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Past studies with the live, double-mutant B. abortus (znBAZ) strain resulted in nearly complete protection of mice against pulmonary challenge with wild-type (wt) Brucella via a dominant CD8+ T cell response. To understand the contribution innate immune cells in priming CD8+ T cell responses, mice were nasally dosed with wt B. abortus, smooth vaccine strain 19 (S19), or znBAZ, and examined for innate immune cell activation. Flow cytometric analysis revealed that znBAZ, but not wt B. abortus nor S19 infection, induces up to a 5-fold increase in the frequency of IFN-γ-producing NK cells in mouse lungs. These NK cells express increased CXCR3 and Ki67, indicating their recruitment and proliferation subsequent to znBAZ infection. Their activation status was augmented noted by the increased NKp46 and granzyme B, but decreased NKG2A expression. Further analysis demonstrated that both lung caspase-1+ inflammatory monocytes and monocyte-derived macrophages secrete chemokines and cytokines responsible for NK cell recruitment and activation. Moreover, neutralizing IL-18, an NK cell-activating cytokine, reduced the znBAZ-induced early NK cell response. NK cell depletion also significantly impaired lung dendritic cell (DC) activation and migration to the lower respiratory lymph nodes (LRLNs). Both lung DC activation and migration to LRLNs were significantly impaired in NK cell-depleted or IFN-γ-/- mice, particularly the CD11b+ and monocytic DC subsets. Furthermore, znBAZ vaccination significantly induced CD8+ T cells, and upon in vivo NK cell depletion, CD8+ T cells were reduced 3-fold compared to isotype-treated mice. In summary, these data show that znBAZ induces lung IFN-γ+ NK cells, which plays a critical role in influencing lung DC activation, migration, and promoting protective CD8+ T cell development.
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Introduction

Brucellosis is one of the most prevalent bacterial zoonotic diseases worldwide and listed by the World Health Organization as one of the “seven most neglected diseases” (1–3). Brucella, a Gram-negative, facultative bacterium, is responsible for this disease. While commonly thought of as a disease of livestock, the four closely-related Brucella species – B. abortus, B. melitensis, B. suis, and B. canis - can cause human disease (4, 5). Brucella is transmitted from infected animals to humans through direct contact, ingestion of contaminated foods, or by inhalation of Brucella-laden aerosols (6). The animal and human forms of brucellosis tend to differ symptomatically – in livestock, brucellosis causes abortion, infertility, mastitis, and lameness, whereas in humans, the effects are incapacitating illness characterized by undulating fever with flu-like symptoms, which can persist if untreated (5, 7, 8). An estimate of 500,000 humans are annually infected with Brucella (9, 10). Moreover, chronic brucellosis can lead to additional complications in humans such as endocarditis, arthritis, epididymo-orchitis, and sacroiliitis (11–14). The most common routes of infection in humans are oral via consumption of contaminated foods or inhalation (15). Thus, induction of strong mucosal immunity in the aerodigestive tracts is desirable to provide efficient and long-lasting protection against Brucella infection. Given the routes of exposure, a mucosal vaccine that activates immunity in the lungs and gut seems a logical step to advancing Brucella vaccines. Mucosal vaccination is advantageous because antigen-specific humoral and cell-mediated immune responses can be induced both in the mucosal and systemic compartments (16–18). As such, mucosal vaccines may provide better coverage against pathogens than those given parenterally.

Embedded within the mucosal tissues are innate immune cells, which play a crucial role in antimicrobial defenses. Stimulation of innate immunity by respiratory pathogens is central to generating a pathogen-specific immunity (19, 20). Among the innate immune cell population in the lungs, NK cells merit special attention due to their role as a bridge between innate and adaptive immune responses (21, 22). The lungs harbor NK cells, underscoring their importance in respiratory mucosal immune protection (23). NK cells act as an essential first line of defense against respiratory infections, and are poised to exert effector functions and produce cytokines and chemokines that coordinate innate and adaptive immune responses (24, 25). Early in infection, NK cells are primarily activated by cytokines such as type I interferons, interleukin-12 (IL-12), IL-15, and IL-18, secreted by macrophages and monocytes (26, 27). NK cells activation is also regulated by a wide array of soluble or membrane bound ligands on infected cells that interact with both activating and inhibitory receptors on the NK cell surface (28). Activated NK cells protect against invasive respiratory pathogens either by direct lysis of infected cells or indirectly by activating other innate immune cells such as macrophages or dendritic cells (DCs) (29). In addition, NK cells can indirectly modulate adaptive immune responses by its assistance in priming T cell responses (30).

The present study describes a live, double-mutant ΔnorD ΔznuA Brucella abortus (znBAZ) strain that, after mucosal vaccination, confers complete protection against pulmonary challenge with virulent B. abortus 2308 by stimulating robust CD8+ T cell responses in the lungs (31). To better understand how znBAZ confers protection, the role of innate cells, particularly, NK cells was examined. A robust, early activation of NK cells was induced following nasal znBAZ infection, but not observed when infected with wild-type (wt) B. abortus 2308 or B. abortus S19 vaccine. Additional mechanistic studies were conducted to discern the impact of NK cells has upon znBAZ-induced lung CD8+ T cell responses, and the relevance of IFN-γ in innate cell activation and migration. These results provide important insights regarding the role of early lung NK cell activation in znBAZ-mediated immunity.



Materials and Methods


Bacterial Strains and Culture Conditions

The construction of znBAZ, a live attenuated mutant Brucella abortus strain, was previously described, and lacks functional znuA and norD genes (32). All B. abortus vaccine strains, S19, RB51, znBAZ, and wt 2308, were inoculated and grown on Potato Infusion Agar (PIA) plates for three days at 37°C under 5% CO2. Before infection, bacteria were harvested, washed, and diluted in sterile phosphate-buffered saline (sPBS) for use.



Mice

BALB/c and C57BL/6 (female, 6–8 weeks old) mice were obtained from Charles River Laboratory (Frederick, MD, USA), and IFN‐γ−/− mice on C57BL/6 background were bred in-house. All animal experiments performed with live attenuated Brucella vaccine strains S19 and znBAZ were conducted under biosafety level-2 (BSL-2) containment; studies involving wt B. abortus 2308 were done under BSL-3 containment. Mice were maintained in individually ventilated cages under HEPA-filtered barrier conditions with 12 h of light and 12 h of darkness, and food and water were provided ad libitum. All animal care and procedures were in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All animal studies were conducted under protocols approved by the University of Florida Institutional Animal Care and Use Committee.



Infection

BALB/c or C57BL/6 mice (n = 5/group) were nasally dosed with 30 μl of sPBS, 1×105 CFUs wt B. abortus 2308, 1×108 CFUs S19, or 1×109 CFUs znBAZ administered into the anterior nares dropwise using a micropipette under isoflurane anesthesia. The infected mouse lungs and lower respiratory lymph nodes (LRLNs) were harvested at different time points (2, 5, and 15 days) after infection and analyzed for brucellae colonization and mononuclear cell composition. Lung and splenic homogenates from individual mice were plated on Farrell’s medium (Oxoid Ltd, Basingstoke, UK) or PIA for 3–5 days at 37°C in 5% CO2.



Bronchoalveolar Lavage Fluid

Nasally infected and uninfected mice were euthanized, their tracheas were cannulated, and the lungs were perfused with 1 ml of cold sPBS three times, and a total of 3 ml BAL fluids were collected from each mouse. BAL fluid samples were centrifuged at 500 × g for 10 min at 4°C, and recovered fluids were filter-sterilized using 0.22 µ syringe filters. The sterile BAL fluid samples were stored at −70°C for cytokine analysis.



Cytokine ELISAs

Cytokines (IFN-γ, IL-12p70, IL-15, IL-18) and chemokines (CXCL-9 and CXCL-10) levels were measured from BAL fluids (duplicate samples) collected from mice dosed nasally with wt B. abortus 2308, S19, or znBAZ, along with those from uninfected mice by capture ELISA using the following antibody pairs: IFN-γ (clone R4-6A2 and clone XMG1.2 from BD Pharmingen), IL-12p70 (clone 9A5 and biotinylated clone C17.8; BD Pharmingen), IL-15 (clone 201136 and biotinylated polyclonal goat IgG anti-mouse IL-15; R&D Systems), IL-18 (clone 74 and biotinylated clone 93-10C; R&D Systems), CXCL-9 (polyclonal goat and biotinylated polyclonal goat IgG anti-mouse CXCL-9; R&D Systems), and CXCL-10 (clone 134013 and biotinylated polyclonal goat IgG anti-mouse CXCL-10; R&D Systems). ELISAs were developed using a third step antibody Ab, horseradish peroxidase (HRP) conjugated goat anti-biotin Ab (Vector Laboratories). After a wash step, ABTS peroxidase substrate (Moss, Inc., Pasadena, ME, USA) was added to each well, and reactions were read at 415 nm using a Bio-Tek Instruments Epoch Microplate Spectrophotometer (Winooski, VT). Cytokine concentrations were extrapolated from standard curves generated by recombinant murine cytokines and chemokines: IFN-γ (Peprotech), IL-15 (R&D Systems), IL-12 (R&D Systems), IL-18 (R&D Systems), CXCL-9 (R&D Systems), and CXCL-10 (R&D Systems). ELISA methods used were similar to those previously described (31, 32).



Single-Cell Preparation and In Vitro Stimulation

LRLNs and lungs were aseptically removed from euthanized mice and collected into 2ml tubes containing 1ml of incomplete media (ICM): RPMI-1640, 10 mM HEPES buffer, and 10 mM penicillin/streptomycin. These tissues were then mechanically homogenized and filtered through 70-µm cell strainers (Fisherbrand) to obtain single-cell suspensions. Lung tissue was additionally digested with 20 μg of Liberase TL research-grade (Roche) and 50 units of RNase-free DNase I (Promega) for 45 min at 37°C under 5% CO2, followed by 0.5M EDTA treatment for 5 mins. Cells were then suspended in freshly made ammonium-chloride-potassium (ACK) lysis buffer for 3 mins, then washed with ICM, and resuspended in complete media (CM): ICM plus 10% fetal bovine serum (FBS), 10 mM nonessential amino acids, and 10 mM sodium pyruvate. For flow cytometry analysis, single-cell suspensions were either stimulated overnight with heat-killed RB51 (HKRB51) followed by 4 hours of 5 ng/ml phorbol myristate acetate (PMA; SIGMA-ALDRICH), 500 ng/ml ionomycin (SIGMA-ALDRICH) and 10 μg/ml brefeldin A (SIGMA-ALDRICH) before antibody (Ab) staining or stained directly.



Flow Cytometry Assay

For flow cytometry analysis, cells were washed with PBS plus 2% FBS, and incubated with Fc blocker (eBioscience) along with Live/dead stain (ThermoFisher) for 15 min at 4°C. After an additional wash, the cells were surface stained for 30 min at 4°C with mAbs specific for CD49b (DX5), NK1.1 (PK136), CD4 (GK1.5), CD8 (53-6.7), CCR2 (SA203G11), CCR5 (HM-CCR5), CXCR3 (CXCR3-173), NKG2D (CX5), NKp46 (29A1.4), NKG2A (16A11), and TCR-β (H57-597) for lymphocyte analysis. For macrophages and dendritic cells, cells were stained with mAbs specific for SiglecF (1RNM44N), CD11b (M1/70), CD11c (N418), CD103 (2E7), F4/80 (BM8), Ly6C (HK1.4), Ly6G (1A8), CD40 (3/23), CD80 (16-10A1), CD86 (GL-1), and MHCII (M5/114.15.2). For detection of asialo-GM1+ T cells, the rabbit polyclonal anti-asialo-GM-1 Ab was used (eBioscience). For intracellular staining, the surface stained cells were washed, fixed, and permeabilized using the True-Nuclear Transcription Factor Buffer Set (BioLegend, San Diego, CA) followed by intracellular staining with mAbs specific for IL-6 (MP5-20F3), IL-12 (C15.6), IL-18 (93-10C), IFN-γ (XMG1.2), TNF-α (MP6-XT22), Ki-67 (SoIA15), iNOS (CXNFT), and granzyme-B (NGZB). All the fluorescently conjugated mAbs were procured from (BioLegend, San Diego USA) or (eBioscience, San Diego USA). After staining, cells were acquired on a BD Fortessa flow cytometer and analyzed by using FlowJo software.



Active Caspase-1 Detection

Activated caspase-1 was detected in cells by using FLICA assay (Immunochemistry Technology) as per manufacturer guidelines. Briefly, cells were incubated with FLICA reagent (FAM-YVAD-FMK) for 30 mins at 37°C. These FLICA stained cells were then washed with PBS containing 2% FBS and subjected to surface staining before flow cytometry analysis.



Anti-IL-18 mAb Treatment

IL-18 was neutralized in vivo using 200 µg/dose/mouse of anti-mouse IL-18 mAb (clone YIGIF74-1G7; Bio X Cell). Mice were treated i.p with isotype control IgG (Bio X Cell) or anti-mouse IL-18 mAb on day -1 (one day before infection) and every three days after that until the termination of the experiment. Mice were infected with 1×109 CFUs znBAZ nasally on day 0.



In Situ Carboxy-Fluorescein Succinimidyl Ester Staining and Lung DC Migration

Lung DC migration was monitored by using in situ CFSE staining (33). 25mM CFSE (Molecular Probes) was diluted in sPBS to a concentration of 5mM. Mice were anesthetized, and nasally instilled with 30 µl of diluted CFSE for labeling lung cells in vivo 6 hr before nasal infection. Five days after infection, the LRLNs were analyzed for CFSE+ DC subsets.



NK Cell Depletion Studies

NK cells were depleted using 50 µg/dose/mouse of rabbit anti-asialo-GM1 antibody (eBioscience) in BALB/c mice or anti-NK1.1 (clone PK136; Bio X Cell) in C57BL/6 mice. Mice were treated i.p with isotype control IgG or anti-asialo-GM1 Ab or anti-NK1.1 on day -1 (one day before infection) and every three days after until the termination of the experiment. Mice were nasally infected with 1×109 CFUs znBAZ on day 0. NK cell depletion in the lungs and spleens was confirmed by flow cytometry.



Statistical Analysis

All experiments were conducted two or three times with n=5 mice/group. The statistical significance of the data was calculated by using One-way ANOVA followed by Tukey’s multiple comparison test with SigmaPlot 12.0. All results were discerned to the 95% confidence interval.




Results


Nasal znBAZ Infection Elicits an Early NK Cell Response in Mouse Lungs

To determine the role of NK cells in establishing znBAZ-induced protective immunity in the lungs, groups of BALB/c mice were nasally dosed with wt B. abortus 2308, B. abortus S19 vaccine, or znBAZ. Different doses were used since wt B. abortus 2308 and S19 are pathogenic in mice, whereas znBAZ is a highly attenuated strain (31) compared to these strains. znBAZ showed a modest increase in lung colonization by day 10, but afterwards declined by greater than two-logs by day 15 (Supplementary Figure 1A). S19 retained elevated levels over the entire course, and showed no indication of decline. Wt B. abortus 2308 achieved similar levels as S19 by day 10, and continued to increase exceeding znBAZ colonization by greater than two logs (Supplementary Figure 1A). The S19 vaccine was selected since it is a smooth vaccine resembling znBAZ. Lung lymphocyte populations were analyzed at different time points to assess when NK cells (gating strategy provided in Supplementary Figure 1B) became involved. Subsequent to znBAZ infection, the frequency of lung NK cells gradually increased and peaked after 5 days, in contrast to lung NK cell levels in mice infected with wt B. abortus or S19 vaccine resembled uninfected mice (Figures 1A–C). The early surge in lung NK cells was due to either their recruitment or proliferation of sentinel NK cells. To distinguish between the two possibilities, the expression of the proliferation marker Ki67, along with chemokine receptors, CCR2, CCR5, and CXCR3, which aid with NK cell recruitment, was analyzed on lung NK cells 3 days after nasal instillation. A significant increase in Ki67 and CXCR3 expression by NK cells was evident, but CCR2 and CCR5 levels remained unchanged, suggesting that NK cell infiltration and proliferation occurred after znBAZ infection (Figures 1D, E). Additionally, NK cells serve as an important early sentry and a source of IFN-γ, crucial to initiating the adaptive immune response following infection. At day 5 post-infection, the lung NK cells showed significantly enhanced IFN-γ in znBAZ-infected mice (Figures 1F, G). IFN-γ expression by NK cells from wt B. abortus- or S19-infected mice did not vary from naïve levels. Hence, the escalation in NK cells was not evident in the lungs from wt B. abortus- or S19-infected mice.




Figure 1 | Nasal znBAZ infection promotes lung NK cell expansion. Groups of BALB/c mice were nasally infected with wild-type (wt) B. abortus 2308 (1×105 CFUs), B. abortus S19 vaccine (1×108 CFUs), or znBAZ (1×109 CFUs). (A) Lung NK cell numbers were measured at the indicated days post-infection. (B, C) Flow cytometry analysis of NK (gated on TCRβ- CD49b+) cells on day 5 post-infection, and examined for (D, E) CCR2, CCR5, CXCR3 and Ki67 expression. (F, G) On day 3 post-infection, expression of IFN-γ-producing lung NK cells is depicted. (H) Lung NK cells for (top row) NKp46, granzyme B, perforin, (bottom row), NKG2A, inhibitory molecule, NKG2D, and CD69, and their respective (I) MFIs are shown. The data depict the means ± SEM of 5 mice/group; *p < 0.01 and **p ≤ 0.001, compared with PBS-dosed mice. Data are representative of two experiments.



Lung NK cells from znBAZ-infected mice displayed an activated status unlike those from mice infected with wt B. abortus or S19. Levels of granzyme-B and NK cell activation molecule, NKp46, increased significantly in znBAZ-dosed mice, in contrast to wt B. abortus or S19. Notably, expression of NK cell inhibitory molecule, NKG2A, was unchanged in wt B. abortus- and S19-infected mice relative to naïve controls, but NKG2a was significantly reduced in znBAZ-infected mice (Figures 1H, I). These findings were validated in C57BL/6 mice, showing similar results (Supplementary Figures 1C–H). Collectively, these findings support the notion that nasal znBAZ infection activates NK cells, while nasal infection with wt B. abortus or S19 does not alter lung NK cell numbers nor their activation status.



Nasal Infection With znBAZ Elicits NK Cell-Activating Cytokines and Chemokines to Recruit Lung Monocytes and Macrophages

To identify the cytokines and chemokines that contribute to early lung NK cell activation upon nasal znBAZ infection, groups of BALB/c mice were nasally infected with wt B. abortus, S19, or znBAZ, and 3 days later, individual BALs and lungs were harvested to measure chemokine and cytokine levels produced locally. Upon znBAZ infection, CXCR3 ligands, CXCL-9, and CXCL-10 levels were significantly enhanced by 14- and 12-fold, respectively (Figure 2A). Likewise, NK cell-activating cytokines, IL-12 and IL-18, were notably elevated by 4- and 10-fold, respectively (Figure 2B). However, wt B. abortus and S19 showed no significant difference in CXCL-9, CXCL10, IL-12, IL-15, or IL-18 production compared to PBS-dosed mice (Figures 2A, B).




Figure 2 | Lung monocytes and macrophages produce CXCR3 ligands, CXCL-9 and CXCL-10, and NK cell-activating cytokines, IL-12 and IL-18, subsequent to nasal znBAZ infection. Groups of BALB/c mice were nasally dosed with wild-type B. abortus 2308 (WT), B. abortus S19 vaccine, or znBAZ, and three days later, (A) CXCR3 ligands, CXCL-9 and CXCL-10, and (B) NK cell activating cytokines, IL-12, IL-15, and IL-18, present in individual bronchoalveolar lavage (BAL) fluids, were measured by cytokine-specific ELISA. (C, D) Total mononuclear cells were isolated from the lungs to measure the frequency of lung monocytes and macrophages including alveolar macrophages (AMs), interstitial macrophages (IMs), monocyte-derived macrophages (MDMs), and monocytes by flow cytometry. The data depict the means ± SEM of 5 mice/group; *p < 0.01 and **p ≤ 0.001, compared with sPBS-dosed mice. Data are representative of two or three experiments.



To determine the cell source of these chemokines and cytokines, flow cytometry analysis was performed on stained lung mononuclear cells isolated from uninfected and infected mice 3 days after nasal infection. The gating strategy for identifying myeloid lung cells is presented in Supplementary Figure 2. SiglecF+ CD11blo CD11c+ alveolar macrophages (AMs) were notably reduced, as were SiglecF- CD11b+ Ly6G- F4/80+ Ly6C- interstitial macrophages (IMs; Figures 2C, D). In contrast, the SiglecF- CD11b+ Ly6G-, F4/80+, Ly6C+ monocyte-derived macrophages (MDMs) and SiglecF- CD11b+ Ly6G- F4/80- Ly6C+ lung monocytes were significantly increased by 1.5- and 3-fold, respectively, in the znBAZ-infected mice. The macrophage and monocyte subsets remained unchanged in the lungs from those infected with wt B. abortus 2308 or S19 (Figures 2C, D). Importantly, the lung MDMs and monocytes from the znBAZ-infected mice produced elevated CXCL-9, CXCL-10, IL-12, and IL-18 (Figures 3A–D). Caspase-1 is necessary to activate pro-IL-18 (34, 35), so as expected, the caspase-1 activity was found associated with these mononuclear cells (Figure 3E). During infections, APC-elicited IL-18 stimulates IFN-γ production by NK cells (36). IL-18 often works synergistically with IL-12 resulting in elevated IFN-γ production by NK cells, and actually, IL-18 alone is sufficient to enhance IFN-γ production (37, 38). Given the importance of IL-18 in NK cell activation and its elevated presence following nasal znBAZ infection, the role of IL-18 was investigated. Groups of BALB/c mice were treated by the i.p. route with either anti-IL-18 mAb or IgG isotype control one day prior to nasal znBAZ infection and every three days afterwards. Subsequent to in vivo IL-18 neutralization, analysis of lung lymphocytes at day 5 post-infection revealed a significant decline in the frequency of total NK cells and IFN-γ+ NK cells by 2.2-fold for both (Figures 3F–I).




Figure 3 | The source of CXCL-9, CXCL-10, IL-12, and IL-18 are from monocyte-derived macrophages (MDMs) and monocytes (Mono). (A–E) Flow cytometry analysis of lung MDMs and monocytes was performed three days after infection to determine the source and mean fluorescence intensity (MFI) of CXCL-9, CXCL-10, IL-12p70, IL-18, and activation of caspase-1 (FLICA-positive) cells. Flow cytometry analysis of lung (F, G) CD49b+ and (H, I) IFN-γ-producing CD49b+ NK cells on day 5 post-znBAZ infection of BALB/c mice i.p treated with anti-IL-18 mAb or an equivalent amount IgG isotype control on days -1 and +2. The data depict the means ± SEM of 5 mice/group; *p < 0.01 compared with PBS-dosed mice or as indicated. Data are representative of two or three experiments.





znBAZ-Induced Lung NK Cell Response Is Essential for Lung DC Maturation and Migration

DCs are involved in the initiation of adaptive immune responses, and are major envoys between innate and adaptive immune systems (39). Antigen uptake and presentation by DCs are critical for priming T cell responses. NK cells have been reported to interact with DCs and modulate their activation (40). Depending on their activation status and cytokine profiles, DCs induce distinct T cell polarization to shape the immune response (41). Under steady-state conditions, mouse lungs have two major DC subsets: CD103+ DC (CD11c+, MHCIIhi, CD103+, CD11b-) and CD11b+ DC (CD11c+ MHCIIhi CD103- CD11b+). During infection and inflammation, a third subset appears, referred to as monocytic DCs (moDC; CD11c+ MHCIIhi CD103- CD11b+ Ly6C+) (41). We queried whether znBAZ-induced lung NK cells can modulate lung DC phenotypes. A gating strategy for lung DC analysis is provided in Supplementary Figure 3. To determine NK cells’ relevance following their depletion, groups of BALB/c mice were i.p. treated with either anti-asialo-GM1 or equivalent rabbit IgG control Ab one day prior to nasal znBAZ infection and two days thereafter. On day 5 post-infection, a significant reduction in total lung DCs was observed in NK cell-depleted mice compared to normal rabbit IgG-treated mice (Figures 4A, B). CD103+ DCs were absent from any of the treated groups (Figure 4B). Both CD11b+ DCs and moDCs were induced by znBAZ infection, and these were significantly reduced by 2.1- and 4.3-fold, respectively in NK cell-depleted mice (Figure 4B). Examination of lung DCs from wt B. abortus 2308 was unrevealing (data not shown), and results were similar to DC phenotypes previously described for B. abortus-infected lung DCs (42).




Figure 4 | znBAZ induces early NK cell activation, and enhances lung DC maturation and migration to the lower respiratory lymph nodes (LRLNs). (A–H) Groups of BALB/c mice were nasally infected with znBAZ (1×109 CFUs) on day 0. One half of znBAZ-infected mice were depleted of NK cells with rabbit anti-asialo-GM1 Ab, and the other half with an equivalent amount of normal rabbit IgG on days -1 and +2. Flow cytometry analysis was performed on day 5 post-infection to determine the (A, B) various DC subset numbers: total MHC class IIhigh CD11c+ DCs, CD103+ DCs, CD11b+ DCs and monocytic DCs (moDCs); (C, D) their activation status via expression of (C) CD80, CD86, and CD40 expression and (D) respective mean fluorescence intensity (MFI); and (E) their expression and (F) MFIs for IL-6, IL-12, TNF-α, and iNOS. (G, H) Anti-asialo-GM1 Ab treatment was performed as described above, and mouse lung mononuclear cells were labeled in vivo with CFSE 6 hrs before nasal znBAZ infection. On day 5 post-infection, flow cytometry analysis of migratory CFSE+ lung DCs in LRLNs was performed on individual mice from the three treatment groups, and the (H) specific numbers are shown. The data depict are the means ± SEM of 5 mice/group; *p < 0.01 and **p ≤ 0.001, #p < 0.01, compared with sPBS-dosed mice or as indicated; NS, not significant. Data are representative of two or three experiments.



To assess the activation state of total lung DCs in znBAZ-infected mice with or without NK cells, expression levels of co-stimulatory molecules, CD40, CD80, and CD86, and inflammatory mediators, IL-6, IL-12p70, TNF-α, and iNOS were measured. DCs from NK cell-depleted mice exhibited a less activated phenotype compared to DCs from IgG-treated mice noted by reductions in CD80, CD86, and CD40 expression as well as reductions in their corresponding MFIs (Figures 4C, D). Examination of cytokine responses revealed reduction in intracellular IL-6, IL-12p70, and TNF-α levels, and MFIs subsequent anti-asialoGM1 Ab treatment (Figures 4D, F). Depleting NK cells also reduced the DC iNOS levels (Figures 4E, F). Additional analysis was performed examining the effect of NK cell depletion on lung DC migration to LRLNs by CFSE labeling. Mice were nasally treated with CFSE 6 hr prior to znBAZ infection, and 5 days later, the CFSE+ cells in the LRLNs were analyzed for DCs. The gating strategy for migratory DC analysis is provided in Supplementary Figure 4A. Total CFSE+ DCs increased in the LRLNs following znBAZ infection relative to naïve (PBS) controls. The majority of the migratory DCs in the LRLNs were split between CD11b+ DCs and moDCs (Figures 4G, H). In those znBAZ-infected mice treated with the anti-asialoGM1 Ab (Figure 4H), no changes were observed for CD103+ DCs, but CD11b+ DCs and moDCs increased in the LRLNs subsequent to znBAZ infection. In NK cell-depleted mice, both CD11b+ DCs and moDCs were reduced by 2- and 4-fold, respectively (Figures 4G, H). Together, these observations underscore an essential role for lung NK cells in lung DC activation and migration to the LRLNs.



znBAZ Infection Induces IFN-γ-Dependent Lung DC Maturation and Migration

IFN-γ secreted from activated NK cells regulates T cell priming either directly or by modulating the maturation and migration of DCs. To determine the role of NK cell secreted IFN-γ in lung DC activation and migration upon znBAZ infection, B6 and IFN-γ-/- mice were nasally infected with znBAZ, and on day 5 post-infection, the lung DC subsets were analyzed. Fewer total lung DCs were observed in znBAZ-infected IFN-γ-/- mice compared to those from similarly infected B6 mice (Figure 5A). While no CD103+ DCs were obtained for either treatment group or species, the CD11b+ DCs and moDCs were significantly induced in IFN-γ-/- mice, but not to the degree as observed with the B6 mice. In fact, the moDCs was reduced 3.8-fold, the CD11b+ DCs, 1.9-fold (Figure 5A). The lung DC activation status was also significantly compromised in IFN-γ-/- mice, evidenced by the reduction in MFIs for CD80, CD86, and CD40 (Figure 5B). In a similar fashion, DC-derived IL-6, IL-12p70, TNF-α, and iNOS were significantly reduced in znBAZ-infected IFN-γ-/- mice (Figure 5C). Using the same in vivo labeling method as was applied for Figure 3H, the IFN-γ-/-  DCs were not as effective in recruiting pulmonary DCs to the LRLNs following znBAZ infection. DC recruitment to LRLNs was significantly reduced in IFN-γ-/- mice (Figure 5D). The reductions impacted both CD11b+ DCs and moDCs by 1.7-fold and 3.9-fold, respectively, relative to those obtained in B6 mice. These data point to the relevance of IFN-γ produced by lung NK cells mediating lung DC activation and migration to LRLNs during the early course of vaccination.




Figure 5 | IFN-γ plays a key role in NK cell-mediated lung DC maturation and migration following znBAZ infection. Groups of B6 and IFN-γ-/- mice were nasally infected with znBAZ (1×109 CFUs). (A–C) Flow cytometry analysis was performed on day 5 post-infection to quantify the numbers of lung DC subsets: (A) total lung MHC class IIhigh CD11c+ DCs, CD103+ DCs, CD11b+ DCs and monocytic DCs (moDCs); and (B) MFI for their expression of CD80, CD86, CD40 and (C) MFI for IL-12, IL-6, TNF-α, and iNOS. (D) To measure the number of migratory CFSE+ lung DCs to the LRLNs, flow cytometry analysis was also performed on day 5 post-znBAZ infection of B6 and IFN-γ-/- mice. The data depict the means ± SEM of 5 mice/group; *p < 0.01 and **p ≤ 0.001, compared with PBS-dosed mice, #p < 0.01 compared to znBAZ B6 mice; NS, not significant. Data are representative of two experiments.





Early NK Cell Response Is Crucial for Lung CD8+ T Cell-Priming

Data thus far show that lung NK cells act upon lung APCs influencing their activation status and cytokine production levels. Such interactions are conducive in driving IFN-γ-dependent responses. Hence, we queried whether lung NK cells can influence pulmonary T cell responses. Groups of BALB/c mice nasally dosed with sPBS, wt B. abortus 2308, S19, or znBAZ. At 5 and 15 days after infection, lungs were examined for numbers of CD4+ and CD8+ T cells. Beginning at 5 days post-infection, no obvious change in IFN-γ-producing CD4+ and CD8+ T cells was noted. On day 15, the number of IFN-γ-producing CD4+ and CD8+ T cells in the lungs were significantly augmented in mice infected with znBAZ by 4- and 14-fold, respectively (Figure 6A). Conversely, neither wt B. abortus- or S19-infected mice showed any appreciable change in their lung IFN-γ-producing CD4+ or CD8+ T cell numbers relative to naïve mice.




Figure 6 | znBAZ induces an early NK cell response that augments CD8+ T cell response in the lungs. (A) Lung lymphocytes were analyzed on days 5 and 15 post-infection for IFN-γ-producing CD4+ and CD8+ T cells from BALB/c mice nasally infected with wt B. abortus (1×105 CFUs), S19 (1×108 CFUs), or znBAZ (1×109 CFUs). (B) Groups of BALB/c mice were nasally infected with znBAZ (1×109 CFUs) or sPBS on day 0. One half of znBAZ-dosed mice was depleted of NK cells with rabbit anti-asialo-GM1 Ab, and the other half was treated with an equivalent amount of normal rabbit IgG on days -1, 2, 5, 8, and 12. (B, C) NK cell depletion in the lungs was verified on days 5 and (D) 15 post-infection. On day 15 post-infection, (E) lungs and spleen from mice dosed with znBAZ + IgG or znBAZ + anti-asialo-GM1 Ab were evaluated for extent of znBAZ colonization, and (F, G) for the number of IFN-γ-producing CD4+ and CD8+ T cells. (H) Separate groups of BALB/c mice were nasally dosed with znBAZ (1×109 CFUs) or sPBS on day 0. One half of znBAZ-dosed mice were treated i.p. with an anti-IL-18 mAb and the other half with an equivalent amount IgG isotype control on days -1, 2, 5, 8, and 12. Analysis of lung lymphocytes for IFN-γ-producing CD4+ and CD8+ T cells was performed on day15 post-infection. (I) Groups of B6 mice were treated with anti-NK1.1 mAb to deplete NK cells or IgG isotype control Ab, and dosed with znBAZ as described in (B). sPBS was administered to one group as negative control. Analysis of lung IFN-γ-producing CD4+ and CD8+ T cells in control and NK cell-depleted B6 mice is shown at 15 days post-infection. The data depict the means ± SEM of 10 mice/group (two experiments combined); *p < 0.01 and **p ≤ 0.001, compared with sPBS-dosed mice or as indicated; NS is not significant.



To determine the impact of NK cell depletion in znBAZ-induced T cell responses, groups of mice were treated with the anti-asialo-GM1 Ab, and compared to BALB/c mice treated with rabbit IgG control Ab one day prior to nasal znBAZ infection, and every 3 days thereafter (Figure 6B). The NK cell depletion in the lungs was verified on day 5 post-infection (Figures 6C, D). Fifteen days after znBAZ infection, mice lungs were analyzed for znBAZ colonization of lungs and spleen and IFN-γ-producing CD4+ and CD8+ T cell levels. In the NK cell-depleted mice, significantly more brucellae were harbored in lungs and spleen compared to IgG-treated mice (Figure 6E), implicating that the loss of NK cells compromises znBAZ’s clearance. A 3.1-fold reduction in the CD8+ T cells was obtained when compared to IgG control-treated mice (Figures 6F, G). No changes in CD4+ T cell levels were observed in NK cell-depleted mice. To assess the impact of the reduced early lung NK cell activation on znBAZ-induced T cell response, the lung cells isolated from znBAZ infected BALB/c mice, treated with anti-IL-18 mAb or IgG isotype Ab, were analyzed on day 15 post-infection. A significant decline by 1.8-fold in the frequency of IFN-γ-producing lung CD8+ T cells in the znBAZ-vaccinated group was noted upon IL-18 neutralization (Figure 6H). To assess whether similar change occurs for CD8+ T cells in B6 mice, groups of mice were treated with an anti-NK1.1 mAb or its isotype control Ab. The NK cell depletion in B6 mice lungs was verified on day 5 post-infection (Supplementary Figure 4B). A significant 3-fold decrease in znBAZ-induced CD8+ T cells was observed in NK1.1-depleted mice, along with no appreciable difference in CD4+ T cells (Figure 6I). It has been reported that infection with some pathogens induces asialo-GM1+ CD8+ T cells in BALB/c mice and NK1.1+ CD8+ T cells in C57BL/6 mice (43, 44). However, in nasally znBAZ-infected mice, no lung asialo-GM1+ nor NK1.1+ CD8+ T cells were observed (Supplementary Figures 5A, B). Hence, depletion of NK cells using anti-asialo-GM1 Ab or anti-NK1.1 mAb was not directly responsible for lysing CD8+ T cells, similar to that found by others (45).

Collectively, these results demonstrate that NK cells are essential for priming IFN-γ-producing CD8+ T cells in mice nasally dosed with znBAZ (Figure 7). Our data suggest that pulmonary NK cells are activated by IL-18 and IL-12 produced by znBAZ-infected MDMs and monocytes. The activated NK cells in turn co-activate infected or Brucella Ag-bearing CD11b+ DCs and moDCs via IFN-γ to drive the stimulation of Brucella Ag-responsive CD8+ T cells.




Figure 7 | A schematic representation * highlighting the role NK cells in znBAZ-induced CD8+ T cell response. znBAZ is phagocytosed by lung inflammatory monocytes and monocyte-derived macrophages, which upon activation releases IL-12 and IL-18. These cytokines induce early NK cell activation. Early activation of lung NK cells releases granzyme B and IFN-γ. Granzyme B induces death (apoptosis/necrosis or both) of infected cells, and IFN-γ induces lung DC activation. These activated lung DCs uptake the bacterial Ags or engulf znBAZ or indirectly by phagocytizing infected host cells. After Ag uptake, DCs then migrate to lower respiratory lymph nodes (LRLNs), where they prime naïve T cells. These DC-primed CD8+ T cells becomes activated, undergo differentiation, and migrate to the site of infection (lungs) to provide protection. (Depiction was used generated using a program from BioRender.com).






Discussion

Although mucosal exposure is the most common route of Brucella infection, parenteral vaccination is still the route of choice for live vaccine administration (46). It is well established that mucosal vaccination elicits both local and systemic immunity (47). Therefore, adopting a mucosal vaccination should be considered as an alternate strategy to protect against natural Brucella exposure.

This study shows that nasal vaccination with a live, attenuated B. abortus znBAZ mutant induces an early NK cell response in the lungs in both BALB/c and C57BL/6 mice. NK cells have an important role in generating host resistance to various bacterial, fungal, viral, and parasitic infections at mucosal tissues by coordinating innate and adaptive immune responses (48, 49). Studies were performed in both mouse strains to allay concerns regarding Th cell bias. In fact, equivalent full protection was achieved upon znBAZ vaccination of either mouse strain, and Th1 cell bias associated with B6 mice did not influence efficacy (31). For both mouse strains, znBAZ infection increases lung NK cells’ frequency between 2 to 5 days post-infection and decreases thereafter. This early surge in lung NK cells is attributed to both their recruitment and proliferation. NK cell recruitment is primarily mediated by chemokine receptor, CCR2, CCR5, and CXCR3 signaling (50). Analysis of lung NK cells two days post-infection reveals that these are CXCR3+ and exhibit the Ki67 proliferation marker, suggesting that znBAZ infection induces early NK cell infiltration and then, proliferation. NK cells are also an important early source of IFN-γ used to modulate adaptive immune responses, particularly by driving Th1 cell polarization (51). As demonstrated here, znBAZ induces NK cells to produce a significant amount of IFN-γ. These NK cells also show an increased activation status for NKp46 and granzyme B, and reduced NK cell inhibitory molecule, NKG2A. In contrast, nasal infection with either wt B. abortus 2308 or with the S19 vaccine failed to elicit the early NK cell response in murine lungs. These latter findings are consistent with that previously reported in that NK cells had minimal to no impact upon infection with wt B. abortus 2308 (52). In contrast, brucellae lung colonization with znBAZ was significantly enhanced in the lungs and spleen by NK cell depletion. Hence, a significant finding is that znBAZ augments NK cell numbers and behaves differently from wt Brucella.

In peripheral tissues, the interaction between myeloid cells and NK cells is a major first-line defense against pathogenic infections (25). Recruitment and NK cells’ activation at the site of infection requires chemokines (ligands for CCR2, CCR5, and CXCR3) and cytokines (IL-12 and IL-18) secreted from myeloid cells, mainly monocytes and macrophages. It has been reported that lung resident macrophages provide a replicative niche for wt Brucella strains (42). Within alveolar macrophages, Brucella inhibits host cell apoptosis, evades immune surveillance which in turn makes more difficult for antigen processing and presentation (53, 54). In addition, during pulmonary infection with wt Brucella, alveolar macrophages inhibit pulmonary DC activation. Depletion of lung macrophages led to greater brucellae uptake by lung DCs, and induced a stronger inflammatory response (42). In contrast to these findings, nasal znBAZ infection reduced resident alveolar and interstitial macrophage populations and strongly induced inflammatory monocytes and MDMs into the lungs supporting the notion that the stealth traits associated with wt Brucella are lessened by the introduction of the genetic mutations in znBAZ. Analysis of BAL fluid revealed elevated IL-12 and IL-18, as well as CXCR3 ligands, CXCL-9 and CXCL-10, but not in BAL fluids from wt B. abortus- or S19-infected mice. Flow cytometry analysis reveals that the znBAZ-induced lung monocytes and MDMs act as sources for these chemokines and cytokines. Moreover, these cells were also FLICA positive, an indicator of caspase-1 activation, required for active IL-18 secretion. The synergistic action of IL-12 and IL-18 in the activation and IFN-γ secretion by NK cells is well-established (37). IL-18’s relevance in znBAZ-induced responses is particularly highlighted in having a major role in mediating NK cell activation. In fact, IL-18-deficient NK cells were unable to secrete IFN-γ in response to IL-12 stimulation (37, 38, 55). Therefore, the contribution of znBAZ-induced IL-18 for NK cell IFN-γ production was examined. In vivo IL-18 neutralization led to a significant reduction in znBAZ-induced lung NK cell frequency and IFN-γ production.

NK cell-derived IFN-γ plays a key role in modulating DC function at the site of infection (56). In line with these studies, our data provide evidence that znBAZ induced early lung NK cells supporting DCs activation and migration to LRLNs. These CD11b+ DCs and moDCs from znBAZ-infected lungs also served as a source of IL-6, IL-12, and TNF-α, and their activation were significantly abrogated upon NK cell depletion. Likewise, experimental analysis in B6 and IFN-γ-/- mice revealed that IFN-γ plays a key role in the NK cell-mediated DC activation. NK cells also contributed to DC migration to draining lung LNs noted by reduced DC migration in the absence of NK cells or in the absence of IFN-γ. Hence, NK cells have an active role in the stimulation of APCs and ultimately the APCs’ migration to initiate and establish T cell responses.

Past studies have shown the importance of IL-18-primed NK cells to promote recruitment and activation of effector CD8+ T cells via DC activation and migration (57, 58). This current study shows that mice nasally dosed once with znBAZ develop a significant increase in the number of IFN-γ+ CD4+ and CD8+ T cells in the lungs. The CD8+ T cell response is remarkably elevated compared to CD4+ T cell response. Similar infection with wt B. abortus 2308 and S19 failed to induce any significant T cell response in the lungs, even when administered via the nasal route. Such evidence suggests that stimulation of CD8+ T cells is dependent on the Brucella strain, not the route of administration. Previous work showed that mucosal znBAZ vaccination protects against pulmonary wt B. abortus challenge, and this protection is CD8+ T cell-dependent (31). To verify the role of znBAZ-induced NK cells upon T cell responses, NK cell depletion was conducted in BALB/c and B6 mice. In both mouse strains, a significant decrease in znBAZ-induced IFN-γ+ CD8+ T cells was observed, and the CD4+ T cell response remained unaffected. As shown, IL-18 is critical for znBAZ-induced lung NK cell activation. Both NK cell depletion and in vivo IL-18 neutralization studies demonstrated these negatively impacted the stimulation of CD8+ T cell responses.

Collectively, these data show that nasal znBAZ vaccination induces chemokines and cytokines from lung monocytes and MDMs that are responsible for NK cell recruitment and activation in mouse lungs. Upon activation, these NK cells secrete IFN-γ, which in turn modulates lung DC maturation and migration to LRLNs. The early NK cell activation in the lungs is ultimately important for znBAZ-induced CD8+ T cell responses in the lungs. These findings provide mechanistic details of how znBAZ stimulates innate lymphocytes to support CD8+ T cell responses. These findings can be further used to aid in the design for improved mucosal vaccines against Brucella sp.
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