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Intracellular pathogens manipulate the host cell for their own survival by contributing to modifications of host epigenome, and thus, altering expression of genes involved in the pathogenesis. Both ATP-dependent chromatin remodeling complex and histone modifications has been shown to be involved in the activation of IFNγ responsive genes. Leishmania donovani is an intracellular pathogen that causes visceral leishmaniasis. The strategies employed by Leishmania donovani to modulate the host epigenome in order to overcome the host defense for their persistence has been worked out in this study. We show that L. donovani negatively affects BRG1, a catalytic subunit of mammalian SWI/SNF chromatin remodeling complex, to alter IFNγ induced host responses. We observed that L. donovani infection downregulates BRG1 expression both at transcript and protein levels in cells stimulated with IFNγ. We also observed a significant decrease in IFNγ responsive gene, Class II transactivator (CIITA), as well as its downstream genes, MHC-II (HLA-DR and HLA-DM). Also, the occupancy of BRG1 at CIITA promoters I and IV was disrupted. A reversal in CIITA expression and decreased parasite load was observed with BRG1 overexpression, thus, suggesting BRG1 is a potential negative regulator for the survival of intracellular parasites in an early phase of infection. We also observed a decrease in H3 acetylation at the promoters of CIITA, post parasite infection. Silencing of HDAC1, resulted in increased CIITA expression, and further decreased parasite load. Taken together, we suggest that intracellular parasites in an early phase of infection negatively regulates BRG1 by using host HDAC1 for its survival inside the host.
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Introduction

Visceral leishmaniasis, a neglected tropical disease, is caused by the protozoan parasite Leishmania donovani (Herwaldt, 1999). Leishmania after infecting the host cells, modify the transcriptome and proteome content of their host cells, facilitating their survival and replication inside the macrophages (Croken et al., 2012; Cheeseman and Weitzman, 2015). Chromatin remodeling in host cells post Leishmania infection is yet another mechanism (Croken et al., 2012; Cheeseman and Weitzman, 2015).

Extensive chromatin remodeling and the assembly of the transcriptional machinery at gene promoters is a prerequisite for differential gene expression. Histone modifications, such as, acetylation, methylation, or phosphorylation at distinct residues are critical factors which controls gene expression (de Ruijter et al., 2003; Zupkovitz et al., 2006). These modifications dictate the accessibility of DNA to the required proteins for transcriptional activation or repression (de Ruijter et al., 2003; Zupkovitz et al., 2006). Histone acetyl transferases (HATs) and histone deacetylases (HDACs) are a set of enzymes that acetylates or deacetylates histones for activation or repression of transcription (de Ruijter et al., 2003; Zupkovitz et al., 2006; Kouzarides, 2007). Chromatin remodeling complexes are a second group of enzymes involved in chromatin regulation and disruption of histone-DNA contacts in an ATP-dependent manner (Chi, 2004). Brahma-related gene-1 (BRG1) is the central catalytic subunit of several chromatin-remodeling enzymatic complexes and plays a major role in differential gene expression through chromatin modulation (Trotter and Archer, 2008). The prototypic BAF (BRG/Brahma (BRM)-associated factor) complex is related to the yeast SWI/SNF complex and is vital for the expression of immune-related genes upon external stimuli (Chi, 2004). BRG1 has been shown to be a necessity for the Interferon-γ (IFNγ) induction of class II transactivator (CIITA) (Pattenden et al., 2002; Ni et al., 2005). CIITA is also reported to be the master regulator of major histocompatibility complex class II (MHC-II) cell surface receptor protein (Zika et al., 2003) which are required for presenting antigens to CD4+ T helper cells (Steimle et al., 1994). IFNγ, a cytokine produced by activated T lymphocytes, regulates immunologically responsive genes (Decker et al., 1991), via JAK/STAT pathway (Gotthardt and Sexl, 2016). BAF complexes containing BRG1 interact with histone-modifying enzymes to further regulate IFNγ responsive genes (Chi, 2004; Wright and Ting, 2006). Leishmania infection has been shown to affect the expression of essential macrophage activation signaling molecules (Forget et al., 2001; Marr et al., 2014; Singh et al., 2015; Fernandez-Figueroa et al., 2016). L. donovani has also been reported to repress JAK2/STAT1 signalling pathway and reduce STAT1 localization to the nucleus (Forget et al., 2005; Olivier et al., 2005). Expression levels of IFNγ induced MHC-II and inducible nitric oxide synthase (iNOS) were reported to be significantly reduced in L. donovani infected macrophages (Matte and Descoteaux, 2010). However, the effect of the parasite infection on host BRG1 has not yet been elucidated.

Taking into consideration that BRG1 is essential for IFNγ to regulate immunologically responsive genes, and the ability of Leishmania parasite to manipulate the host defense system, in this study, we have analysed the impact of L. donovani infection on host BRG1, and further affecting IFNγ responsiveness, using THP-1 cells as the model system (ThermoFisher Understanding Calculations for siRNA Data: % Remaining Gene Expression and % Knockdown). In our study, we have investigated the role of BRG1 in regulating the expression of IFNγ responsive gene, CIITA and MHC-II. We observed that L. donovani infection downregulates BRG1 which further decrease IFNγ responsive genes, CIITA and its downstream genes, MHC-II (HLA-DR and HLA-DM), to disrupt the host immune system. A study by Zika et al., demonstrated that inhibition of histone deacetylases (HDACs) enhanced the expression of MHC class II cell surface receptor protein encoded by the human leukocyte antigen complex (HLA complex) (Zika et al., 2003). We in an earlier study showed that L. donovani regulates the host HDAC1 expression in their benefit to survive within the host (Roy et al., 2020). In the present study, we showed that silencing of HDAC1 as well as overexpression of BRG1 were able to recompense the CIITA levels followed by a significant decrease in intercellular parasite survivability.



Materials and Methods


Antibodies

BRG1 rabbit monoclonal antibody (Catalog No ab110641) was purchased from Abcam, UK. STAT1α rabbit polyclonal antibody (Catalog No SAB3500364-100UG) and β-actin mouse monoclonal antibody (Catalog No A1978-100UL) were purchased from Sigma-Aldrich, USA. Anti-mouse IgG, HRP-linked antibody (Catalog No 7076), and anti-rabbit IgG, HRP-linked antibody (Catalog No 7074S) was purchased from Cell Signaling Technology, USA. Alexa green 488-conjugated goat anti-rabbit IgG (Catalog No A-11070) was purchased from Thermo Fisher Scientific, USA.



Parasite and Mammalian Cell Culture Conditions

L. donovani Bob (LdBob/strain/MHOM/SD/62/1SCL2D) (Goyard et al., 2003; Debrabant et al., 2004) acquired from Dr Stephen Beverly (Washington University, St. Louis, MO) and THP-1 cells (202 TIB; American Type Culture Collection, Rockville, MD) were cultured as described previously (Roy et al., 2020).



Macrophage Infection

THP-1 cells (106 cells/ml) were differentiated and infected as previously described (Roy et al., 2020). After infection, cells were washed with phosphate-saline buffer (PBS) and rested for 2 h, followed by 1 ng/ml IFNγ stimulation (catalogue no SRP3058-100UG, Sigma-Aldrich, USA) for 30 min. The cells were harvested at time points - 0, 3, 6, and 24 h. Infection was confirmed by Giemsa (Sigma-Aldrich, USA) and Propidium Iodide (PI) (Sigma-Aldrich, USA) staining.



RNA Extraction and Quantitative Real-Time RT-PCR

Total RNA was isolated and used for quantitative real-time RT-PCR (qPCR) as described in (Roy et al., 2020). Expression of various genes was analyzed using their specific primers (Table S1). RNU6A was used as a housekeeping gene. The fold change values of different genes at 3, 6 and 24 h were normalized to the respective values at 0 h. The results were calculated by the 2-ΔΔCT method (Singh et al., 2015).



Chromatin Immunoprecipitation

Recruitment of BRG1 and STAT1α proteins and H3 acetylation at the promoters of concerned genes was analyzed by ChIP assay using chromatin from infected and/or IFNγ stimulated THP-1 cells (106 cells/ml). Further, qPCR was performed using promoter-specific primers (Table S1). The cells were harvested and processed for ChIP analysis as reported previously (Roy et al., 2020). BRG1, STAT1α and acetylated histone (Ac-H3) bound DNA was immunoprecipitated overnight at 4°C using BRG1 (1 µg/25 µg chromatin extract), STAT1α (2 µg/25 µg chromatin extract) and Ac-H3 (1 µg/25 µg chromatin extract) antibodies. To quantify the DNA isolated by ChIP, qPCR was performed using primers spanning -288 to -99 of CIITA promoter I and -158 to +21 of CIITA promoter IV (Table S1). The change in gene expression for relative quantification was calculated by 2^−ΔΔCT method (Singh et al., 2015). For calculating relative enrichment of each DNA fragment, fold change difference of the CT values concerning the no antibody control and 0 h chromatin extract control was used.



Immunoblotting

To study STAT1α and BRG1 protein expression, infected and/or stimulated THP-1 cells were lysed in urea buffer (90% 8.8 M urea, 2% 5 M NaH2PO4, 8% 1 M Tris-Cl pH 8) at 4°C. 80 μg of total protein was separated on 8% SDS-PAGE by electrophoresis (Bio-Rad Laboratories, USA). Immunoblotting was performed as described before (Roy et al., 2020) using STAT1α (1:500), BRG1 (1:1000) and β-actin (1:2000) specific antibodies. The membrane was then washed with Tris-buffered saline (TBS) and incubated with horseradish-peroxidase (HRP)-conjugated anti-mouse (1:3000) or anti-rabbit (1:1000) IgG antibody. The complexes were visualized by ECL chemiluminescence. Protein expression was normalized with the corresponding β-actin and quantitated by densitometry using ImageJ software.



Immunofluorescence Microscopy

THP-1 cells were differentiated on coverslips followed by infection and stimulation as mentioned above. After 6 h, the cells were fixed and permeabilized with 0.5% Triton X-100 and then blocked in 2% BSA. The cells were probed with STAT1α antibody (1:50) followed by incubation with Alexa green 488-conjugated goat anti-rabbit IgG (1:200). DAPI (1 μg/ml) was used to stain the host nuclei and parasite kinetoplastid DNA. All antibody incubations were followed by washes with 0.2% Triton X-100. The images were then visualized under a confocal laser scanning microscope (Olympus FluoViewTM FV1000) at 488 nm wavelength.



BRG1 Overexpression

THP-1 cells (106 cells/ml) were differentiated, followed by parasite infection and IFNγ stimulation as mentioned above. Subsequently, the cells were transiently transfected with 1.5 μg of plasmid overexpressing BRG1 (Patne et al., 2017) for 48 h, using lipofectamine 3000 (Catalog No L3000015, Thermo Fisher Scientific, USA). The transfection reagents were mixed according to the manufacturer’s protocol. The mRNA expression levels of concerned genes were examined by qPCR. THP-1 cells transfected with vector (pcDNA3.1 LAP-Zeo) alone was used as a negative control.



Small Interference RNA Transfection

The PMA treated differentiated THP-1 cells (105 cells/ml) were transiently transfected with 600 pmole (Garcia-Garcia et al., 2009) of siGENOME Human HDAC1 (3065) siRNA – SMARTpool (Dharmacon, USA) using lipofectamine 3000. The cells were incubated with siRNA for 24 h to allow gene silencing. Subsequently, the cells were washed for infection and stimulated as described earlier. THP-1 cells were harvested after 6 h and mRNA expression of HDAC1 and CIITA genes was analyzed by qPCR. ON-TARGET plus Control Pool (Dharmacon, USA) was used as a negative control. The basal level of HDAC1 and CIITA in uninfected Sc-siRNA transfected cells respectively were used for data normalization and were taken as 1.0. The transfection efficiency was calculated (ThermoFisher) to be >50%, as has also been reported by the manufacturer (Dharmacon, USA).



Intracellular Parasite Load

THP-1 cells (105 cells/ml) were infected and stimulated with IFNγ as mentioned earlier. After 6 h, for visualization of intracellular parasites, Giemsa staining was performed, and the parasite load was calculated (Manhas et al., 2014; Roy et al., 2020).



Statistical Methods

GraphPad Prism (version 5.0) software (GraphPad Software, Inc.) was used for plotting data. Statistical analysis was measured using ANOVA. P ≤ 0.05 was considered significant [* (P ≤ 0.01 to 0.05), ** (P≤ 0.001), *** (P≤ 0.0001), **** (P≤ 0.0001), ns (P≥ 0.05)]. Error bars used in the figures specify standard error of the mean (Cheeseman and Weitzman).




Results


BRG1 Expression Is Downregulated in IFNγ Stimulated and Infected THP-1 Cells

In earlier reports and in our earlier studies, THP-1 cells were incubated with parasites for 3 h (Roy et al., 2020), followed by 2 h of resting period (Forget et al., 2005) prior to IFNγ stimulation (Forget et al., 2005, Lang et al., 2012). Significant IFNγ response has been demonstrated, within 30 min to 6 h of IFNγ stimulation (Blanchette et al., 1999; Forget et al., 2005; Forget et al., 2006; Matte and Descoteaux, 2010, Lang et al., 2012, Singh et al., 2015; Roy et al., 2020). Based on these studies, we designed all our experiments to study the effect of Leishmania infection in the host cells at an initial stage of infection. The impact of IFNγ on parasite load within the infected macrophages was analyzed by visually counting the intracellular amastigotes after Giemsa staining (Figure S3). A comparable parasitemia count (6h: 8/macrophage and 6/macrophage; 24 h: 13/macrophage and 11/macrophage) between non-stimulated and stimulated cells at both 6 and 24 h was observed showing that IFNγ stimulation has no detrimental effect on the intracellular parasite load.

Hence, we first investigated the expression of BRG1 in response to IFNγ stimulation at 3, 6 and 24 h, post Leishmania donovani infection, by qPCR. The data showed that there was no significant alteration in the expression of BRG1 between infected and uninfected THP-1 cells under unstimulated condition (Figure 1A). However, the mRNA levels of BRG1 were significantly upregulated at 3 h (~ 18 fold, P = 0.01), 6 h (~ 8.3 fold, P = 0.019) and 24 h (~ 7.3 fold, P = 0.014) in uninfected and stimulated cells as compared to the resting macrophages. This is similar to the upregulation of STAT1α observed in the previous studies (Ray et al., 2000; Forget et al., 2005) and in Figure S1A. On infection and stimulation with IFNγ, the expression of BRG1 decreased significantly at 3 h (~ 86.6%, P = 0.016), 6 h (~ 94.4%, P = 0.012) and 24 h (~ 91%, P = 0.01) in comparison to the uninfected, stimulated cells (Figure 1A).




Figure 1 | Expression of BRG1 is downregulated in IFNγ stimulated and infected THP-1 cells. Uninfected and infected THP-1 cells were stimulated or not with IFNγ for 30 min. (A) Cells were harvested at 0, 3, 6 and 24 h post-stimulation for the analysis of BRG1 mRNA expression in host cells by qPCR. (B) Cells harvested at 0 and 6 h post-stimulation were lysed in urea buffer. After separation on SDS-PAGE, BRG1 protein expression was analyzed by immunoblotting. BRG1 protein levels were normalized with corresponding β-actin levels and quantitated by densitometry using ImageJ software. The results are mean ± SEM of three independent experiments. For calculating statistical significance, ANOVA was used. P-value for significance: *P ≤ 0.01 to 0.05, **P ≤ 0.001. Pink color represents: - IFNγ - L. donovani; green color represents: - IFNγ + L. donovani; blue represents: + IFNγ - L. donovani; orange color represents: + IFNγ + L. donovani.



Next, we evaluated the expression of BRG1 protein in response to IFNγ stimulation in THP-1 cells. Cells were harvested at 6 h since at this time point maximal increase in BRG1 expression was observed in stimulated uninfected cells as compared to the resting macrophages (Figure 1A). BRG1 protein levels were checked by western blot and analysed by densitometry. As with the expression of mRNA levels, there was no significant change in the protein expression between uninfected and infected cells under unstimulated condition (Figure 1B). On stimulation with IFNγ, BRG1 expression was ~ 2 fold (P = 0.004) higher in uninfected cells as compared to the resting macrophages (Figure 1B). BRG1 protein expression decreased significantly (~ 48.3%, P = 0.0195) on infection as compared to the uninfected, stimulated cells (Figure 1B).

It is well established that normal macrophage functioning with Leishmania infection is disrupted at early time points (Blanchette et al., 1999; Forget et al., 2006; Singh et al., 2015; Roy et al., 2020). To confirm that the results obtained in our study are because of live parasite infection, we have used uninfected cells (Matte and Descoteaux, 2010) and 0 h time points as controls. These control macrophages were incubated with or without parasites for 3 h, followed by washes and 2 h resting period and then 30 min IFNγ stimulation and then harvested to count as 0 h infected or uninfected. We have performed Giemsa and propidium iodide staining to confirm internalization of parasites inside the macrophages by 3 h of incubation (data not shown). We have also performed a similar infection experiment with heat-killed L. donovani (HKLD) instead of live parasites. qPCR data clearly demonstrated that HKLD infection did not have any effect on the regulation of BRG1 expression (Figure S4A), thus, suggesting that live parasite infection plays a potential role for the downregulation of the BRG1 expression, even after IFNγ stimulation. Similar results, showing no regulatory effect of HKLD on STAT1α expression were observed (Figure S4B).



BRG1 Occupancy Is Reduced on CIITA Promoters Upon L. donovani Infection

In mammals, CIITA expression is controlled by multiple promoters and is activated in a selective manner (Muhlethaler-Mottet et al., 1997) (Figure 1A). CIITA promoters I and III regulates the expression of MHC-II in dendritic cells and B cells, respectively (Muhlethaler-Mottet et al., 1997). Promoter IV has been demonstrated to mediate IFNγ inducible expression of MHC-II genes (Muhlethaler-Mottet et al., 1997). IFNγ induction is also reported to increase not only type IV but also type I CIITA mRNA levels in bone marrow-derived macrophage (BMM) cells (Pai et al., 2002). Since CIITA promoter IV (pIV) and promoter I (pI) both mediate IFNγ inducible gene expression, we hypothesized that the occupancy of BRG1 would be reduced on these promoters leading to the decreased expression of CIITA. Therefore, we checked the occupancy of BRG1 on CIITA pIV and also for the first time on pI (Figure 2).




Figure 2 | L. donovani infection reduces the BRG1 occupancy at CIITA in IFNγ stimulated cells. (A) Schematic diagram of 5’-flanking regions of the human CIITA gene. The solid black boxes denote the different first exons of CIITA promoters while the small open boxes represent introns. Arrows represent the major initiation sites. (B) For analyzing the occupancy of relevant factors on promoter I of human CIITA gene, primer spanning -288 to -99 of CIITA promoter I was designed (P1). (C) For promoter IV, primer spanning -158 to +21 of CIITA promoter IV was designed (P2). THP-1 cells were infected with L. donovani for 3 h at an MOI of 20:1, following which they were rested for 2 h. Cells were further stimulated with IFNγ for 30 mins or left unstimulated and harvested at 0 and 6 h post-stimulation. The occupancy of BRG1 at CIITA promoter IV (D) and promoter I (E) was analysed by ChIP using an antibody against BRG1. Immunoprecipitated DNA fragments were amplified by qPCR using promoter-specific primers. The 2-ΔΔCT method was used to measure the BRG1 occupancy levels. No antibody and 0 h chromatin extract were used as controls. The results are mean ± SEM of three independent experiments. ANOVA was used for measuring statistical significance. P-value for significance: **P ≤ 0.001, ***P ≤ 0.0001, ****P ≤ 0.0001. Pink color represents: - IFNγ - L. donovani; green color represents: - IFNγ + L. donovani; blue represents: + IFNγ - L. donovani; orange color represents: + IFNγ + L. donovani.



ChIP experiments showed that the occupancy of BRG1 on pIV and pI was not significantly altered between infected and uninfected cells under unstimulated conditions (Figures 2D, E). On stimulation, the occupancy of BRG1 increased on both CIITA pIV (~ 10 fold, P = 0.0001) and pI (~ 9 fold, P = 0.003) in uninfected cells as compared to the resting macrophages. Further, the occupancy of BRG1 decreased significantly on both pIV (~ 72.5%, P = 0.0016) and pI (~ 92.7%, P = 0.002) in infected, stimulated cells in comparison to uninfected, stimulated cells (Figures 2D, E). Thus, the binding pattern of BRG1 to the CIITA promoters is in concordance with the CIITA expression pattern (Figure S2A). The occupancy of BRG1 on the promoter of DNA topoisomerase 1 (TOP1) was also checked, which served as a negative control. No occupancy of BRG1 at TOP1 promoter region was observed (Figure S5B), suggesting a specific occupancy of BRG1 at CIITA promoters.

Thus, we conclude that in infected and stimulated THP-1 cells, disruption of the occupancy of BRG1 at both the CIITA promoters has a potential role in decreased CIITA transcription



STAT1α Occupancy Is Reduced on CIITA Promoters Upon L. donovani Infection

Earlier studies have reported that JAK2/STAT1 signalling in host macrophages is negatively regulated on Leishmania infection (Nandan and Reiner, 1995; Blanchette et al., 1999; Bhardwaj et al., 2005). It is very well established that STAT1α, and its downstream IFNγ responsive genes CIITA and MHC-II (HLA-DR and HLA-DM) are downregulated in IFNγ stimulated host cells post Leishmania infection (Ray et al., 2000; Forget et al., 2005; Matte and Descoteaux, 2010; Singh et al., 2019). In Figure S1A, B, we also demonstrated that parasitic infection had an inhibitory effect on the STAT1α expression, both at the mRNA (at time points, 3, 6 and 24 h, post infection) and protein level at 6 h post infection, even in the presence of IFNγ. Further, the localization of STAT1α to the nucleus was also suppressed in infected and stimulated THP-1 cells as observed by immunofluorescence microscopy (Figure S1C). The anti-STAT1α fluorescence intensity in the host cell nuclei also showed a similar pattern (Figure S1D). We also observed downregulation of CIITA and MHC-II in parasite infected THP-1 cells (Figure S2).

The transcription factor, STAT1α, has been shown to be important for the expression of IFNγ responsive genes like MHC-II (Darnell et al., 1994). CIITA has been reported to play an important role in the expression of MHC-II in a STAT1-dependent manner (Muhlethaler-Mottet et al., 1997). (Pai et al., 2002). Further, in our previous results, we observed reduced STAT1α (Figure S1), CIITA (Figure S2) and BRG1 expression (Figure 1) in infected, IFNγ stimulated cells. Studies have shown that STAT1α binding to promoters of IFNγ responsive genes such as CIITA and GBP1, is dependent on BRG1 (Ni et al., 2005). Therefore, we hypothesized that the occupancy of STAT1α at the CIITA promoters in infected and stimulated THP-1 cells would also be reduced, leading to downregulation of CIITA expression.

Thus, the occupancy of STAT1α between infected and uninfected cells was checked at both CIITA pIV and pI (Figure 3). No change in occupancy levels was observed in unstimulated cells. However, on stimulation, the occupancy of STAT1α was dramatically increased on CIITA pIV (~ 15 fold, P = 0.00001) and pI (~ 10 fold, P = 0.00001) in uninfected cells when compared to the resting macrophages. On infection, the occupancy of STAT1α decreased significantly at both the promoters (pIV: ~ 83%, P = 0.00004; pI: ~ 77%; P = 0.0001) as compared to the uninfected, stimulated cells. No binding of STAT1α at TOP1 promoter region was detected (Figure S5A), thus, suggesting a specific occupancy of STAT1α on CIITA promoters, Therefore, based on these results, we conclude that the decreased occupancy of STAT1α on CIITA promoters leads to decreased CIITA transcription.




Figure 3 | STAT1α binding to CIITA promoters is reduced on L. donovani infection. L. donovani infected and uninfected THP-1 cells (106 cells/ml) were stimulated with IFNγ for 30 min or were left unstimulated. Cells were harvested at 0 and 6 h post-stimulation. ChIP assay was performed to study the occupancy of STAT1α on CIITA promoter IV (A) and promoter I (B) using the antibody against STAT1α. The immunoprecipitated DNA fragments were quantified by qPCR using promoter-specific primers. The STAT1α occupancy levels were expressed using the 2-ΔΔCT method. For calculating relative abundance, fold change difference of the CT values of each sample concerning concerning no antibody and 0 h control was used. The results are mean ± SEM of three independent experiments. ANOVA was used for measuring statistical significance. P-value for significance: ****P ≤ 0.0001. Pink color represents: - IFNγ - L. donovani; green color represents: - IFNγ + L. donovani; blue represents: + IFNγ - L. donovani; orange color represents: + IFNγ + L. donovani.



Taken together, we conclude that in infected and stimulated THP-1 cells, disruption of the occupancy of both STAT1α (Figure 3), and BRG1 (Figure 2), at CIITA promoters leads to decreased CIITA transcription.



BRG1 Is a Negative Regulator of Parasite Survival

BRG1, a core subunit of the BAF complex, is required for the expression of certain IFNγ responsive genes (Chi, 2004). As observed that reduced BRG1 occupancy is correlated with reduced CIITA expression (Figure 2), we hypothesized that the overexpression of BRG1 would lead to increased CIITA mRNA levels in parasite infected cells, and thus, negatively impact the survival of the parasite within the macrophages. To test this hypothesis, THP-1 cells were transiently transfected with the plasmid overexpressing BRG1 and the transcript levels of the genes of interest were analyzed by qPCR. As expected, BRG1 expression increased in all the conditions in the cells transfected with plasmid overexpressing BRG1 as compared to vector alone (Figure 4A). The expression of CIITA in unstimulated cells was comparable between uninfected and infected cells (Figure 4B). However, in stimulated cells, the CIITA mRNA was upregulated (~ 53.4 fold, P = 0.0235) significantly in infected cells as compared to the uninfected one (Figure 4B).




Figure 4 | BRG1 negatively regulates parasite survival. After 2 h of rest, infected and uninfected THP-1 cells (106 cells/ml) were either given stimulation with IFNγ for 30 min or left unstimulated. Cells were transfected with plasmid overexpressing BRG1 (1.5 µg), using lipofectamine 3000. After 48 h of transfection, THP-1 cells were harvested for total RNA isolation. The mRNA expression of BRG1 (A) and CIITA (B) were quantified by qPCR. Vector (pcDNA3.1 LAP-Zeo) alone transfected THP-1 cells were used as a negative control. The mRNA levels were measured using the 2-ΔΔCT method. RNU6A was used as a housekeeping gene. (C) THP-1 cells (105 cells/ml) were infected or not with L. donovani (MOI, 20:1) for 3 h, rested for 2 h and then stimulated with IFNγ for 30 min. Cells were transfected with plasmid overexpressing BRG1. After 48 h, cells were fixed and stained with Giemsa stain for visual counting of intracellular parasite load (amastigotes). The graph in (C) represents the per cent amastigote viability. The results represent mean ± SEM of three independent experiments. For measuring statistical significance, ANOVA was used. P-value for significance: ns P > 0.05), *P ≤ 0.01 to 0.05, **P ≤ 0.001. Pink color represents: - IFNγ - L. donovani; green color represents: - IFNγ + L. donovani; blue represents: + IFNγ - L. donovani; orange color represents: + IFNγ + L. donovani.



To determine the intracellular parasite load in these conditions, infected and stimulated cells were used for visually counting the amastigotes within the THP-1 cells after Giemsa staining (Figure 4C). A significant decrease in the parasitemia (~ 29.4%, P = 0.012) was observed in infected and stimulated cells overexpressing BRG1, compared to infected and stimulated cells overexpressing only vector (Figure 4C). The parasite load in control samples, unstimulated and infected cells, was unchanged between cells overexpressing BRG1 and vector alone (Figure S6). Taken together, this data demonstrates that BRG1 has a potential negative effect on parasite survival.



L. donovani Impairs H3 Acetylation to Further Downregulate the Expression of IFNγ Responsive Gene CIITA

Enhanced transcription of genes like MHC-II and GBP2 in response to IFNγ is dependent on the acetylation of histones like H3 and H4 (Zika et al., 2003; Ramsauer et al., 2007). BRG1 is known to bind to acetylated histones (Shen et al., 2007). Therefore, we hypothesized that the global levels of H3 acetylation would decrease on the CIITA promoters on infection under stimulated condition. THP-1 cells were infected and stimulated as mentioned before. Cells were harvested at 6 h and analyzed for global H3 acetylation levels by ChIP assay. In unstimulated cells, the acetylation levels were low in both uninfected and infected cells (Figure 5A). On stimulation, a significant increase in the total H3 acetylation at CIITA pIV (~ 9 fold, P = 0.00003) and pI (~ 49 fold, P = 0.0002) in uninfected cells was observed as compared to the resting macrophages (Figures 5A, B). Further, as expected, in stimulated cells the acetylation levels decreased significantly on both the promoters in infected cells as compared to uninfected cells (pIV: 90%, P = 0.00002; pI: 95.7%, P = 0.0002) (Figures 5A, B). Thus, these results confirm our hypothesis.




Figure 5 | L. donovani impairs H3 acetylation, with the help of HDAC1, to downregulate CIITA expression. Uninfected and infected THP-1 cells were stimulated or not with IFNγ. Cells were harvested after 6 h of stimulation. ChIP assay was performed to analyse the H3 acetylation pattern atCIITA promoter IV (A) and promoter I (B). Chromatin was pulled down using anti-acetylated lysine antibody. Immunoprecipitated DNA was quantified by qPCR using primers against the CIITA promoters. No antibody and 0 h chromatin extract were used as controls. (B) Differentiated THP-1 cells were transfected with 600 pmole of HDAC1- siRNA using lipofectamine 3000 for 24 h. Cells transfected with scrambled-siRNA was used as a negative control. Cells were washed and either infected with L. donovani for 3 h or not, followed by stimulation with IFNγ for 30 min. After 6 h, cells were harvested and total RNA isolated followed by qPCR to study the effect of HDAC1 silencing on CIITA expression. Expression of HDAC1 (C) and CIITA (D) as enumerated by qPCR. RNU6A was used as a housekeeping gene. For data normalization, respective values of HDAC1 and CIITA in uninfected-Sc-siRNA were used and taken as 1.0. The H3 acetylation levels and mRNA expression levels of HDAC1 and CIITA were expressed using the 2-ΔΔCT method. (E) For observing the influence of HDAC1 silencing on the intracellular parasite load, cells were fixed with methanol after 6 h of stimulation and stained with PI stain for visually counting the parasites. The graph demonstrates the per cent amastigote viability in HDAC1-siRNA transfected cells compared to Sc-siRNA. The results are mean ± SEM of three independent experiments. Significance was calculated using ANOVA. P-value for significance: ns P > 0.05, *P ≤ 0.01 to 0.05, **P ≤ 0.001, ***P ≤ 0.0001, ****P ≤ 0.0001. Pink color represents: - IFNγ - L. donovani; green color represents: - IFNγ + L. donovani; blue represents: + IFNγ - L. donovani; orange color represents: + IFNγ + L. donovani.



In our earlier study, we have reported significant upregulation of HDAC1 in THP-1 cells on Leishmania infection (Roy et al., 2020). Therefore, to investigate the role of HDAC1 in the reduced H3 acetylation levels, THP-1 cells were transfected either with HDAC1-siRNA or scrambled-siRNA (Sc-siRNA). In THP-1 cells transfected with Sc-siRNA, comparable levels of HDAC1 were observed in uninfected and infected conditions showing that Sc-siRNA has no inhibitory effect on host HDAC1 expression. When THP-1 cells were transfected with HDAC1-siRNA, a decrease in HDAC1 expression was observed in both infected (~ 62%, P = 0.00009) and uninfected (~ 30%, P = 0.0674) cells. This data confirms a specific silencing effect of HDAC1-siRNA on the expression of host HDAC1 (Figure 5C).

The expression of CIITA in cells transfected with Sc-siRNA showed basal levels (Figure 5D). In cells transfected with HDAC1-siRNA, the CIITA levels were upregulated significantly in both infected (~ 4.8 fold, P = 0.0177) and uninfected (~ 1.5 fold, P = 0.28) cells. Thus, suggesting that downregulation of HDAC1 is beneficial for the expression of CIITA.

To determine the role of HDAC1-siRNA on parasite load, visual counting of intracellular amastigotes was done after Giemsa staining (Figure 5E). In infected and stimulated cells, the parasite load (~ 45.25%, P = 0.04) was significantly downregulated in cells transfected with HDAC1-siRNA as compared to Sc-siRNA. This data demonstrates the positive effect of host HDAC1 on parasite survival.

The H3 acetylation pattern at both the CIITA promoters (Figures 5A, B) is in concordance with the mRNA expression pattern of CIITA in similar conditions (Figure S2A). Further in Figures 5C–E, a significant increase in CIITA expression whereas a decrease in the parasite viability upon HDAC1 silencing was observed in infected and stimulated cells. Taken together, these results suggest that parasite infection leads to reduced host H3 acetylation at CIITA pI and pIV with the help of HDAC1, leading to decreased CIITA transcription.




Discussion

Leishmania is known for its ability to alter macrophage signaling that is detrimental to its survival (Kwan et al., 1992; Proudfoot et al., 1996). Some of these signaling pathways are induced by cytokines such as IFNγ (Kwan et al., 1992; Proudfoot et al., 1996). Previous studies revealed that the parasite targets JAK2/STAT1α signaling cascade to reduce IFNγ inducible macrophage gene expressions (Nandan and Reiner, 1995; Blanchette et al., 1999; Martiny et al., 1999; Nandan et al., 1999). To investigate the role of epigenetic factors in this alteration of the gene expressions on Leishmania infection, we have used THP-1 cells as a model system. Here, we have shown that the crosstalk between STAT1α, BRG1, histone acetylation, and HDAC1 is responsible for the repression of CIITA and MHC-II genes on Leishmania infection. In accordance with the earlier study, stimulation of THP-1 cells with IFNγ upregulated STAT1α  expression (Ray et al., 2000; Forget et al., 2005). BRG1 mRNA expression was also increased by IFNγ, which was mimicked at the protein level too. Concomitantly, the expression of CIITA and therefore, HLA-DM and HLA-DR was also upregulated, as previously reported (Matte and Descoteaux, 2010; Singh et al., 2019). On parasite infection, downregulation of BRG1 and STAT1α expression was observed leading to repression of CIITA.

ChIP studies showed that the occupancy of BRG1 and STAT1α on CIITA pI and pIV increased on stimulation with IFNγ which significantly decreased with L. donovani infection. This correlates with the transcript levels of CIITA and further HLA-DM and HLA-DR. Earlier studies have demonstrated the occupancy of STAT1 and BRG1 at various distal enhancers (Ni et al., 2008), as well as at pIV of CIITA (Ni et al., 2005). However, the occupancy of STAT1α and BRG1 on CIITA pI was a novel finding in our study. To get a better and clearer picture of the regulation of CIITA pI, epigenetic changes occurring at the promoter could be further examined in detail.

Leishmania infection also downregulated BRG1 expression, which led us to hypothesize that the protein might be a negative regulator for Leishmania infection. Indeed, overexpression of BRG1 led to increased CIITA expression and reduced parasite load within the host, validating our hypothesis. Therefore, we conclude that parasite infection leads to reduced BRG1 expression, further downregulating CIITA and its downstream genes. This downregulation of CIITA aids in the survival of the parasite inside host macrophages. Overexpression of BRG1 disrupts this approach of the parasite, thus, limiting its survival within the host cells.

As per previous studies (Forget et al., 2005; Olivier et al., 2005), we also show that STAT1α translocation to the nucleus in IFNγ stimulated cells was hindered on Leishmania infection. Thus, the decreased occupancy of STAT1α on CIITA promoters could be due to two reasons, i.e. decreased expression of STAT1α as well as retention of the protein in the cytoplasm.

The other major epigenetic player in the regulation of gene expression is histone acetylation (Galan and Cossart, 2005; Cheeseman and Weitzman, 2015). Histone acetylation is strongly associated with transcriptional activation while deacetylation results in transcriptional repression (de Ruijter et al., 2003; Zupkovitz et al., 2006). Previously, we have demonstrated that host HDAC1 is upregulated on Leishmania infection and further inhibition of host HDAC1 was detrimental for the parasite survival within the hosts (Roy et al., 2020). In our present study, we found that the global H3 acetylation decreases on the CIITA promoters on Leishmania infection in THP-1 cells stimulated with IFNγ. Further, silencing of HDAC1 resulted in the reversion of CIITA expression indicating that histone H3 deacetylation is an important player in establishing parasite within the host cell at an early stage of infection.

These studies provide a glimpse into the role of the host epigenetics in Leishmania infection providing a testable model (Figure 6). IFNγ activates the JAK/STAT pathway (Gotthardt and Sexl, 2016; Lee and Ashkar, 2018) resulting in increased STAT1α and BRG1 expression. Thereby, translocation of STAT1α into the nucleus also increased, leading to its higher occupancy on CIITA promoters. Simultaneously, there is an increase in H3 acetylation levels as well as BRG1 occupancy on CIITA promoters leading to its increased transcription. CIITA, in turn, activates the expression of MHC-II genes (HLA-DR and HLA-DM) (Figure 6A). On L. donovani infection, STAT1α and BRG1 expression and occupancy, as well as H3 acetylation levels on the CIITA promoters are downregulated leading to decreased expression of CIITA and its downstream MHC-II genes (Figure 6B). Parasite infection leads to a global decrease in H3 acetylation. This further leads to downregulation of STAT1α and BRG1 resulting in decreased expression of CIITA. Through these series of events, the parasite can establish infection in the immunocompromised host cells. SiRNA mediated silencing of HDAC1 leads to an increase in gene expression of CIITA. We believe that this knowledge will add to the development of novel prophylactic and therapeutic approaches against leishmaniasis.




Figure 6 | Model explaining the epigenetic changes that occur in macrophage on Leishmania infection. (A) On addition of IFNγ to THP-1 cells, the JAK-STAT pathway is activated. This leads to upregulation of STAT1α expression. Following this, STAT1α translocate into the nucleus and binds to the CIITA pI and pIV. Concomitantly, H3 acetylation increases on these promoters leading to increased occupancy of BRG1. Together, these three factors lead to increased CIITA expression. This, in turn, aiding in the transcription of MHC-II genes (HLA-DR, HLA-DM). (B) Infection with L. donovani (Herwaldt), increases histone deacetylase (HDAC) levels thereby supercoiling of the chromatin and thus, preventing expression of STAT1α and BRG1. This leads to a downregulation in the occupancy of these factors on the CIITA pI and pIV. H3 acetylation levels also decrease at the CIITA promoters (I and IV) resulting in downregulation of CIITA expression. This, in turn, reduces the expression of the downstream IFNγ responsive genes such as CIITA, MHC-II genes (HLA-DR, HLA-DM), thus, facilitating the establishment of parasite infection in the host cells.
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