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Ectromelia virus (ECTV) belongs to the Orthopoxvirus genus of the Poxviridae family and is a natural pathogen of mice. Certain strains of mice are highly susceptible to ECTV infection and develop mousepox, a lethal disease similar to smallpox of humans caused by variola virus. Currently, the mousepox model is one of the available small animal models for investigating pathogenesis of generalized viral infections. Resistance and susceptibility to ECTV infection in mice are controlled by many genetic factors and are associated with multiple mechanisms of immune response, including preferential polarization of T helper (Th) immune response toward Th1 (protective) or Th2 (non-protective) profile. We hypothesized that viral-induced inhibitory effects on immune properties of conventional dendritic cells (cDCs) are more pronounced in ECTV-susceptible than in resistant mouse strains. To this extent, we confronted the cDCs from resistant (C57BL/6) and susceptible (BALB/c) mice with ECTV, regarding their reactivity and potential to drive T cell responses following infection. Our results showed that in vitro infection of granulocyte-macrophage colony-stimulating factor-derived bone marrow cells (GM-BM—comprised of cDCs and macrophages) from C57BL/6 and BALB/c mice similarly down-regulated multiple genes engaged in DC innate and adaptive immune functions, including antigen uptake, processing and presentation, chemokines and cytokines synthesis, and signal transduction. On the contrary, ECTV infection up-regulated Il10 in GM-BM derived from both strains of mice. Moreover, ECTV similarly inhibited surface expression of major histocompatibility complex and costimulatory molecules on GM-BM, explaining the inability of the cells to attain full maturation after Toll-like receptor (TLR)4 agonist treatment. Additionally, cells from both strains of mice failed to produce cytokines and chemokines engaged in T cell priming and Th1/Th2 polarization after TLR4 stimulation. These data strongly suggest that in vitro modulation of GM-BM innate and adaptive immune functions by ECTV occurs irrespective of whether the mouse strain is susceptible or resistant to infection. Moreover, ECTV limits the GM-BM (including cDCs) capacity to stimulate protective Th1 immune response. We cannot exclude that this may be an important factor in the generation of non-protective Th2 immune response in susceptible BALB/c mice in vivo.
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INTRODUCTION

The poxviruses are large DNA viruses that are undoubtedly masters of immune evasion, and have evolved to modulate and inhibit the host immune and inflammatory responses. The poxvirus genome encodes multiple classes of immunomodulatory proteins that act either intracellularly (virostealth and virotransducers) or extracellularly (viromimetics: virokines and viroceptors) and antagonize or compete with molecules critically involved in the host antiviral response. In fact, due to diversity of these genes, a single immunomodulatory protein that is shared by all poxviruses has not been identified yet. Moreover, a unique repertoire of immunomodulatory proteins encoded by each virus species allows it to successfully evade the immune response and survive in its natural host (Stanford et al., 2007). Highly host-specific survival strategy is employed especially by members of the Orthopoxvirus genus that exhibit a narrow host range and co-evolved with their natural host, e.g., variola virus (VARV, the causative agent of smallpox) in human and ectromelia virus (ECTV, the causative agent of mousepox) in mice. Meantime, other orthopoxviruses, such as vaccinia (VACV), monkeypox (MPXV), and cowpox (CPXV) viruses, which have a broad host range, are able to infect many different mammalian species and may contribute to the unpredictable outcome of infection in a new host species, e.g., MPXV in humans (McCollum and Damon, 2014). Therefore, a better understanding of the immunomodulatory mechanisms used by orthopoxviruses in their natural hosts is especially important for a full knowledge of their immune evasion strategies employed to control the host immune system.

The mousepox model is an excellent small animal model to study pathogenesis of smallpox, a disease that, despite being eradicated from the globe, now represents one of the most dangerous bioterrorism threats to human society. Smallpox is considered by Centers for Disease Control and Prevention (CDC) in Atlanta as a category A bioterrorism agent due to its easy dissemination, transmission from person to person, and high mortality rates (Riedel, 2005). ECTV shares with VARV several common properties, including: narrow host range and co-evolution with the natural host, high infectivity at low dose, and viral transmission and replication. Moreover, both viruses cause severe diseases with similar pathogenesis, aspects of pathology and immune response, and high mortality rates (Stanford et al., 2007). Therefore, mousepox model is extensively used to study basic questions in immune response regulation during generalized viral infections to eventually develop new prophylactic and therapeutic treatments against orthopoxviruses (Parker et al., 2010).

Within inbred strains of mice there is a genetically determined resistance to severe mousepox. C57BL/6 [H-2b] mice are resistant to the lethal form of disease, whereas BALB/c [H-2d] mice are fully susceptible to ECTV infection and usually succumb to disease between 7 and 9 days post-footpad infection. Genetic resistance is controlled by at least four autosomal dominant genes called rmp (resistance to mousepox), which are involved in regulation of some aspects of innate immunity (Brownstein and Gras, 1995). Additionally, during the infection resistant and susceptible strains of mice develop different types of the T helper (Th) cytokine immune responses: C57BL/6 mice generate a protective Th1 immune response accompanied by strong cytotoxic T lymphocyte (CTL) activity, whereas BALB/c mice generate a non-protective Th2 immune response, which is associated with a weak/absent CTL activity (Chaudhri et al., 2004).

The central role in driving T cell responses is played by dendritic cells (DCs), the most potent antigen presenting cells (APCs). Depending on lineage, maturation stage, and activation status, DCs release different polarizing signals, the most important of which are cytokines and chemokines that selectively promote the generation of Th1, Th2, Th17, or regulatory T cells (Tregs) (Kaiko et al., 2008). Immature DCs, characterized by low expression of antigen presenting [major histocompatibility complex (MHC) I, MHC II, CD1d] and costimulatory (CD80, CD86, and CD40) molecules induce anergy in antigen-specific naïve T cells or generate Foxp3+ induced Tregs in the presence of transforming growth factor (TGF)-β. Additionally, immature or semi-mature DCs are able to induce regulatory Foxp3- IL-10+ Tr1 (type 1 regulatory T) cells. Th2-polarizing DCs have semi-mature state associated with increased expression of antigen presenting and costimulatory molecules, and inability to secrete polarizing cytokines, such as IL-12p70 (Th1) or IL-6 and IL-23 (Th17). Moreover, IL-10 produced by DCs has been associated with propagation of Th2 immunity, however, this cytokine preferentially blocks DC maturation and induces anergy or Tr1 cells. Fully matured DCs, upon lipopolysaccharide (LPS) or CpG oligonucleotide treatment, produce IL-12p70 and possess strong capacity to polarize T cells toward Th1 profile (Lutz, 2016).

As masters of immune evasion, orthopoxviruses are able to control DC functions important for induction of an antiviral immune response. In general, they inhibit numerous functions of these cells, including antigen uptake and presentation, maturation, pro-inflammatory response, and capacity to activate T cells (Engelmayer et al., 1999; Jenne et al., 2000; Hansen et al., 2011; Szulc-Dąbrowska et al., 2017). However, ECTV, unlike VACV and CPXV, can productively infect conventional DCs (cDCs) in vitro (Szulc-Dąbrowska et al., 2017) and in vivo (Sei et al., 2015), what indicates strong adaptation capacity of ECTV to the natural host immune cells. It has been shown that cDCs derived from resistant C57BL/6 and susceptible BALB/c mouse strains may differentially react during viral (Pejawar et al., 2005) and bacterial (Jiang et al., 2010) infections in vitro. Upon infection, cDCs from C57BL/6 mice underwent higher functional maturation and/or were able to stimulate more potent CD8+ T cell response than cells from BALB/c mice (Pejawar et al., 2005; Jiang et al., 2010).

We therefore confronted the cDCs from resistant (C57BL/6) and susceptible (BALB/c) mice regarding inter-strain differences in reactivity and potential to drive T cell responses following in vitro infection with ECTV. Our results showed that ECTV similarly affects innate and adaptive immune functions of granulocyte-macrophage colony-stimulating factor (GM-CSF)-derived bone marrow cells (GM-BM) obtained from both mouse strains. GM-BM infected with ECTV exhibited a profound down-regulation in expression of many genes involved in maturation and activation of DCs, with the exception of Il10, which was up-regulated in a strain independent manner. Moreover, ECTV impaired production of chemokines and cytokines engaged in regulation of Th1 and Th2 immune responses, as well as decreased maturation marker expression on the surface of C57BL/6 and BALB/c GM-BM. Collectively, our data suggest that ECTV-infected GM-BM have strong potential to silence the Th immune response, independently of their genetic background.

MATERIALS AND METHODS

Animals

Male C57BL/6 (H-2b) and BALB/c (H-2d) mice (8–12 weeks old) were purchased from the animal facility at Maria Sklodowska-Curie Memorial Cancer Centre and Institute of Oncology in Warsaw, Poland. After arrival, animals were kept for 7 days for acclimatization in the animal facility at the Faculty of Veterinary Medicine under controlled temperature and humidity with free access to food and water. Experimental procedures on animals were approved by the 3rd Ethical Committee for Animal Experimentation at Warsaw University of Life Sciences—SGGW (permission no. 34/2012) and were performed in accordance with institutional Guidelines for Care and Use of Laboratory Animals.

Virus

The Moscow strain of ECTV (ATCC, VR-1374) was obtained from American Type Culture Collection (Manassas, VA, United States). The virus was propagated on African green monkey kidney (Vero) cells (ATCC, CCL-81) maintained in DMEM high glucose (HyClone, Logan, UT, United States) supplemented with 5% fetal bovine serum (FBS; HyClone) and 1% antibiotic–antimycotic solution (100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml amphotericin B; Sigma–Aldrich, St. Louis, MO, United States). The virus stock was purified by sucrose cushion centrifugation. Briefly, virus suspension was layered onto 36% sucrose in 1 mM Tris pH 9.0 and centrifuged at 30,000 × g for 60 min at 4°C. After purification, virus stock infectivity was determined by plaque formation assay (PFU/ml) on Vero cell monolayer. Inactivation of the virus was performed by a 30 min exposure to UV radiation (120 W, 320 nm) at a working distance of 12 cm from the UV lamp. The absence of plaque formation in the Vero cell monolayer indicated complete inactivation of the virus.

Generation and Enrichment of GM-BM

The protocol used to generate GM-BM was similar to that used by Lutz et al. (1999). Bone marrow was flushed with cold RPMI-1640 medium from femurs and tibias of mice and erythrocytes were removed using ammonium chloride buffer. Cells were then washed and plated at 1 × 106/well in a six-well plate in RPMI-1640 medium containing 10% heat-inactivated FBS, 1% antibiotic solution (100 U/ml penicillin and 100 mg/ml streptomycin; Sigma–Aldrich), 50 μM 2-mercaptoethanol (Sigma–Aldrich), and 20 ng/ml recombinant mouse (rm) GM-CSF (R&D Systems, Minneapolis, MN, United States). Fresh medium with 20 ng/ml rmGM-CSF was added at day 3 of culture and then was partially replaced every 2 days. On day 8 post-culture, cDCs were enriched using MACS CD11c+ labeled magnetic beads (Miltenyi Biotec, Auburn, CA, United States). After MACS separation GM-BM cultures were evaluated for surface expression of cellular markers using the following monoclonal antibodies (mAbs): anti-mouse CD11c-BV421 (N418, Armenian Hamster IgG2; BioLegend, San Diego, CA, United States), anti-CD11b-BV605 (M1/70, rat IgG2b), anti-I-A/I-E-BV711 (M5/114.15.2, rat IgG2b; both from BD Biosciences, San Jose, CA, United States) and anti-CD205-PE-Cy7 (NLDC-145, rat IgG2a; BioLegend) (Supplementary Figure S1).

GM-BM Infection and Treatment

MACS-separated CD11c+ cells (purity ≥95%) were infected with live ECTV at multiplicity of infection (MOI) of 1. In some experiments, cells were exposed to UV-inactivated ECTV (uvi-ECTV) at MOI of 1 (before inactivation). As a control, non-infected cells were cultured in parallel in complete RPMI-1640 medium. Additionally, non-, ECTV-, and/or uvi-ECTV-exposed cells were left untreated or were treated for 24 h with 1 μg/ml LPS (Escherichia coli 0111:B4; Sigma–Aldrich), which is a Toll-like receptor (TLR)4 agonist used as a positive control for fully matured cells.

Plaque Assay

Vero cells cultured on 24-well plates were treated with 10-fold serial dilutions of ECTV stocks obtained from C57BL/6 and BALB/c GM-BM at 4, 12, and 24 hpi. After 5 days, plaques were counted under Olympus IX71 inverted microscope. After counting, Vero cell monolayers were stained with 0.3% crystal violet and air dried.

Measurement of Apoptosis

The apoptotic rate of GM-BM was measured using the FITC Annexin V Apoptosis Detection Kit I (BD Biosciences), according to the manufacturer’s protocol. Briefly, cells were washed twice with cold phosphate-buffered saline (Sigma–Aldrich) and resuspended in 1× binding buffer at a concentration of 1 × 106 cells/ml. Then, 100 μl of the solution (containing 1 × 105 cells) was stained with 5 μl Annexin V-FITC and 5 μl propidium iodide (PI) and incubated for 15 min at room temperature in the dark. Finally, cells were resuspended in 400 μl of 1× binding buffer and analyzed immediately by flow cytometry. Viable cells (no measurable apoptosis) are Annexin V-FITC and PI negative, early apoptotic cells (membrane integrity is present) are Annexin V-FITC positive and PI negative, whereas late apoptotic cells (end stage apoptosis and death) are Annexin V-FITC and PI positive.

Real-Time Reverse Transcription Polymerase Chain Reaction (RT-PCR)

The expression of selected genes involved in innate and adaptive immune functions of GM-BM was evaluated using real-time reverse transcription polymerase chain reaction (RT-PCR), as previously described (Dolega et al., 2017; Szulc-Dąbrowska et al., 2017) with minor modifications. Briefly, RNA was extracted from 1 × 106 mock- or ECTV-infected GM-BM, untreated or treated with LPS for 24 h using Qiagen RNeasy Mini Kit (Qiagen, Inc., Valencia, CA, United States), as recommended by the manufacturer. Additionally, on-column DNase I digestion of genomic DNA was performed using RNase-Free DNase Set (Qiagen). The RNA concentration and purity was assessed using the Take-3 system on Epoch BioTek spectrophotometer and analyzed in Gen5 software (BioTek Instruments, Inc., Winooski, VT, United States). Total RNA (1 μg) was applied for cDNA synthesis using the RT2 First Strand Kit (Qiagen) according to the manufacturer’s protocol. Before RT, genomic DNA was additionally removed by incubation in GE2 buffer for 5 min at 42°C. For analysis of selected genes involved in regulation of innate and adaptive immune properties of GM-BM the Mouse Dendritic and Antigen Presenting RT2 Profiler PCR Array (Qiagen) was used according to the recommendation of the manufacturer. Briefly, 550 ng cDNA was mixed with RT2 SYBR Green Mastermix (Qiagen) and aliquoted into the 96-well RT2 Profiler PCR array plate, containing lyophilized RT2 qPCR primers for a set of 84 related genes, five housekeeping genes (Actb, B2m, Gapdh, Gusb, and Hsp90ab1), three Reverse Transcription Controls (RTC), three Positive PCR Controls (PPC), and one Mouse Genomic DNA Contamination (MGDC) control (Supplementary Table S1). Amplification was performed in ABI 7500 thermocycler (Life Technologies, Carlsbad, CA, United States) at 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min. Fluorescence data were collected each cycle after the 1 min step at 60°C. Amplification data were acquired through SDS Software (Applied Biosystems).

Data Quality Control, Normalization, and Analysis

Obtained data fulfilled the criteria of PCR array reproducibility, RT efficiency, and genomic DNA contamination. If the average PPC Ct was 19 ± 3 and no two arrays had an average PPC Ct > 2 away from one another, then the samples passed the criteria for the PCR array reproducibility. If ΔCt (AVG RTC - AVG PPC) was ≤5, then the samples passed the criterion for RT efficiency. If Ct (MGDC) was ≥35, then the samples passed the criterion for genomic DNA contamination.

Three independent biological experiments were performed for each experimental group. The normalization was performed using the most stable genes/gene in the PCR array data set, identified by software at the Qiagen Data Analysis Center. The Ct values for these genes were geometrically averaged and used for the calculation of ΔΔCt values. The data are presented as fold change (2-ΔΔCt) which is the normalized gene expression (2-ΔCt) in the test sample divided by the normalized gene expression (2-ΔCt) in the control sample. Fold regulation represents fold change results in a biologically meaningful way. Fold change values greater than one indicate a positive- or an up-regulation, and the fold regulation is equal to the fold change. Fold change values less than one indicate a negative or down-regulation, and the fold regulation is the negative inverse of the fold-change. The P-values were calculated based on a Student’s t-test of the replicate 2-Δ Ct values for each gene in the control group and treatment groups. Significance was assessed at ∗P ≤ 0.05 and ∗∗P ≤ 0.01.

Immunophenotyping

Multi-color immunophenotyping was performed as previously described (Szulc-Dąbrowska et al., 2017). Cell surface maturation markers were stained with the following mAbs used in appropriate combinations: anti-H-2D[b]-PE (KH95, mouse IgG2b), anti-H-2D[d]-PE (34-2-12, mouse IgG2a), anti-I-A/I-E-BV711, anti-CD40-APC (3/23, rat IgG2a), anti-CD80-APC (16-10A1, Armenian hamster IgG2), anti-CD83-PE (Michel 19, rat IgG1) (all from BD Biosciences), and anti-CD86-PerCP-Cy5.5 (GL-1, rat IgG2a; eBioscience). Chemokine receptors were stained with anti-CD191(CCR1)-APC (643854, Rat IgG2b; R&D Systems), anti-CD195(CCR5)-PE (C34-3448, rat IgG2c; BD Biosciences), and anti-CD197(CCR7)-PerCP/Cy.5.5 (4B12, rat IgG2a; BioLegend) mAbs. Additionally, GM-BM were labeled for CD11c marker using anti-CD11c-BV421 mAbs. Appropriate isotype controls (purchased from BD Biosciences) were used to determine the percentages of cells expressing the respective markers. Moreover, to obtain proper gating strategies the Fluorescence Minus One samples were included as negative controls.

Intracellular Staining

Non-, uvi-ECTV-, or ECTV-infected GM-BM were left unstimulated or were stimulated with LPS for 24 h in a 24-well plate at a density of 5 × 105 cells/well. Brefeldin A (6 μg/ml; BD Biosciences) was added for the last 5 h of culture. Cells were then collected and stained with anti-CD11c-BV421. Intracellular staining of cytokines was performed using a Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s instructions. The following mAbs were used for cytokine detection: anti-tumor necrosis factor (TNF)-FITC (MP6-XT22, rat IgG1), anti-IL-12(p40/p70)-APC (C15.6, rat IgG1; both from BD Biosciences) and anti-CCL3 [macrophage inflammatory protein 1 alpha (MIP-1α)]-PE (DNT3CC; rat IgG2a; eBioscience, San Diego, CA, United States). In some experiments, cells were stained intracellularly for the presence of ECTV antigens using a Cytofix/Cytoperm kit and rabbit polyclonal Abs anti-ECTV-FITC, obtained as previously described (Szulc-Dabrowska et al., 2016). The staining procedure also included appropriate isotype controls obtained from BD Biosciences and eBioscience.

Flow Cytometry Analysis

The population of live cells was gated based on size and granularity according to forward (FSC-A) and side (SSC-A) scatter profile. GM-BM enriched in cDC population were gated as FSChigh and CD11c+. Twenty thousand gated cell events were acquired from each specimen and analyzed on a BD FACSCanto II and BD LSRFortessa flow cytometers (Becton Dickinson). Data were analyzed with FACSDiva 7.0 software (Becton Dickinson).

Enzyme-Linked Immunosorbent Assay

CD11c+-enriched GM-BM were plated into a 24-well plate at a density of 2 × 104 cells/well. After treatment with medium (mock), uvi-ECTV, or live ECTV, cells were incubated with or without LPS for 4, 8, 12, 18, and 24 h. In some experiments, cells were additionally stimulated with 3 mM ATP for 6 h to induce IL-1β and IL-18 release (Mehta et al., 2000). The concentration of cytokines and chemokines in culture supernatants was quantified using available commercial sandwich enzyme-linked immunosorbent assay (ELISA), according to the instructions given by the manufacturers. TNF, IL-6, IL-10, IL-12p40, IL-12p70, and CCL2/monocyte chemoattractant protein 1 (MCP-1) were detected using BD OptEIA ELISA sets (BD Biosciences). CCL3/MIP-1α and CCL5/RANTES (regulated upon activation normal T cell expressed and secreted) were quantified using Quantikine ELISA Kits (R&D Systems). IL-18 and IL-15R/IL-15 complex were assessed using Platinum ELISA and ELISA Ready-SET-Go!, respectively (eBioscience). The absorbance was read at 450 nm using Epoch Microplate Spectrophotometer. Each plate contained its own standard curve for determination of cytokine/chemokine levels in the supernatants.

Nitric Oxide detection

Nitric oxide (NO) formation can be investigated by measuring nitrite (NO2-), which is one of two primary, stable, and non-volatile breakdown products of NO. The amount of nitrite (μM/ml) in culture supernatants was assessed using the Griess Reagent System (Promega, Madison, WI, United States), according to the manufacturers’ protocol. Briefly, an equal volume of supernatant was mixed with the Sulfanilamide Solution and incubated for 10 min at room temperature in the dark. Then, N-1-naphthylethylenediamine dihydrochloride solution was added and incubated for additional 10 min. The absorbance was measured at 520 nm using Epoch Microplate Spectrophotometer. A standard curve generated with sodium nitrite was used to calculate the nitrite concentration in the supernatants.

Statistical Analysis

Data are presented as mean ± standard deviation (SD) from at least three independent biological replicates. Normal distribution of variables was assessed using the Shapiro–Wilk W-test. If the data were normally distributed and the variances were homogeneous, then two-independent (unpaired) Student’s t-test was applied for group comparison. Some data were analyzed using two-dependent (paired) Student’s t-test. If the data were non-normally distributed, then the Wilcoxon signed-rank or Mann–Whitney U-tests were applied for comparison of paired and unpaired values, respectively (STATISTICA 6.0 software, StatSoft Inc., Tulsa, OK, United States). Statistical significance was assessed at ∗P ≤ 0.05 and ∗∗P ≤ 0.01.

RESULTS

The Kinetics of ECTV Replication Cycle Are Similar in GM-BM Derived from C57BL/6 and BALB/c Mice

Our previous study showed that ECTV is able to productively infect murine GM-BM, including cDCs, with subsequent release of progeny virions (Szulc-Dąbrowska et al., 2017). In the present study, we compared the kinetics of ECTV replication cycle in GM-BM derived from resistant C57BL/6 and susceptible BALB/c mice. Cells were infected with ECTV at MOI = 1 and after 4, 12, and 24 hpi the percentage of ECTV+ cells was determined by intracellular staining and flow cytometry analysis (Figure 1A). The mean percentage of ECTV+ cells during the first 12 h of virus replication was comparable between both strains of mice (Figure 1B). At 24 hpi, the percentage of ECTV+ cells was slightly higher in C57BL/6 comparing to BALB/c mice (75 vs. 63%, respectively). LPS treatment of ECTV-infected GM-BM derived from both mouse strains significantly (P ≤ 0.05) increased the percentage of ECTV+ cells during the entire virus replication cycle. It suggests that TLR4-agonist stimulation positively regulates the tempo of virus reproduction in GM-BM infected at MOI of 1 (Szulc-Dąbrowska et al., 2017). Additionally, to confirm that ECTV infection of GM-BM is productive, we performed a plaque assay to determine quantify infectious viral particles (Figure 1C). At 4 hpi, the number of infectious virions was 4.2 × 103 and 5 × 103 PFU/ml in C57BL/6 and BALB/c GM-BM cultures, respectively. At 12 and 24 hpi, the virus titers in both cultures increased around 100- and 500-fold, respectively, and reached 5 × 105 and 7 × 105 PFU/ml at 12 hpi, and 3.2 × 106 and 2.6 × 106 PFU/ml at 24 hpi in C57BL/6 and BALB/c GM-BM cultures, respectively (Figure 1C). LPS treatment slightly increased the number of infectious virus particles, especially at 24 hpi and is agreement with flow cytometry results.
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FIGURE 1. Similar kinetics of ECTV replication in GM-BM of C57BL/6 and BALB/c mice. (A) Representative flow cytometry histograms showing the percentage of ECTV+ cells at 4, 12, and 24 hpi of GM-BM. (B) The percentage (mean ± SD) of ECTV+ cells in GM-BM culture. (C) Plaque assay determination of ECTV titer in GM-BM at 4, 12, and 24 hpi. Plaques were visualized by staining of Vero cell monolayers with 0.3% crystal violet. The mean number of infectious virions (PFU/ml) was calculated from two experiments. (D) The percentage (mean ± SD) of early and late apoptotic cells in GM-BM during ECTV infection (Student’s t-test; ∗P < 0.05, ∗∗P < 0.01).



Our previous study also showed that 10-day culture of GM-BM and later infected with ECTV at MOI = 5 exhibited a high percentage (more than 30%) of early and late apoptotic cells during later stages of infection (Szulc-Dąbrowska et al., 2017). To minimize the apoptotic rate in GM-BM cultures, in the present study we used 8-day culture of GM-BM and later infected with ECTV at MOI = 1. Under such conditions, we observed only a small induction of apoptosis in GM-BM at 24 hpi in the absence of LPS (Figure 1D). Meanwhile, ECTV infection of GM-BM in the presence of LPS slightly (but not significantly) increased the percentage of apoptotic cells compared with LPS-treated mock- or uvi-ECTV-infected cells (Figure 1D). It is likely that LPS prevents the apoptotic effect induced by the virus infection, since LPS has been shown to inhibit caspase 3-dependent apoptosis in immune cells (Russe et al., 2014).

Generalized Down-Regulation of Genes Involved in Innate and Adaptive Immune Functions Is Comparable in GM-BM-Derived from C57BL/6 and BALB/c Mice

Before assessment of ECTV impact on gene expression profile, we first compared the gene expression between uninfected GM-BM derived from C57BL/6 and BALB/c mice to determine interstrain differences in genes involved in innate and adaptive immune functions (Figure 2). These genes, encoding proteins that regulate biological properties of DCs, were divided into seven categories: (1) antigen uptake, (2) antigen presentation, (3) chemotaxis, (4) chemokines and cytokines, (5) cytokine receptors, (6) other cell surface receptors, and (7) signal transduction.
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FIGURE 2. Differential expression of genes involved in innate and adaptive immune functions in GM-BM from C57BL/6 and BALB/c mice. The scatter plots of gene expression profiling in (A) mock-infected GM-BM from C57BL/6 vs. BALB/c mice, (B) LPS-treated vs. untreated mock-infected GM-BM from C57BL/6 mice, (C) LPS-treated vs. untreated mock-infected GM-BM from BALB/c mice, (D) mock-infected LPS-treated (for 24 h) GM-BM from C57BL/6 vs. BALB/c mice. The numbers represent genes that are up-regulated (red) and down-regulated (blue). The cut-offs for twofold induction and repression are indicated by dotted lines (all points having a fold-change less than 2 are shown in gray).



Before calculating 2-Δ ΔCt values, the data were normalized to the geometric mean of the four most stable housekeeping genes: ActB, Gapdh, Gusb, and Hsp90ab1. The scatter plots of the mRNA expression profiles of untreated and LPS-treated C57BL/6 vs. BALB/c GM-BM are presented in Figures 2A,D, respectively. The scatter plots compare the normalized expression of every gene on the array between two groups by plotting them against one another to quickly visualize large gene expression changes. As shown in Figure 2A, C57BL/6 compared to BALB/c GM-BM exhibited up-regulation of 25 genes, including Ccl5, Ccl8, Ccl17, Cxcl10, Cd40, Fas, Fcer2a, Fcgr1, Il-12b, Irf7, Thbs1, and Tlr9, and down-regulation of four genes, Cd1d2, Cd2, Fcgrt, and Icam2. LPS treatment of C57BL/6 and BALB/c GM-BM for 24 h resulted in up-regulation of 42 and 41 genes, and down-regulation of 13 and 15 genes, respectively (Figures 2B,C). Up-regulated genes were those known to influence maturation of DCs and included genes for cell surface receptors (e.g., Cd1d1, Cd1d2, Cd40, Cd80, Cd86, H2-DMa, Tlr1, Tlr2), chemokines and cytokines (e.g., Ifn, Il10, Il12a, Il12b, Tnf, Ccl2, Ccl3, Ccl4, Ccl5, Ccl7, Ccl8, Ccl12, Ccl17, Ccl17, Cxcl1, Cxcl2, Cxcl10) and signal transduction (e.g., Irf7). Cd28, Cd36, Cd209a, and Clec4b2 were the commonly down-regulated genes after LPS exposure of GM-BM from both mouse strains. Interestingly, C57BL/6 GM-BM treated with LPS for 24 h showed up- and down-regulation of 31 and 5 genes, respectively, compared to BALB/c GM-BM treated with LPS (Figure 2D). Among up-regulated genes there were those primarily engaged in the antigen uptake (Tap2) and presentation (Cd4, Cd40, Cd80, Cd86, H2-DMa, Thbs1) and chemokine and cytokine production (Ccl5, Ccl7, Ccl8, Ccl12, Cxcl2, Cxcl10, Cxcl12). Moreover, TLR9 mRNA was significantly (P ≤ 0.01) up-regulated in C57BL/6 compared with BALB/c GM-BM after LPS-treatment. Collectively, it may suggest that C57BL/6 GM-BM are at a higher maturation state than BALB/c GM-BM after TLR4 agonist stimulation.

The gene expression comparison between uninfected and infected cells untreated or treated with LPS was made after data normalization to Cdkn1a, due to its uniform expression across treatment groups in the experiments. Differentially expressed genes are presented by volcano plots, which summarize fold-change in gene expression and statistical significance in four different experimental groups (Figure 3). ECTV infection of GM-BM derived from C57BL/6 and BALB/c mice resulted in a global down-regulation of 75 and 74 genes, respectively, among which 52 and 50 were significantly (P ≤ 0.05) repressed (Figures 3A,B). Profound inhibition in gene expression was observed in all gene categories in cells from both mouse strains. Only Il10 gene was significantly (P ≤ 0.05) up-regulated in infected cells. Moreover, ECTV infection inhibited LPS-induced up-regulation of mRNA transcripts for many genes involved in activation and maturation of GM-BM. LPS-treated ECTV-infected cells derived from C57BL/6 and BALB/c mice displayed down-regulation of 65 and 63 genes, respectively, compared to LPS-treated uninfected cells (Figures 3C,D). Among these genes 45 and 48, respectively, were significantly (P ≤ 0.05) down-regulated. Taken together, our data clearly demonstrate that ECTV induces global gene repression in GM-BM of both strains and this repression is maintained during TLR4 agonist treatment.
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FIGURE 3. ECTV similarly affects multiple genes involved in innate and adaptive immune functions in GM-BM from C57BL/6 and BALB/c mice. The volcano plots show differentially expressed genes in ECTV- vs. mock-infected GM-BM from C57BL/6 (A) and BALB/c (B) mice, and ECTV + LPS- vs. LPS-treated GM-BM from C57BL/6 (C) and BALB/c (D) mice. The volcano plots display the threshold for statistical significance (log10 of the P-value; horizontal line) and fold change (log2; vertical dotted lines). The two vertical dotted lines represent fold changes of –2 and +2, the horizontal line represents significant P-value of 0.05. The number of genes that are down(blue)- and up(red)-regulated by at least twofold and have a P-value less than 0.05 are at the upper-left and upper-right, respectively. The number of genes that are down- and up-regulated (gray) by at least twofold, however, have a P-value more than 0.05 are at the lower-left and lower-right, respectively.



Expression of Genes Involved in Antigen Uptake and Presentation

In the antigen uptake category, Cd44, Icam1, Icam2, and Rac1 were mostly significantly (P ≤ 0.05) down-regulated in untreated or LPS-treated ECTV-infected C57BL/6 and BALB/c GM-BM in comparison with their uninfected counterparts (Figure 4A). The mean expression level of these genes was more than 10-fold repressed. The level of Rac1 repression was significantly (P ≤ 0.05) higher in infected C57BL/6 than BALB/c cells. Meanwhile, Cdc42 was not significantly up-regulated in LPS-treated ECTV-infected GM-BM from C57BL/6 mice compared to LPS-treated uninfected cells (Figure 4A).
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FIGURE 4. Mouse strain-independent effect of ECTV infection on the expression of genes involved in (A) antigen uptake, (B) antigen presentation, and (C) chemotaxis in GM-BM (unpaired Student’s t-test; ∗P < 0.05, ∗∗P < 0.01).



Of the 16 genes analyzed in the antigen presentation category, ECTV infection resulted in significantly (P ≤ 0.05) down-regulation of 11 mRNA transcripts in C57BL/6 and BALB/c GM-BM (Figure 4B). B2m, Cd1d1, Cd74, Cd80, Cd86, Fcgrt, H2-DMa, Tapbp, and Thbs1 were significantly (P ≤ 0.05) repressed in cells from both mouse strains, whereas Cd28, Cd40Ig, and Cd1d2, Cd40 were significantly down-regulated in C57BL/6 and BALB/c GM-BM, respectively. The level of Cd74 repression was significantly (P ≤ 0.05) higher in infected BALB/c than C57BL/6 cells. LPS treatment of mock-infected C57BL/6 and BALB/c GM-BM resulted in up-regulation of the following genes: Cd1d1, Cd1d2, Cd209a, Cd40, Cd80, Cd86, Tapbp, and Thbs1. Meanwhile, treatment of ECTV-infected cells with LPS did not up-regulate genes, as observed in mock-infected LPS-treated GM-BM from the two mouse strains. After stimulation with LPS, infected C57BL/6 and BALB/c GM-BM still exhibited a profound down-regulation of 10 following genes: B2m, Cd1d1, Cd1d2, CD40, Cd74, Cd86, Fcgrt, H2-DMa, Tapbp, and Thbs1. In all cases the most repressed genes were Cd1d1 and Thbs1, and their mean expression levels were ≥300-fold decreased. The repression level of mRNA transcript for CD40 was significantly (P ≤ 0.05) higher in LPS-stimulated ECTV-infected C57BL/6 than BALB/c cells. The mRNA expression of CD80 was not significantly (P > 0.05) down-regulated (Figure 4B). Only Cd4 was differentially regulated in LPS-treated ECTV-infected GM-BM from the two strains of mice. Cd4 was significantly (P = 0.009) up-regulated in BALB/c cells, whereas in C57BL/6 cells its expression remained unchanged.

Expression of Genes Involved in DC Chemotaxis

The four important genes in this group were significantly (P ≤ 0.05) down-regulated in ECTV-infected GM-BM from both mouse strains (Figure 4C). These genes were Ccl5, Ccr1, Ccr2, and Ccr5. Ccr1 was significantly (P ≤ 0.05) more repressed in infected C57BL/6 than BALB/c cells. The same set of genes were also down-regulated in LPS-treated ECTV-infected GM-BM compared to LPS-treated uninfected cells. However, in cells from C57BL/6 mice, the repression of Ccr2 and Ccr5 was not statistically significant (P > 0.05). Although the down-regulation of Cxcr4 in GM-BM from both mouse strains was not significant, statistical analysis revealed that this gene was considerably repressed in C57BL/6 mice.

Expression of Genes Involved in Chemokine and Cytokine Production

The next category of analyzed genes concerned those engaged in the synthesis of chemokines (Figure 5A) and cytokines (Figure 5B). Among the 15 chemokine genes assayed, seven genes in both C57BL/6 and BALB/c GM-BM were significantly (P ≤ 0.05) down-regulated (Figure 5A) following ECTV infection. Ccl4, Ccl5, Ccl17, and Ccl20 were repressed in cells from both mouse strains, whereas Ccl2, Ccl3, Ccl8 and Ccl12, Cxcl2, Cxcl12 were decreased in C57BL/6 and BALB/c GM-BM, respectively (Figure 5A). LPS treatment of mock-infected cells up-regulated 12 genes (Ccl2, Ccl3, Ccl4, Ccl5, Ccl7, Ccl8, Ccl12, Ccl17, Ccl20, Cxcl1, Cxcl2, and Cxcl10) in GM-BM from both mouse strains (Figures 2C,D). Meanwhile, LPS-treated ECTV-infected cells showed significant (P ≤ 0.05) down-regulation of seven mRNA transcripts compared to LPS-treated uninfected cells (Figure 5A). GM-BM from both mouse strains exhibited repression of Ccl2, Ccl3, Ccl5, and Ccl8, whereas Ccl12, Cxcl1, Cxcl10 and Ccl4, Ccl17, Cxcl2 were significantly (P ≤ 0.05) decreased in cells from C57BL/6 and BALB/c mice, respectively. ECTV-infected C57BL/6 GM-BM displayed significant (P ≤ 0.05) down-regulation of Ccl2, Cxcl12 and Ccl2, Ccl3, Ccl8 than BALB/c cells, cultured without or with LPS, respectively.
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FIGURE 5. Mouse strain-independent effect of ECTV infection on the expression of genes for chemokines (A) and cytokines (B) in GM-BM (unpaired Student’s t-test; ∗P < 0.05, ∗∗P < 0.01).



Among the 13 genes analyzed in the cytokine group, Ifng, Mif, Tgfb1, and Tnf were significantly (P ≤ 0.05) repressed in GM-BM of both mouse strains (Figure 5B). The level of Mif expression was significantly (P ≤ 0.05) decreased in C57BL/6 cells. Il12a, Il16, and Flt3l were also down-regulated, however, significant (P ≤ 0.05) repression of these genes was observed only in C57BL/6 cells. On the contrary, the expression of Il12b was significantly (P ≤ 0.01) decreased in BALB/c GM-BM. Interestingly, ECTV infection significantly (P ≤ 0.05) up-regulated the expression of Il10 in cells from both mouse strains (Figure 5B).

Uninfected GM-BM from C57BL/6 and BALB/c mice displayed up-regulation of Ifng, Il6, Il10, Il12a, Il12b, and Tnf after LPS treatment for 24 h (Figures 2C,D). Meantime, LPS-stimulated ECTV-infected cells exhibited significant (P ≤ 0.05) repression of Il6, Il10, Il12a, Mif, and Tgfb1, compared to uninfected cells incubated with TLR4 agonist (Figure 5B). Moreover, LPS-treated ECTV-infected GM-BM from C57BL/6 and BALB/c mice showed down-regulation of Il16 and Flt3l or Ifng and Tnf, respectively. Csf2 was significantly up-regulated only in BALB/c GM-BM after ECTV infection and LPS treatment.

Expression of Genes for Cytokine and Other Cell Surface Receptors

In the cytokine receptors category, Ccr1, Ccr2, Ccr3, Ccr5, Csf1r, and Lyn were significantly (P ≤ 0.05) down-regulated in untreated or LPS-treated ECTV-infected GM-BM from both mouse strains, compared to their uninfected counterparts (Figure 6A). Ccr1, Cxcr4, and Lyn were significantly (P ≤ 0.05) more repressed in C57BL/6 than BALB/c GM-BM. Moreover, Ccr9 and Flt3 were significantly decreased only in infected BALB/c cells.
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FIGURE 6. ECTV similarly affects genes for (A) cytokine receptors and (B) other cell surface receptors, and (C) genes involved in signal transduction in GM-BM from C57BL/6 and BALB/c mice (unpaired Student’s t-test; ∗P < 0.05, ∗∗P < 0.01).



The majority of other analyzed genes in the cell surface receptors category were down-regulated in ECTV-infected GM-BM from both mouse strains (Figure 6B). Cd36, Fcgr1, Lrp1, Tlr1, and Tlr2 were significantly (P ≤ 0.05) repressed in cells from both mouse strains and such inhibitory effect was independent of LPS stimulation. Cd2, Tlr7, and TLr9 were also down-regulated in both strains, however, after LPS stimulation Tlr7 and TLr9 were significantly (P ≤ 0.05) repressed only in C57BL/6 GM-BM. On the contrary, Fcer2a was significantly (P ≤ 0.05) up-regulated in ECTV-infected C57BL/6 and BALB/c GM-BM treated with LPS (Figure 6B). LPS stimulation of mock-infected cells resulted in up-regulation of Cd40, Fcgr1, Tlr1, and Tlr2 (Figures 2C,D).

Expression of Genes Involved in Signal Transduction

The last analyzed group concerned 12 genes involved in signal transduction (Figure 6C). The following 8 genes were mostly significantly (P > 0.05) down-regulated in ECTV-infected GM-BM derived from both strains of mice and independent of LPS treatment: Fas, Irf7, Itgam, Itgb2, Nfkb1, Ptprc, Rela, and Stat3. Moreover, Cebpa and Relb were significantly (P > 0.05) down-regulated in GM-BM from both and only BALB/c mouse, respectively. Cebpa, Irf7 and Stat3 were significantly (P > 0.05) more repressed in infected C57BL/6 than BALB/c GM-BM (Figure 6C).

Mouse Strain-Independent Effect of ECTV-Infection on Cytokine and NO Production by GM-BM

cDCs play a key role in driving T cell responses by eliciting polarizing signals, the most important of which are cytokines that selectively promote the generation of Th1 or Th2 cells. We next confronted the GM-BM obtained from resistant C57BL/6 and susceptible BALB/c mice regarding their Th-polarizing cytokine profile under ECTV infection in vitro. The analyzed cytokines and chemokines are engaged in T cell activation and involved in regulation of Th1 or Th2 polarization during the adaptive immune responses.

TNF-α contributes to DC activation and maturation and is required for subsequent induction of optimal T cell responses (Zhang et al., 2003). Uninfected GM-BM from C57BL/6 and BALB/c mice produced TNF-α at similar low levels, however, after LPS stimulation, BALB/c cells secreted higher amounts of TNF-α than C57BL/6 cells (Figure 7A). During LPS treatment, the concentration of TNF-α in culture supernatants from C57BL/6 and BALB/c GM-BM started to decrease at 24 h post-stimulation and was two- and fourfold lower, respectively, than at 4 h post-stimulation. Meantime, ECTV infection of GM-BM from both strains of mice profoundly inhibited TNF-α secretion, even after LPS treatment.
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FIGURE 7. The effect of ECTV infection on cytokine and chemokine synthesis and NO production by GM-BM is mouse strain-independent. Heat map represents mean concentration (pg/ml) values of cytokines and chemokines in culture supernatants of mock-, uvi-ECTV-, and ECTV-infected GM-BM, untreated or treated with LPS (A), or additionally with ATP (B). Mean NO concentration is presented as heat map ranging from 0 to 100 μM/ml (B). (C) The percentage of cytokine-producing GM-BM at 24 hpi with ECTV. Each point represents an individual data, with the bar indicating the mean values (paired Student’s t-test; ∗P < 0.05, ∗∗P < 0.01).



IL-6 produced by DCs in response to TLR recognition of microbial products has been demonstrated to regulate T cell activation by overcoming the suppressive effect of Tregs (Pasare and Medzhitov, 2003). Similar to TNF-α, mock- or uvi-ECTV-infected GM-BM from both mouse strains secreted comparable low levels of IL-6. After LPS stimulation, GM-BM of both strains of mice produced high amounts of IL-6 and from 8 h post-stimulation, DCs from BALB/c mice produced higher levels of IL-6 than those from C57BL/6 mice (Figure 7A). ECTV-infected GM-BM untreated or treated with LPS were able to secrete IL-6, however, the amounts were significantly (P > 0.01) lower compared to those secreted by mock- or uvi-ECTV-infected LPS-untreated or -treated GM-BM.

Next, we analyzed cytokines and chemokines engaged in Th1 polarization, such as: IL-12p40, IL-12p70, IL-15/IL-15Rα, IL-18, CCL3/MIP-1α, and CCL5/RANTES (Figures 7A,B). C57BL/6 GM-BM produced larger amounts of IL-12p40 and IL-12p70 than BALB/c GM-BM, especially after LPS treatment (Figure 7A). ECTV-infection significantly (P > 0.01) decreased the production of both cytokines by LPS-untreated or -treated GM-BM of both mouse strains. Meantime, CCL3 was secreted at higher levels by uninfected BALB/c than C57BL/6 cells, especially in response to the ligand for TLR4 (Figure 7A). At 12 hpi with ECTV, GM-BM from both mouse strains produced less CCL3 than mock- or uvi-ECTV infected cells, whereas at 24 hpi those cells showed significantly (P > 0.01) increased level of CCL3 compared to mock- or uvi-ECTV-treated cells. However, GM-BM infected with live ECTV exhibited the suppression of TLR4 agonist-induced secretion of CCL3. CCL5 production was higher by C57BL/6 GM-BM, however, LPS stimulation induced robust secretion of comparable large amounts of CCL5 by cells from both mouse strains (Figure 7A). The secretion of CCL5 was >2-fold reduced in ECTV-infected C57BL/6 and BALB/c GM-BM, either in the absence or presence of LPS.

IL-15/IL-15Rα complex was produced at similar levels by C57BL/6 and BALB/c GM-BM, even after LPS-stimulation for 24 h (Figure 7B). ECTV infection significantly (P > 0.01) reduced the level of this complex in GM-BM from both mouse strains at 24 hpi. IL-18 was also secreted at comparable amounts by uninfected cells from both strains of mice, however, after stimulation with LPS for 24 h and ATP for additional 6 h, BALB/c GM-BM produced fourfold higher levels of IL-18 than C57BL/6 GM-BM (Figure 7B). ECTV-infection significantly (P > 0.01) inhibited TLR4 agonist + ATP-induced IL-18 production.

Because NO selectively enhances Th1 cell proliferation (Niedbala et al., 1999), we additionally checked the influence of ECTV infection on NO production by GM-BM from C57BL/6 and BALB/c mice (Figure 7B). Uninfected GM-BM from both mouse strains produced low levels of NO. After LPS treatment for 24 h, cells produced elevated levels of NO. In addition, after TLR4 agonist stimulation C57BL/6 GM-BM produced larger amounts of NO than BALB/c GM-BM. However, ECTV-infected cells from both mouse strains exhibited a significant (P > 0.01) decrease in NO production in response to LPS stimulation.

Additionally to Th1-polarizing cytokines, we evaluated the effect of ECTV infection on GM-BM capacity to produce cytokines that positively regulate Th2 polarization: IL-10, CCL2/MCP-1 and IL-1β, which has also Th1-polarizing properties (Figures 7A,B). IL-10 was undetectable in mock-, uvi-ECTV-, or ECTV-infected cultures of GM-BM from both mouse strains, indicating that ECTV is not able to stimulate IL-10 secretion by these cells (Figure 7A). After LPS treatment, uninfected BALB/c GM-BM produced twofold higher amounts of IL-10 than C57BL/6 cells. ECTV infection significantly (P > 0.01) decreased the production of IL-10 by LPS-treated GM-BM from both mouse strains. CCL2 was secreted at similar levels by C57BL/6 and BALB/c GM-BM, however, after LPS treatment cells from C57BL/6 mice produced slightly more CCL2 compared to BALB/c GM-BM (Figure 7A). ECTV infection significantly (P > 0.01) decreased the level of CCL2 secreted by GM-BM from both strains of mouse in response to LPS. Meanwhile, BALB/c GM-BM produced more IL-1β compared to C57BL/6 cells, especially after LPS treatment (Figure 7B). Further stimulation of cells with ATP additionally increased the level of secreted IL-1β. Similar to other cytokines, ECTV infection significantly (P > 0.01) reduced the level of IL-1β in supernatants of GM-BM from both mouse strains cultured under different conditions.

Intracellular staining of selected cytokines revealed that ECTV-infection also reduced the percentage of cells producing TNF-α and IL-12p40/p70 (Figure 7C). After LPS treatment the percentage of GM-BM from both mouse strains producing TNF-α, IL-12p40/p70, and CCL3 was significantly (P > 0.05) decreased. Uninfected GM-BM from C57BL/6 and BALB/c mice produced more TNF-α and IL-12p40/p70 or CCL3, respectively, in response to LPS treatment. Collectively, our data indicate that C57BL/6 and BALB/c GM-BM are able to produce higher amounts of Th1- and Th2-polarizing cytokines, respectively, especially in response to TLR4 agonist stimulation. ECTV infection causes a profound inhibition of the production of both Th1 and Th2-polarizing cytokines by GM-BM in a strain-independent manner, indicating that there is no differences in the reactivity of cDCs from resistant C57BL/6 and susceptible BALB/c mice to the virus.

The in Vitro Effect of ECTV-Infection on the Expression of MHC and Costimulatory Molecules on GM-BM Is Mouse Strain-Independent

We compared the influence of ECTV infection on the expression of MHC class I and II molecules, as well as costimulatory molecules, including CD40, CD80, and CD86, and CD83, on GM-BM generated from bone marrow progenitor cells of different mouse strains (Figure 8). GM-BM derived from C57BL/6 mice expressed lower levels of H-2Db molecules than BALB/c cells H-2Dd molecules. However, C57BL/6 cells expressed higher level of I-A/I-E, CD40 and CD80 molecules than those from BALB/c mice. Moreover, a higher percentage of GM-BM expressing CD83 and CD86 molecules was found in GM-BM derived from C57BL/6 than BALB/c mice (Figure 8). This suggests that GM-BM derived from C57BL/6 mice mature more efficiently than those from BALB/c mice. LPS treatment increased the expression of all tested molecules on GM-BM from both mouse strains in a maturation-dependent manner (Figure 8).
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FIGURE 8. ECTV infection inhibits maturation of GM-BM in a mouse strain-independent manner. Representative flow cytometry histograms showing the effect of ECTV infection and/or LPS treatment on maturation marker expression in GM-BM from C57BL/6 and BALB/c mice at 24 hpi. Below each histogram set is a table with mean values (±SD) for a given marker from at least three independent experiments. The expression is presented as mean fluorescent intensity (MFI) or the percentage of positive cells for a given marker (paired Student’s t-test; ∗P < 0.05, ∗∗P < 0.01).



ECTV infection modulated the expression of all tested maturation molecules on GM-BM from both mouse strains. Infected cells from C57BL/6 and BALB/c mice showed significantly (P > 0.01) reduced mean fluorescent intensity (MFI) of H-2Db and H-2Dd molecules, respectively, even after LPS treatment (Figure 8). The level of MFI for H-2D molecules was significantly more decreased in infected C57BL/6 compared to infected BALB/c cells, untreated (sevenfold vs. twofold; P = 0.0015) or treated (15-fold vs. 5-fold; P = 0.0024) with LPS. Meanwhile, in ECTV-infected cells we observed a significant (P ≤ 0.05) increase in the percentage of I-A/I-E-positive cells, however, after LPS stimulation the percentage of such cells was reduced compared to mock-infected LPS-treated cells. Additionally, ECTV infection significantly (P ≤ 0.05) reduced the expression of CD40 and CD80 costimulatory molecules on GM-BM from both mouse strains, even in the presence of LPS. Moreover, upon infection the percentage of CD83+ cells significantly (P ≤ 0.05) decreased in C57BL/6 and BALB/c GM-BM cultures. On the contrary, the percentage of CD86+ cells was significantly (P ≤ 0.05) increased in ECTV-exposed compared to mock-exposed cells from both mouse strains and in BALB/c cells treated with ECTV + LPS compared to cells treated only with LPS (Figure 8).

Chemokine Receptor Expression in Down-Regulated in ECTV-Infected GM-BM from C57BL/6 and BALB/c GM-BM

Our last question concerned the effect of ECTV infection on the expression of cell surface chemokine receptors that are differentially regulated upon maturation. CCR1 and CCR5 are reported to be reduced, and CCR7 is reported to be up-regulated on the surface of mature DCs (Le Nouën et al., 2011). Our results show that GM-BM from BALB/c mice expressed higher levels of chemokine receptors characteristic for immature DCs, compared to C57BL/6 cells (Figure 9). BALB/c cultures contained a higher percentage of CCR1+ cells and expression of CCR5 on their surface was increased. On the contrary, C57BL/6 cultures had a higher percentage of CCR7+ GM-BM. After infection with ECTV, cells from both mouse strains exhibited reduced percentage of CCR1+ and CCR7+ cells and decreased expression of CCR5, compared to mock-infected cells. After LPS treatment, the expression of chemokine receptors changed in a maturation dependent manner, i.e., the percentage of CCR1+ and CCR7+ cells decreased and increased, respectively, and MFI for CCR5 was low. Meanwhile, stimulation of ECTV-infected GM-BM with LPS resulted in the reduction of the percentage of CCR7+ cells and MFI for CCR5 expression, compared to LPS-treated cells. Taken together, our results indicate that ECTV impairs expression of chemokine receptors on GM-BM and, therefore, it is not excluded that their potential to respond to chemokines regulating their migration is limited.
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FIGURE 9. ECTV infection similarly affects the expression of chemokine receptors on GM-BM from C57BL/6 and BALB/c mice. Representative flow cytometry histograms of chemokine receptor expression on GM-BM following the infection with ECTV and/or treatment with LPS at 24 hpi. Below each histogram set is a table with mean values (±SD) for a given marker from at least three independent experiments. The expression is presented as mean fluorescent intensity (MFI) or the percentage of positive cells for a given marker. Statistical comparisons were between mock- and ECTV-exposed DCs and between LPS- and ECTV + LPS-exposed DCs (paired Student’s t-test; ∗P < 0.05, ∗∗P < 0.01).



DISCUSSION

The inter-strain differences in the reactivity of DCs to the antigen exposure/infection contributes to various types of adaptive immune responses and may partially determine the outcome of a disease (Liu et al., 2000, 2002). Therefore, in the present study, we investigated the differences in the response of C57BL/6 and BALB/c GM-BM to ECTV infection by analysis of their maturation degree, chemokine receptor expression and production of different types of cytokines/chemokines engaged in T cell activation, polarization, and function. In addition, we analyzed the expression of key genes involved in maturation and activation of DCs. We found that in vitro ECTV modulation of GM-BM innate and adaptive immune properties occurred independently of the mouse strain susceptibility to infection. In cells from both strains of mice, ECTV infection contributed to the profound suppression of polarizing signals to prime Th1 immune response. Furthermore, contrary to expectations, a more pronounced viral inhibitory effect was observed in resistant C57BL/6 GM-BM, despite their higher potential to stimulate Th1 response under physiological conditions. These results indicate strong adaptation capacity of ECTV to the natural host DCs and its direct inhibitory effect on DC properties is irrespective of whether they are derived from resistant or susceptible mouse strain.

Several in vivo studies have reported that Th1 and Th2 immune responses prevail in C57BL/6 and BALB/c mice, respectively, under physiological conditions (Trunova et al., 2011), stress (Palumbo et al., 2010), or infection (Belkaid et al., 2002; Sacks and Noben-Trauth, 2002; Chaudhri et al., 2004; Watanabe et al., 2004). The immune response of different types of cells from these mouse strains, including DCs and macrophages, may influence the development of Th1 and Th2 adaptive immunity (Liu et al., 2002; Watanabe et al., 2004). It has been shown that DCs from C57BL/6 mice produce higher levels of IL-12 and IL-15 than DCs from BALB/c mice during early stages of Listeria monocytogenes infections (Liu et al., 2000). Moreover, DCs isolated from spleens of naïve C57BL/6 mice preferentially expressed a higher level of TLR9 mRNA, whereas those from BALB/c mice expressed a higher level of mRNAs for TLR2, -4, -5, and -6. In response to microbial ligands for TLR2 (lipoprotein), TLR4 (LPS), TLR2/6 (zymosan), and TLR9 (CpG), DCs from C57BL/6 and BALB/c mice produced larger amounts of IL-12p40 and CCL2, respectively. Additionally, DCs from C57BL/6 mice exhibited a more mature phenotype than BALB/c DCs due to higher expression of maturation markers, such as CD40 and CD86, and signal transducer and activator of transcription 4 (Stat4)—a key intermediate in IL-12 signaling pathway and Th1 cell development (Liu et al., 2002).

Our in vitro studies revealed that GM-BM derived from C57BL/6 mice displayed higher expression of Ccl5, Cd40, Il-12b, Irf7, Thbs1, and Tlr9 than BALB/c cells. Moreover, upon LPS stimulation, Cd80, Cd86, Ccl5, and Tlr9 were more up-regulated in C57BL/6 than BALB/c GM-BM. Additionally, C57BL/6 cells produced higher levels of IL-12p40 and IL-12p70, whereas BALB/c cells secreted more TNF-α, IL-6, and IL-10, especially after LPS treatment. Higher expression of maturation markers, such as MHC II, CD40, and CD80, and large percentage of cells expressing CD83, CD86, and CCR7 was observed in C57BL/6 cultures. Overall, our data indicate that GM-BM from resistant C57BL/6 mice are more matured than cells from susceptible BALB/c cells and possess a higher potential to stimulate Th1 response. Inter-strain differences in maturation state were also observed between GM-BM from BALB/c, C57BL/6, and atopic prone NC/Nga mice (Koike et al., 2008). The latter had greater expression of MHC class II, CD80, CD86, and CD11c compared to cells from BALB/c and C57BL/6 mice, as well as preferentially stimulated Th2 cytokine immune response. Therefore, it is suggested that the genetic background may enhance the differentiation and function of DCs and may be partially related to the development or aggravation of allergic/atopic diseases (Koike et al., 2008). On the contrary, resting BMDCs generated with GM-CSF and IL-4 from bone marrow progenitor cells of C57BL/6 and BALB/c mouse strains displayed no differences in the expression of CD40, CD80, CD86, MHC II, and TLR2 (Jiang et al., 2010).

It has been proposed that differences in innate and adaptive immune functions of DCs underline additional mechanisms responsible for resistance or susceptibility of C57BL/6 or BALB/c mice to L. monocytogenes (Liu et al., 2000, 2002). Moreover, DC capacity to differentiate naive T cells into functional Th1 or Th2 effector cells during Leishmania major infection is cell-intrinsic and Th2 polarization is not restricted to H2-d mice, since DCs from BALB/c and B10.D2 DCs (both H2d) exhibited differences in maturation and ability to induce Th differentiation (Filippi et al., 2003). In our in vitro study, the influence of ECTV infection on C57BL/6 and BALB/c GM-BM functions was comparable. Cells from both strains of mice exhibited a profound immunosuppression due to the productive virus replication (Szulc-Dąbrowska et al., 2017). Interestingly, GM-BM from resistant C57BL/6 mice had a higher percentage of ECTV+ cells compared to BALB/c cells at 24 hpi, suggesting that the viral spread is more efficient in these cells at later stages of infection. Moreover, upon ECTV infection 11 genes (Rac1, Ccl2, Cxcl12, Mif, Ccr1, Cxcr4, Lyn, Fcgr1, Cebpa, Irf7, and Stat3) were significantly more repressed in C57BL/6 cells compared to BALB/c cells, whereas the latter only had two genes (Ccl3 and Cd74) more down-regulated compared to C57BL/6 cells. Additionally, infected GM-BM from C57BL/6 mice displayed a more expressive reduction in MHC I expression than BALB/c GM-BM. It is not excluded that slightly increased virus inhibitory effect on C57BL/6 GM-BM function is associated with a higher rate of ECTV dissemination within these cells. The ability of ECTV to replicate productively in GM-BM is a manifestation of its high adaptation capacity to the natural host immune cells, since other orthopoxviruses, such as CPXV and VACV abortively infect human DCs (Engelmayer et al., 1999; Jenne et al., 2000; Hansen et al., 2011).

Our studies revealed that ECTV infection in GM-BM derived from C57BL/6 and BALB/c mice down-regulated many genes involved in antigen uptake and processing, chemokine and cytokine synthesis, receptor expression, and signal transduction. The inhibitory effect on gene expression was also observed after TLR4 agonist treatment. In general, the analyzed genes were regulated in the same way in cells from both strains of mice and we did not observe any strain-specific response in GM-BM upon in vitro ECTV-infection. On the contrary, peritoneal macrophages from C57BL/6 and BALB/c mice infected with ECTV exhibited differential regulation of 14 innate antiviral genes, which were up-regulated in C57BL/6 and down-regulated in BALB/c cells, suggesting that these variations in gene expression may partially contribute to resistance or susceptibility to severe mousepox (Dolega et al., 2017). Meantime, several inter-strain variations in GM-BM functionality have been observed during paramyxovirus simian virus 5 (SV5) infection (Pejawar et al., 2005). Firstly, GM-BM from C57BL/6 mice were much more permissive to SV5 infection than cells derived from BALB/c mice. Secondly, despite the production of a similar panel of cytokines, cells differed in the maturation state: C57BL/6 cells up-regulated the expression of CD40, CD80, and CD86, whereas BALB/c cells displayed increase only in CD40 and CD86 expression. Thirdly, SV5-matured C57BL/6 GM-BM were more potent to activate naïve CD8+ T cells than SV5-matured BALB/c cells (Pejawar et al., 2005). Similar inter-strain differences were observed in BMDCs during infection with Chlamydia muridarum (Jiang et al., 2010). After in vitro infection, BMDCs from C57BL/6 mice underwent higher functional maturation than cells from BALB/c mice. This was reflected by higher expression of MHC class II and costimulatory molecules (CD40, CD80, and CD86) and greater production of IL-12. On the contrary, BALB/c BMDCs secreted more IL-23, IL-6, IL-10, and TNF-α than C57BL/6 cells (Jiang et al., 2010). Overall, the data described above demonstrate that genetically defined differences in functionality between DCs from C57BL/6 and BALB/c mice may be phenotypically expressed during exposure to the microbial agent/infection, however, this reactivity also may depend on the nature of the agent and the host–agent immunobiology.

ECTV infection of GM-BM derived from C57BL/6 and BALB/c mice led to a profound repression of a set of chemokine and cytokine genes involved in Th1 [Ccl3, Ccl4, Ccl5 (Lebre et al., 2005), Cxcl2 (Seow et al., 2008), Cxcl10 (Lebre et al., 2005), Ifng, Il12a, Il12b, and Il16 (Lynch et al., 2003)] and Th2 [Ccl2 (Liu et al., 2002), Ccl8 (Lech and Anders, 2013), Ccl11 (Dixon et al., 2006), Ccl17 (Belperio et al., 2004), Cxcl12 (Piao et al., 2012), Mif (Das et al., 2011), and Tgfb1 (Maeda and Shiraishi, 1996)] immune response regulation. But, ECTV infection up-regulated mRNA transcript for IL-10 in GM-BM of both strains of mice. Despite the increase in gene expression, the level of IL-10 remained undetectable in the culture supernatants during 24 h incubation. We cannot exclude that GM-BM were cultured at too low cell density to detect IL-10 in our experimental model. On the other hand, it is possible that ECTV does not stimulate IL-10 production by GM-BM, similar to CPXV, which has been shown not to induce the secretion of IL-10 by different types of human DCs: monocyte-derived DCs, myeloid DCs, and plasmacytoid DCs (Hansen et al., 2011).

IL-10, first described as a Th2-polarizing cytokine, is an anti-inflammatory cytokine that suppresses pro-inflammatory response leading to increased pathogen dissemination and/or reduced pathology. IL-10 secreted by DCs may act in an autocrine manner to inhibit production of chemokines (such as CCL2, CCL5, CCL12, CXCL8, and CXCL10) and pro-inflammatory cytokines (such as IL-1α/β, IL-6, IL-12, IL-18, and TNF-α). Moreover, IL-10 may directly inhibit proliferation and production of IL-2, IFN-γ, IL-4, IL-5, and TNF-α by CD4+ T cells, thus it regulates both Th1 and Th2 immune responses (Couper et al., 2008). Additionally, IL-10 induces long-lasting T cell anergy and promotes the differentiation of naïve T cells into Tr1 cells in humans and mice (Gregori et al., 2010). The importance of cellular IL-10 in immune system regulation is supported by the fact that several viruses, including seven members of the Poxviridae family, encode orthologs of cellular IL-10, called viral IL-10s (vIL-10s), which have been acquired by viruses from their host during evolution (Ouyang et al., 2014).

It has been shown that CPXV induces in vitro secretion of IL-10 by BMDCs and RAW 264.7 macrophages at 24 hpi. Moreover, CPXV is able to induce higher IL-10 production in vivo than VACV (Spesock et al., 2011). Experiments with IL-10-deficient mice have indicated that after intranasal CPXV infection these mice exhibited similar weight loss and viral burdens as wild-type mice. However, IL-10-deficient mice were more susceptible to CPXV reinfection, because increased viral loads were observed in their lungs, what corresponded with lower antibody and CD8+ T cell responses compared to wild-type mice. The role of IL-10 during CPXV infection is probably beneficial for the virus, and IL-10 suppresses immunopathology in the lungs because IL-10-deficient mice after re-challenge with CPXV displayed greater bronchopneumonia than wild-type mice (Spesock et al., 2011). Meanwhile, using recombinant VACV expressing mouse IL-10 (mIL-10) it has been shown that in immunocompetent mice mIL-10 expressed from the VACV genome affected natural killer (NK) and virus-specific CTL activity, whereas in severe combined immunodeficient (SCID) mice VACV-mIL-10 infection resulted in increased NK cell activity and higher degree of virus clearance compared to infection with control VACV (Kurilla et al., 1993). In agreement with these studies, van Den Broek et al. (2000) have demonstrated that IL-10-deficient mice showed dramatically reduced viral titer in ovaries after intraperitoneal infection, suggesting a rapid viral clearance. Together, these data indicate that IL-10 is a potent cytokine in suppressing the immune response against VACV and may be a dominant factor for susceptibility to acute VACV infection (van Den Broek et al., 2000). On the hand, more recently it has been found, using multiphoton intravital microscopy imaging, that IL-10 produced locally in the skin of VACV-infected mice contributed to viral clearance, probably by shaping the innate immune response within the inflamed tissue and/or by reducing virus-induced inflammation (Cush et al., 2016). The up-regulation of IL-10 mRNA level observed in ECTV-infected GM-BM may therefore suggest that these cells possess a stronger ability to damp of the immune response and/or cross-regulate Th1 and Th2 immune responses. It is highly possible that IL-10 may be an important factor in the generation of non-protective Th2 immune response in susceptible BALB/c mice in vivo.

Our studies revealed that ECTV infection impairs inflammatory response and maturation of GM-BM in a strain-independent manner. At 24 hpi GM-BM from C57BL/6 and BALB/c mice displayed an altered production of several cytokines and chemokines with the exception of CCL3, which was produced at a higher concentration. Interestingly, mRNA transcript for CCL3 was down-regulated at this time point in ECTV-infected cells. It is known that mRNA expression does not always correlate with protein levels in mammalian cells (Vogel and Marcotte, 2012). Moreover, ECTV infection of GM-BM from both mouse strains down-regulated expression of MHC class I, and CD40 and CD80 co-stimulatory molecules, but increased the percentage of MHC II+ and CD86+ cells. Possibly, bystander non-infected GM-BM underwent partial maturation at the same time being the main source of CCL3. It has been demonstrated that highly attenuated modified vaccinia virus Ankara (MVA) induces phenotypic and functional maturation of bystander DCs resulting in production of a large array of cytokines and chemokines involved in T cell activation and recruitment, and regulation of inflammatory response, including CCL3 (Pascutti et al., 2011). However, ECTV encodes vCCI decoy receptor, EVM1, which is an abundantly secreted glycoprotein during infection and can bind the CC chemokines to form highly stable complexes with CCL3 and CCL5 (Arnold and Fremont, 2006). Our results also showed that the inhibition of inflammatory response and maturation of C57BL/6 and BALB/c GM-BM caused by ECTV was most pronounced after LPS treatment. This observation is in agreement with previous in vitro studies showing that other orthopoxviruses, such as VACV and CPXV severely affected maturation and activation of cDCs (Engelmayer et al., 1999; Jenne et al., 2000; Hansen et al., 2011).

As a master of immune inhibitory strategies, ECTV also altered the expression of chemokine receptors, such as CCR1, CCR5, and CCR7 on the C57BL/6 and BALB/c GM-BM surface, what may lead to their impaired migration (Jang et al., 2006). Humrich et al. (2007) have demonstrated that VACV infection targets chemokine-induced migration of DCs at multiple functional levels. VACV-infected mature DCs showed inability to migrate toward the lymphoid chemokines CCL19 and CXCL12 without apparent alterations in expression of surface chemokine receptors CXCR4 and CCR7. In fact, in VACV-infected immature or uninfected bystander DCs there is decreased or increased, respectively, expression of the inflammatory chemokine receptors CCR1 and CXCR1, which abrogates or intensifies their migration toward CCL3 and CCL5. Moreover, VACV-infected and uninfected bystander DCs are not able to up-regulate CCR7 expression after LPS treatment suggesting their disability to undergo chemokine receptor switch (Humrich et al., 2007). Additionally, poxviruses encode membrane cytokine and chemokine receptors to evade host immune responses (Felix and Savvides, 2017).

Taken together, our results indicate that in vitro ECTV infection of GM-BM, including cDCs, leads to their functional impairment independently of the genetic background of mice from which they were generated. ECTV-employed host-specific strategies to evade host antiviral immune response allow the virus to control GM-BM independently of the host resistance or susceptibility to severe mousepox. Moreover, our study confirms that ECTV is a master of immune inhibitory strategies showing a wide array of mechanisms for disrupting the innate and acquired immune functions of GM-BM. Better understanding of the virus interactions with cDCs, the most potent APCs, may help to elucidate additional mechanisms responsible for resistance or susceptibility to mousepox and that can lead to rational design means and ways of containing virus infection.
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FIGURE S1 | Characteristics of C57BL/6 and BALB/c GM-BM before and after MACS separation of CD11c+ cells. (A) Representative dot plot demonstrating gating strategy of isotype controls and CD11c and I-A/I-E staining. (B) Representative histograms demonstrating MFI of CD11c, CD11b, and CD205 expression on C57BL/6 and BALB/c GM-BM before and after MACS separation.

TABLE S1 | Gene list description of Mouse Dendritic and Antigen Presenting Cell RT2 Profiler PCR Array (Qiagen).
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