulocyte precursors in particular, was induced, and these precursors were then propagated by CTX. Using a C57BL/6 mice model, Buisman et al. [39] showed that CTX spared G-CSF responsive cells, thus enabling the enhanced G-CSF-mediated cell recovery [39]. Whether the propagation of monoblasts and myeloblasts that we observed in mice in response to mycobacterial vaccination and CTX treatment was related to GM-CSF induction was not confirmed. The amount of GM-CSF was decreased in the serum samples in the mice who were vaccinated with mycobacteria, who were immunocompetent, or who were treated with CTX. An accumulation of granulocyte precursors in the bone marrow may result in a systemic release of immature cells. Roberts and Metcalf [40] showed an increase in the number of immature circulating granulocytes after CTX treatment, regardless of whether it was combined with GM-CSF [40].



We examined the hematopoietic stem cell markers CD34 and CD117 on bone marrow cells [26,27,28,41,42]. CD34 enhances the proliferation of hematopoietic cells and blocks differentiation and CD34 is progressively lost as hematopoietic cells mature [26]. Fackler et al. [32] showed that the expression of CD34 in the myelomonocytic cells was able to block terminal differentiation into macrophages and to maintain the cells in a highly proliferative state [32]. The CD34 expression in the C57BL/6 and C3H mice increased significantly in the mice who were vaccinated with rBCG/IL-18. CTX alone also upregulated CD34 expression; however, when using C57BL/6 mice, Feng et al. [29] reported the opposite effect [29]. In our study, in the C3H mice who had been inoculated with rBCG/IL-18 and treated with CTX, a further increase in CD34 expression was observed, which may indicate that IL-18 might be responsible for this effect. IL-18 stimulates hematopoietic growth factors and augments the number of circulating granulocytes in mice [30]. It would be interesting to determine whether there was a difference in the maturity of the circulating granulocytes in the mice who had been vaccinated with the wild-type BCG or rBCG/IL-18 and then treated with CTX. Recently a type of CD15+ granulocytes termed low-density granulocytes (LDGs) was found in the peripheral blood in humans and were found to potentially play an unfavorable role in the pathogenesis of tuberculosis [31]. Mycobacterial vaccines did not increase CD117 expression in bone marrow cells by themselves; however, we could see significantly increased CD117 deposition and maintenance in the mice who had been treated with CTX alone or in immunosuppressed mice who had been vaccinated with mycobacteria. These results were compatible with the data on the propagation of early developmental stages of myelocyte lineage. Hematopoietic cell interactions, particularly those with stromal cells and mediated by integrins, may deliver additional signals for cell expansion and/or differentiation.



CTX mainly affects T lymphocytes, which secrete cytokines that activate macrophages. The lack of or a lower amount of T cell-derived cytokines may result in macrophages being less effective in pathogen elimination [38,43]. We assessed the number of alveolar macrophage-ingesting mycobacteria ex vivo and the effectiveness of engulfment (number of ingested bacteria per single macrophage) in mice who were either non-vaccinated or vaccinated with the wild-type BCG or rBCG/IL-18, who were immunocompetent, or who were CTX-treated. The number of macrophages involved in phagocytosis was increased to the same level in both the C57BL/6 and C3H mice who had been immunized either with the wild-type BCG or rBCG/IL-18 compared to mice receiving NaCl. CTX alone did not affect phagocytosis. Lis et al. [44] showed that the single i.p. injection of CTX at a dose of 350 mg/kg did not change the percentage of the phagocytosing monocytes; however, CTX inhibited the production of reactive oxygen metabolites [44]. In our study CTX did not influence the number of macrophages engaged in phagocytosis in the C57BL/6 mice who were inoculated with mycobacteria, while in the C3H mice who had been vaccinated with rBCG/IL-18 and then received CTX, the number of phagocytosing macrophages increased further. This might have been due to the development of a specific immune milieu in the lungs in C3H (Bcgr) mice who had been vaccinated with rBCG/IL-18 mycobacteria producing IL-18. The C57BL/6 (Bcgs) macrophages ingested more mycobacteria than the C3H (Bcgr) macrophages of the mice did. The effectiveness of bacterial engulfment was not affected in the C57BL/6 mice due to vaccination with mycobacteria and/or CTX administration. In the C3H mice, both the number of phagocytes engaged in phagocytosis and the effectiveness of engulfment increased significantly after inoculation with rBCG/IL-18. This effect was maintained in the immunocompromised mice. These differences in phagocytic potential of the macrophages of the C57BL/6 vs. the C3H mice towards mycobacteria might represent the genetic background. The lack of difference in the number of bacteria engulfed by one macrophage between immunocompetent and immunocompromised C56BL/6 mice might be the result of macrophage sensitivity to CTX. Potentially, the higher natural phagocytic activity observed in the macrophages of the C57BL/6 mice than the C3H mice might be a limitation in this study. The difference in phagocytosis induction between the wild-type BCG and rBCG/IL-18 could be related to IL-18. It was shown that IL-18 enhances the production of IFN-γ by the immune cells, which may result in the macrophages having increased antibacterial activity [45,46]. Unfortunately, IFN-γ was not detected in the serum of any of the experimental mice variants, which might be due to the low sensitivity of the assay or the temporary immunosuppression driven by mycobacteria. In the study by Biet et al. [9], higher amounts of IFN- γ were detected in the cell cultures of splenocytes or lymph node lymphocytes from mice who had been vaccinated with rBCG/IL-18 than with the wild-type BCG, but not in the serum [9]. Thus, our results remain in accordance with data of Biet et al. [9]. Steenwinkel et al. [47] showed a significant decline in the systemic level of IFN-γ between four and nine weeks after the mice had been inoculated with M.tb [47]. In M.tb patients, a diminished level of IFN-γ is corelated with an increased number of activated Foxp3+ regulatory T (Treg) lymphocytes and the production of transforming growth factor (TGF)-β [48,49]. It has been shown that IL-18 induces TGF-β production [50], which might stimulate natural killer cells to deliver tristetrapolin, which is responsible for IFN-γ degradation [51]. It was also revealed that endogenous IL-12 plays a favorable role in rBCG/IL-18-induced IFN-γ production [52]. In the current study, the systemic level of IL-12 was significantly diminished, particularly in C3H mice who had been vaccinated with rBCG/IL-18. Schultz et al. [53] showed that IL-18 impaired the pulmonary host response to Pseudomonas aeruginosa, whereas Ghose et al. [54] revealed that the interaction between the IL-18 and IL-18 receptors limited the protective immunity towards Ehrlichia [53,54].



The immune responses to infectious agents are regulated by various cytokines [55,56]. We compared the concentration of the proinflammatory cytokines (TNF-α, IL-2, IL-12, IFN-γ) and anti-inflammatory cytokines (IL-4, IL-5, IL-10) delivered by T helper 1 (Th1) or Th2 lymphocytes, respectively, as well as the GM-CSF level. The IFN-γ and IL-4 levels were undetectable, which might be due to the low sensitivity of the assay or the negative regulation of these cytokines in our model. The C3H mice (Bcgr) were more effective cytokine producers than the C57BL/6 mice (Bcgs) were. Literature data show that inbred mouse strains respond to mycobacterial infection via the distinct polarization of T helper-dependent processes and that the immune responses of C57BL/6 and C3H mice are Th1 prone [57,58]. It is not clear whether vaccinating mice with rBCG/IL-18 is beneficial, especially when taking into account the significant downregulation of the cytokine response in this study. This could potentially be due to secreted IL-18. Further studies are needed to elucidate the role of rBCG/IL-18 in regulating cytokine production in response to mycobacteria. The diminished production of cytokines in immunized mice treated with CTX indicate that mycobacteria are able to modify host cytokine responses under the conditions of CTX-induced immunosuppression; however, the influence of immunosuppression is also possible.



In the study by Kremer et al. [59], the infection of C57BL/6 mice but not of C3H/HeJ mice with BCG induced the massive production of TNF-α in the serum and an increase in Fas and Fas ligand (FasL) expression in the T cells, resulting in a T-cell proliferation defect [59]. In our study, the level of TNF-α was significantly higher in the non-immunized and in the wild-type BCG/rBCG/IL-18-vaccinated mice who were resistant to BCG than it was in susceptible mice, and this did not change due to CTX administration. According to Pelletier et al. [18], resistant mice are able to prevent bacterial growth without the need for a specific cellular response, whereas susceptible mice control bacterial growth by means of cellular immunity [18]. This suggestion might be discussed in the context of IL-2 production, which is a lymphocyte growth factor. The serum level of IL-2 in the C57BL/6 but not in the C3H mice was significantly diminished after vaccination with mycobacteria, and this effect persisted in the mice who received CTX. IL-2 deficiency may limit the development of the cellular adaptive response [50].



Only T cells that receive the right amount of stimulation, antigen, and cytokines survive as TCM, which is home to secondary lymphoid organs where they proliferate and differentiate to effector cells, or as TEM, which immediately displays an effector function [60,61,62,63]. Additionally, two types of memory CD4 T cells have been identified in mice [64,65]. Our results suggest that in mice who have been vaccinated with wild-type BCG or rBCG/IL-18, the spleen is mainly a reservoir of TEM cells but not TCM cells. Particularly, in the C57BL/6 mice who were injected with mycobacteria, the numbers of CD4+ TEM and CD8+ TEM cells in the spleen increased and were not diminished after CTX administration. In the BCG-sensitive strain, these cells may express their effector function in response to the challenge. The study by Henao-Tamayo et al. [66] showed that in mice who were vaccinated with BCG, the TCM cells represented a very small population in the spleen, while the CD4+ and CD8+ TEM cells were mostly generated in the lungs [66]. The presence of TEM lymphocytes in the lungs of mice vaccinated with mycobacteria may drive the effector phagocytic function of macrophages, which become activated by TEM-delivered cytokines [66]. The lack or low number of CD4+ and CD8+ TCM cells in the spleen of mice who have been vaccinated with the wild-type BCG or rBCG/IL-18 may indicate a different homing process for these cells. Further studies are needed to explain whether or not TCM lymphocytes were recruited to the spleen in our model; it is possible that these cells did not propagate due to insufficient signaling, which requires an antigen and cytokines.




5. Conclusions


The current study greatly expanded our knowledge of the immune responses to attenuated BCG mycobacteria in immunocompetent mice and in immunocompromised animals, providing a good basis for understanding the potential effect of chemical immunosuppression on the effectiveness of anti-mycobacterial responses in humans. The data that were obtained in the present study confirm the complexity of the immune processes that are involved in the response to mycobacteria. The examined rBCG/IL-18 strain secreting mouse IL-18 increased the number of bone marrow myeloblasts and promyelocytes as well as hematopoietic CD34 adhesin expression in both mouse strains. Furthermore, rBCG/IL-18 mobilized the macrophages for the phagocytosis of mycobacteria, even in the CTX-treated mice, and in the C57BL/6 mice, it induced the spleen homing of effector memory CD4+ and CD8+ T lymphocytes. In conclusion, rBCG/IL-18 induced selected immune determinants that were maintained in immunocompromised mice.



Further studies on rBCG/IL-18 as a new prototype vaccine strain are needed to evaluate practical implications in the fight against tuberculosis.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/vaccines10040615/s1: Figure S1: Forward (FSC) and side scatter (SSC) images of splenocytes isolated from the spleens of immunocompetent (A) and immunosuppressed (B) C57BL/6 mice. One representative image has been shown per group, Figure S2: Fluorescence minus one (FMO) controls of splenocytes stained with all of the fluorochromes (CD127 FITC, CD62L, PE-VIO770, CD44 V500, CD4 APC-CY7, CD8 APC) minus one of them. FMO1 control containing all fluorochromes except CD8 APC; CD4 APC-CY7 (FMO2); CD44 V500 (FMO3); CD62L PE-VIO770 (FMO4); and CD127 FITC (FMO5), Figure S3: Representative gating strategy to identify CD4+ and CD8+ T-cell subsets expressing markers for TCM and TEM in the murine spleens.





Author Contributions


Conceptualization, W.R.; methodology, M.F., M.D., M.K.-K. and M.W.; software, M.K.-K., M.W. and K.T.K.; validation, M.F., M.D., M.K.-K. and M.W.; formal analysis, M.F., M.D., M.K.-K., M.W. and K.T.K.; investigation, M.F., M.D., M.K.-K., M.W. and S.W.; resources, M.F., M.D., M.K.-K. and M.W.; data curation, W.R., M.C., M.F., M.D., M.K.-K., M.W. and K.T.K.; writing—original draft preparation, M.C., M.F., M.D., M.K.-K. and M.W; writing—review and editing, M.C. and M.F.; visualization, M.K.-K., M.W. and K.T.K.; supervision, W.R., M.C. and M.F.; project administration, M.F.; funding acquisition, W.R., M.F., M.D. and M.K.-K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Centre (Poland), grant number 2013/11/B/NZ6/01304.




Institutional Review Board Statement


The animal study protocol was approved by the Local Ethics Committee for Animal Experimentation in Lodz (Poland), protocol code: 33/ŁB717/2014, date of approval: June 30, 2014.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The rBCG/IL-18 strain was generously provided by Camille Locht (U1019-UMR9017-CIIL-Center for Infection and Immunity of Lille, Institut Pasteur de Lille, Université de Lille, CNRS, Inserm, CHU Lille, F-59000 Lille, France) and Franck Biet (Institut National de Recherche pour l’Agriculture, l’Alimentation et l’Environnement (INRAE), Université de Tours, ISP, F-37390 Nouzilly, France), for which the authors are deeply grateful. The authors wish to thank Agnieszka Krupa (Department of Immunology and Infectious Biology at Faculty of Biology and Environmental Protection, University of Lodz, Poland) and Patrycja Przygodzka (Institute of Medical Biology, Polish Academy of Sciences, Lodz, Poland) for their help in measuring the expression of CD34 and CD117 as well as to Adrian Bekier (PhD student from the Department of Molecular Microbiology at Faculty of Biology and Environmental Protection, University of Lodz, Poland) for his help in the flow cytometry data analysis. The authors are also grateful to Elżbieta Czernik (former PhD student) for her technical support and to all the staff of the Animal Facility for their proper care and supervision of the animals involved in this study.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Global Tuberculosis Report WHO 2021. Available online: https://www.who.int/teams/global-tuberculosis-programme/tb-reports (accessed on 17 February 2022).

	



Houben, R.M.; Dodd, P.J. The global burden of latent tuberculosis infection: A re-estimation using mathematical modelling. PLoS Med. 2016, 13, e1002152. [Google Scholar] [CrossRef] [PubMed]

	



Kiazyk, S.; Ball, T.B. Latent tuberculosis infection: An overview. Can. Commun. Dis. Rep. 2017, 43, 62–66. [Google Scholar] [CrossRef] [PubMed]

	



Ai, J.W.; Ruan, Q.L.; Liu, Q.H.; Zhang, W.H. Updates on the risk factors for latent tuberculosis reactivation and their managements. Emerg. Microbes Infect. 2016, 5, e10. [Google Scholar] [CrossRef] [PubMed]

	



Muñoz, L.; Stagg, H.R.; Abubakar, I. Diagnosis and management of latent tuberculosis infection. Cold Spring Harb. Perspect. Med. 2015, 5, a017830. [Google Scholar] [CrossRef] [PubMed]

	



Kaufmann, S.H.; Hussey, G.; Lambert, P.H. New vaccines for tuberculosis. Lancet 2010, 375, 2110–2119. [Google Scholar] [CrossRef]

	



Matsuo, K.; Yasutomi, Y. Mycobacterium bovis Bacille Calmette-Guérin as a vaccine vector for global infectious disease control. Tuberc. Res. Treat. 2011, 2011, 574591. [Google Scholar]

	



Covián, C.; Fernández-Fierro, A.; Retamal-Díaz, A.; Díaz, F.E.; Vasquez, A.E.; Lay, M.K.; Riedel, C.A.; González, P.A.; Bueno, S.M.; Kalergis, A.M. BCG-induced cross-protection and development of trained immunity: Implication for vaccine design. Front. Immunol. 2019, 10, 2806. [Google Scholar] [CrossRef]

	



Biet, F.; Kremer, L.; Wolowczuk, I.; Delacre, M.; Locht, C. Mycobacterium bovis BCG producing interleukin-18 increases antigen-specific gamma interferon production in mice. Infect. Immun. 2002, 70, 6549–6557. [Google Scholar] [CrossRef]

	



Biet, F.; Duez, C.; Kremer, L.; Marquillies, P.; Amniai, L.; Tonnel, A.B.; Locht, C.; Pestel, J. Recombinant Mycobacterium bovis BCG producing IL-18 reduces IL-5 production and bronchoalveolar eosinophilia induced by an allergic reaction. Allergy 2005, 60, 1065–1072. [Google Scholar] [CrossRef]

	



Gracie, J.A.; Robertson, S.E.; McInnes, I.B. Interleukin-18. J. Leukoc. Biol. 2003, 73, 213–224. [Google Scholar] [CrossRef]

	



Dinarello, C.A.; Novick, D.; Kim, S.; Kaplanski, G. Interleukin-18 and IL-18 binding protein. Front. Immunol. 2013, 4, 289. [Google Scholar] [CrossRef] [PubMed]

	



Swain, S.L. Interleukin 18: Tipping the balance towards a T helper cell 1 response. J. Exp. Med. 2001, 194, F11–F14. [Google Scholar] [CrossRef] [PubMed]

	



Kaplanski, G. Interleukin-18: Biological properties and role in disease pathogenesis. Immunol. Rev. 2018, 281, 138–153. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Li, X.; Zhang, C.; Wu, T.; Li, Y.; Cheng, X. A eukaryotic expression plasmid carrying chicken interleukin-18 enhances the response to Newcastle disease virus vaccine. Clin. Vaccine Immunol. 2015, 22, 56–64. [Google Scholar] [CrossRef] [PubMed]

	



Wawrocki, S.; Druszczynska, M.; Kowalewicz-Kulbat, M.; Rudnicka, W. Interleukin 18 (IL-18) as a target for immune intervention. Acta Biochim. Pol. 2016, 63, 59–63. [Google Scholar] [CrossRef]

	



Kinoshita, M.; Miyazaki, H.; Ono, S.; Seki, S. Immunoenhancing therapy with interleukin-18 against bacterial infection in immunocompromised hosts after severe surgical stress. J. Leukoc. Biol. 2013, 93, 689–698. [Google Scholar] [CrossRef]

	



Pelletier, M.; Forget, A.; Bourassa, D.; Gros, P.; Skamene, E. Immunopathology of BCG infection in genetically resistant and susceptible mouse strains. J. Immunol. 1982, 129, 2179–2185. [Google Scholar]

	



Mortatti, R.C.; Maia, L.C. Immune response to BCG-Moreau (Rio de Janeiro) strain. Spectrum of delayed hypersensitivity in genetically defined mice. FEMS Microbiol. Immunol. 1989, 1, 491–497. [Google Scholar] [CrossRef]

	



Colvin, O.M. An overview of cyclophosphamide development and clinical applications. Curr. Pharm. Des. 1999, 5, 555–560. [Google Scholar]

	



Ahlmann, M.; Hempel, G. The effect of cyclophosphamide on the immune system: Implications for clinical cancer therapy. Cancer Chemother. Pharmacol. 2016, 78, 661–671. [Google Scholar] [CrossRef]

	



Neri, P.; Bahlis, N.J.; Lonial, S. New strategies in multiple myeloma: Immunotherapy as a novel approach to treat patients with multiple myeloma. Clin. Cancer Res. 2016, 22, 5959–5965. [Google Scholar] [CrossRef] [PubMed]

	



Włodarczyk, M.; Ograczyk, E.; Kowalewicz-Kulbat, M.; Druszczyńska, M.; Rudnicka, W.; Fol, M. Effect of cyclophosphamide treatment on central and effector memory T cells in mice. Int. J. Toxicol. 2018, 37, 373–382. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Quan, N. Immune cell isolation from mouse femur bone marrow. Bio-protocol 2015, 5, e1631. [Google Scholar] [CrossRef] [PubMed]

	



Löffler, H.; Rastetter, J.; Haferlach, T. Atlas of Clinical Hematology, 6th ed.; Springer: Berlin/Heidelberg, Germany; New York, NY, USA, 2005; p. 8. [Google Scholar]

	



Drew, E.; Merzaban, J.S.; Seo, W.; Ziltener, H.J.; McNagny, K.M. CD34 and CD43 inhibit mast cell adhesion and are required for optimal mast cell reconstitution. Immunity 2005, 22, 43–57. [Google Scholar] [CrossRef] [PubMed]

	



Saleh, M.; Shamsasanian, K.; Movassaghpourakbari, A.; Akbarzadehlaleh, P.; Molaeipour, Z. The impact of mesenchymal stem cells on differentiation of hematopoietic stem cells. Adv. Pharm. Bull. 2015, 5, 299. [Google Scholar] [CrossRef]

	



Sperling, C.; Schwartz, S.; Buchner, T.; Thiel, E.; Ludwig, W.D. Expression of the stem cell factor receptor C-KIT (CD117) in acute leukemias. Haematologica 1997, 82, 617–621. [Google Scholar]

	



Feng, L.; Huang, Q.; Huang, Z.; Li, H.; Qi, X.; Wang, Y.; Liu, Z.; Liu, X.; Lu, L. Optimized animal model of cyclophosphamide -induced bone marrow suppression. Basic Clin. Pharmacol. Toxicol. 2016, 119, 428–435. [Google Scholar] [CrossRef]

	



Ogura, T.; Ueda, H.; Hosohara, K.; Tsuii, R.; Nagata, Y.; Kashiwamura, S.; Okamura, H. Interleukin 18 stimulates hematopoietic cytokine and growth factor formation and augments circulating granulocytes in mice. Blood 2001, 98, 2101–2107. [Google Scholar] [CrossRef]

	



Deng, Y.; Ye, J.; Luo, Q.; Huang, Z.; Peng, Y.; Xiong, G.; Guo, Y.; Jiang, H.; Li, J. Low-density granulocytes are elevated in mycobacterial infection and associated with the severity of tuberculosis. PLoS ONE 2016, 11, e0153567. [Google Scholar] [CrossRef]

	



Fackler, M.J.; Krause, D.S.; Smith, O.M.; Civin, C.I.; May, W.S. Full-length but not truncated CD34 inhibits hematopoietic cell differentiation of M1 cells. Blood 1995, 85, 3040–3047. [Google Scholar] [CrossRef]

	



McGarry, M.P.; Protheroe, C.A.; Lee, J.J. Mouse hematology: A laboratory manual, Har/DVD La Edition; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 2009; pp. 1–99. [Google Scholar]

	



Shihan, M.H.; Novo, S.G.; Le Marchand, S.J.; Wang, Y.; Duncan, M.K. A simple method for quantifying confocal fluorescent images. Biochem. Biophys. Rep. 2021, 25, 100916. [Google Scholar]

	



Liu, C.; Huang, M.; Liu, F.; Xu, X.; Feng, W.; Han, G.; Liu, X.; Geng, L.; Fu, T. The role of surgical management of BCG vaccine-induced regional suppurative lymphadenitis in children: A 7 years’ experience from one medical center. BMC Infect. Dis. 2021, 21, 801. [Google Scholar] [CrossRef] [PubMed]

	



Cirovic, B.; de Bree, L.C.J.; Groh, L.; Blok, B.A.; Chan, J.; van der Velden, W.J.F.M.; Bremmers, M.E.J.; van Creve, R.; Handler, K.; Picelli, S.; et al. BCG vaccination in humans elicits trained immunity via the hematopoietic progenitor compartment. Cell Host Microbe 2020, 28, 322–334. [Google Scholar] [CrossRef] [PubMed]

	



Huyan, X.H.; Lin, Y.P.; Gao, T.; Chen, R.Y.; Fan, Y.M. Immunosuppressive effect of cyclophosphamide on white blood cells and lymphocyte subpopulations from peripheral blood of Balb/c mice. Int. Immunopharmacol. 2011, 11, 1293–1297. [Google Scholar] [CrossRef]

	



Wu, J.; Waxman, D.J. Immunogenic chemotherapy: Dose and schedule dependence and combination with immunotherapy. Cancer Lett. 2018, 419, 210–221. [Google Scholar] [CrossRef]

	



Buisman, A.M.; Van Zwet, T.L.; Langermans, J.A.M.; Geertsma, M.F.; Leenen, P.J.M.; Van Furth, R. Different effect of granulocyte colony-stimulating factor or bacterial infection on bone-marrow cells of cyclophosphamide-treated or irradiated mice. Immunology 1999, 97, 601–610. [Google Scholar] [CrossRef]

	



Roberst, A.W.; Metcalf, D. Noncycling state of peripheral blood progenitor cells mobilized by granulocyte colony-stimulating factor and other cytokines. Blood 1995, 86, 1600–1605. [Google Scholar]

	



Croockewit, A.J.; Raymakers, R.A.P.; Smeets, M.E.P.; vd Bosch, G.; Pennings, A.H.M.; de Witte, T.J.M. The low cycling status of mobilized peripheral blood CD34+ cells is not restricted to the more primitive subfraction. Leukemia 1998, 12, 571–577. [Google Scholar] [CrossRef]

	



Miettinen, M.; Lasota, J. KIT (CD117): A review on expression in normal and neoplastic tissues, and mutations and their clinicopathologic correlation. Appl. Immunohistochem. Mol. Morphol. 2005, 13, 205–220. [Google Scholar] [CrossRef]

	



Sitsigu, A.; Viaud, S.; Chaput, N.; Bracci, L.; Proietti, E.; Zitvogel, L. Immunomodulatory effects of cyclophosphamide and implementations for vaccine design. Semin. Immunopathol. 2011, 33, 369–383. [Google Scholar]

	



Lis, M.; Obmińska-Mrukowicz, B. Effects of bestatin on phagocytic cells in cyclophosphamide-treated mice. Pharmacol. Rep. 2011, 63, 1481–1490. [Google Scholar] [CrossRef]

	



Kinoshita, M.; Seki, S.; Ono, S.; Shinomiya, N.; Hiraide, H. Paradoxical effect of IL-18 therapy on the severe and mild Escherichia coli infections in burn-injured mice. Ann. Surg. 2004, 240, 313–320. [Google Scholar] [CrossRef] [PubMed]

	



Sahoo, M.; Ceballos-Olvera, I.; del Barrio, L.; Re, F. Role of inflammasome, IL-1β and IL-18 in bacterial infections. Sci. World J. 2011, 11, 2037–2050. [Google Scholar] [CrossRef] [PubMed]

	



de Steenwinkel, J.E.; de Knegt, G.J.; ten Kate, M.T.; Verbrugh, H.A.; Ottenhoff, T.H.; Bakker-Wounderberg, I.A. Dynamics of interferon gamma release assay and cytokine profiles in blood and respiratory tract specimens from mice with tuberculosis and the effect of therapy. Eur. J. Clin. Microbiol. Infect. Dis. 2012, 6, 1195–1201. [Google Scholar] [CrossRef] [PubMed]

	



Shafiani, S.; Tucker-Heard, G.; Kariyone, A.; Takatsu, K.; Urdahl, K.B. Pathogen-specific regulatory T cells delay the arrival of effector T cells in the lung during early tuberculosis. J. Exp. Med. 2010, 207, 1409–1420. [Google Scholar] [CrossRef]

	



Olobo, J.O.; Geletu, M.; Demissie, A.; Eguale, T.; Hiwot, K.; Aderaye, G.; Britton, S. Circulating TNF-α, TGF-β, and IL-10 in tuberculosis patients and healthy contacts. Scand. J. Immunol. 2001, 53, 85–91. [Google Scholar] [CrossRef]

	



Liu, X.; Li, F.; Niu, H.; Ma, L.; Chen, J.; Zhang, Y.; Peng, L.; Gan, C.; Ma, X.; Zhu, B. IL-2 restores T-cell dysfunction induced by persistent Mycobacterium tuberculosis antigen stimulation. Front. Immunol. 2019, 10, 2350. [Google Scholar] [CrossRef]

	



Inoue, Y.; Abe, K.; Onozaki, K.; Hayashi, H. TGF-β decreases the stability of IL-18—Induced IFN-gamma mRNA through the expression of TGF-β induced tristetraptolin in KG-1 cells. Biol. Pharm. Bull. 2015, 38, 536–544. [Google Scholar] [CrossRef]

	



Luo, Y.; Yamada, H.; Chen, X.; Ryan, A.A.; Evatoff, D.P.; Triccas, J.A.; O’Donnel, M.A. Recombinant Mycobacterium bovis bacillus Calmette-Guérin (BCG) expressing mouse IL-18 augments Th1 immunity and macrophage cytotoxicity. Clin. Exp. Immunol. 2004, 137, 24–34. [Google Scholar] [CrossRef]

	



Schultz, M.J.; Knapps, S.; Florguin, S.; Pater, J.; Takeda, K.; Akira, S.; van der Poll, T. Interleukin-18 impairs the pulmonary host response to Pseudomonas aeruginosa. Infect. Immun. 2003, 71, 1630–1634. [Google Scholar] [CrossRef]

	



Ghose, P.; Ali, A.Q.; Fang, R.; Forbes, D.; Ballard, B.; Ismaiul, N. The interaction between IL-18 and IL-18 receptor limits the magnitude of protective immunity and enhances pathogenic responses following infection with intracellular bacteria. J. Immunol. 2011, 187, 1333–1346. [Google Scholar] [CrossRef] [PubMed]

	



Vahedi, G.C.; Poholek, A.; Hand, T.W.; Laurence, A.; Kanno, Y.; O’Shea, J.J.; Hirahara, K. Helper T-cell identity and evolution of differential transcriptomes and epigenomes. Immunol. Rev. 2013, 252, 24–40. [Google Scholar] [CrossRef] [PubMed]

	



Vahedi, G.; Kanno, Y.; Sartorelli, V.; O’Shea, J.J. Transcription factors and CD4 T cells seeking identity: Masters, minions, setters and spikers. Immunology 2013, 139, 294–298. [Google Scholar] [CrossRef] [PubMed]

	



Yagi, J.; Arimura, Y.; Takatori, H.; Nakajima, H.; Iwamoto, I.; Uchiyama, T. Genetic background influences Th cell differentiation by controlling the capacity for IL-2-induced IL-4 production by naive CD4+ T cells. Int. Immunol. 2006, 18, 1681–1690. [Google Scholar] [CrossRef]

	



Garcia-Pelayo, M.C.; Bachy, V.S.; Kaveh, D.A.; Hogarth, P.J. BALB/c mice display more enhanced BCG vaccine induced Th1 and Th17 response than C57BL/6 mice but have equivalent protection. Tuberculosis 2015, 95, 48–53. [Google Scholar] [CrossRef]

	



Kremer, L.; Estaquier, J.; Wolowczuk, I.; Biet, F.; Ameisen, J.C.; Locht, C. Ineffective cellular immune response associated with t-cell apoptosis in susceptible Mycobacterium bovis BCG-infected mice. Infect. Immun. 2000, 68, 4264–4273. [Google Scholar] [CrossRef]

	



Gourley, T.S.; Wherry, E.J.; Masopust, D.; Ahmed, R. Generation and maintenance of immunological memory. Semin. Immunol. 2004, 16, 323–333. [Google Scholar] [CrossRef]

	



McKinstry, K.K.; Strutt, T.M.; Swain, S.L. The effector to memory transition of CD4 T cells. Immunol. Res. 2008, 40, 114–127. [Google Scholar] [CrossRef]

	



Lanzavecchia, A.; Sallusto, F. Understanding the generation and function of memory T cell subsets. Curr. Opin. Immunol. 2005, 17, 326–332. [Google Scholar] [CrossRef]

	



Sallusto, F.; Geginat, J.; Lanzavecchia, A. Central memory and effector memory T cell subsets: Function, generation, and maintenance. Annu. Rev. Immunol. 2004, 22, 745–763. [Google Scholar] [CrossRef]

	



Reinhardt, R.L.; Khoruts, A.; Merica, R.; Zell, T.; Jenkins, M.K. Visualizing the generation of memory CD4 T cells in the whole body. Nature 2001, 410, 101–105. [Google Scholar] [CrossRef] [PubMed]

	



Masopust, D.; Vezys, V.; Marzo, A.L.; Lefrancois, L. Preferential localization of effector memory cells in nonlymphoid tissue. Science 2001, 291, 2413–2417. [Google Scholar] [CrossRef] [PubMed]

	



Henao-Tamayo, M.I.; Ordway, D.J.; Irwin, S.M.; Shang, S.; Shanley, C.; Orme, I.M. Phenotypic definition of effector and memory T-lymphocyte subsets in mice chronically infected with Mycobacterium tuberculosis. Clin. Vaccine Immunol. 2010, 17, 618–625. [Google Scholar] [CrossRef] [PubMed]








[image: Vaccines 10 00615 g001 550] 





Figure 1. Morphology of bone marrow cells isolated from C3H and C57BL/6 mice who had been immunocompromised with cyclophosphamide or immunocompetent animals who had been injected with physiological saline (NaCl) and immunized with Mycobacterium bovis (wild-type BCG) or the recombinant BCG (rBCG) strain secreting interleukin (IL)-18. Representative pictures are shown for each group. Cytospins were prepared from freshly isolated bone marrow and stained with the May–Grünwald for 6 min and Giemsa solution for another 15 min. Finally, the slides were rinsed with water and placed to dry in air. The cells were observed using a light microscope at 100× magnification (immersion). The experiment was triplicated, and each time, at least 12 randomly selected view fields per slide were captured. The cells were identified on the basis of histological/morphological markers by two independent histopathologists from Institut für Tierpathologie, Berlin, Germany, and are indicated by arrows and numbers: (1) myelocyte, (2) promyelocyte, (3) metamyelocyte, (4) myeloblast, (5) monocyte, (6) lymphocyte, (e1) eosinophilic myelocyte, (e2) eosinophilic promyelocyte, (e3) eosinophilic metamyelocyte, (MIT) mitosis, (pE) proerythroblast, (pcE) polychromatic erythroblast, and (ocE) orthochromatic erythroblast. 
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Figure 2. The expression of CD34 and CD117 on bone marrow cells in C57BL6 and C3H mice, in immunocompetent mice and in mice who were immunocompromised with cyclophosphamide (CTX), and in mice who were non-immunized or immunized with Mycobacterium bovis wild-type BCG or by the recombinant BCG (rBCG) strain secreting IL-18. (A) Representative confocal laser scanning microscopy images (NikonD-Eclipse C1 microscope equipped with an inverted 60× objective). Bone marrow cells were stained with DyLight 488-conjugated rat monoclonal anti-mouse CD34 (B) and with allophycocyanin (APC)-conjugated rat monoclonal anti-mouse CD117 (C). Data are shown as mean ± SEM (standard error of the mean). Asterisk (*) indicates p value ≤ 0.05; NaCl—physiological saline solution NaCl 0.9%; CD—cluster of differentiation; MFI—mean fluorescence intensity. 
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Figure 3. Phagocytic activity of alveolar macrophages in C57BL6 or C3H mice who were immunocompetent or immunocompromised with cyclophosphamide (CTX) and who were non-immunized or immunized with Mycobacterium bovis wild-type BCG or the recombinant BCG strain (rBCG) secreting IL-18. The percentage of macrophages with at least one engulfed bacterium (A). The mean number of bacteria that were phagocytized by one macrophage (B). At least three hundred of alveolar macrophages were counted in each slide. The number of ingested bacteria and the number of phagocytes containing at least one bacterium were determined. The percentage of macrophages engaged in phagocytosis (with at least 1 bacterium) was calculated as follows: (number of phagocytes containing bacteria/total number of phagocytes counted in slide) × 100%. The mean number of bacteria phagocytized by one macrophage was calculated as follows: total number of ingested bacteria/number of phagocytes containing at least one bacterium. Data are shown as mean ± SEM (standard error of the mean). Differences were calculated using a Kruskal–Wallis test, and statistical significances are indicated vs. control mice. Asterisk (*) indicates p value < 5; NaCl—physiological saline solution NaCl 0.9%. 
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Figure 4. Serum concentrations of the studied cytokines in the sera from C57BL/6 and C3H mice who had been immunized with wild-type BCG or the recombinant BCG strain (rBCG) secreting IL-18 and who were immunocompetent or cyclophosphamide (CTX)-compromised. Data are shown as mean ± SEM (standard error of the mean). For each condition, samples were tested. p values were calculated using a one-way analysis of variance (ANOVA). IL-2 (A), IL-5 (B), IL-10 (C), IL-12 (D), granulocyte macrophage colony stimulating factor (GM-CSF) (E), tumor necrosis factor alpha (TNF)-α (F). Black dots—C57BL/6 mice; grey dots—C3H mice. Asterisk (*) indicates p value ≤ 0.05. 
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Figure 5. Comparison of central (TCM) and effector memory T cells (TEM) in C57BL6 and C3H mice who were non-immunized or immunized with the wild-type BCG or recombinant BCG (rBCG) secreting IL-18 and in mice who were immunocompromised with cyclophosphamide (CTX) or who were immunocompetent (NaCl, Control). Graphs show cumulative data for n = 7 mice/group. Data are expressed as mean ± SD (standard deviation) TCM or TEM percentages; * p value < 0.05, ** p value < 0.01. (A) total number of CD4+ T cells, (B) total number of CD8+ T cells, (C) number of CD4+ TCM cells, (D) number of CD8+ TCM cells, (E) number of CD4+ TEM cells, (F) number of CD8+ TEM cells. 
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Table 1. Leukocyte composition (%) of bone morrow cells isolated from C57/BL6 and C3H mice who had been immunized with the wild-type BCG or recombinant BCG secreting IL-18 (rBCG/IL-18) strains and from immunocompetent or cyclophosphamide (CTX) immunosuppressed animals. Data are shown as mean ± SEM (standard error of the mean).
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