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Persons living with HIV (PLWH) are at higher risk of developing secondary illnesses than their uninfected counterparts, suggestive of a dysfunctional immune system in these individuals. Upon exposure to pathogens, monocytes undergo epigenetic remodeling that results in either a trained or a tolerant phenotype, characterized by hyper-responsiveness or hypo-responsiveness to secondary stimuli, respectively. We utilized CD14+ monocytes from virally suppressed PLWH and healthy controls for in vitro analysis following polarization of these cells toward a pro-inflammatory monocyte-derived macrophage (MDM) phenotype. We found that in PLWH-derived MDMs, pro-inflammatory signals (TNFA, IL6, IL1B, miR-155-5p, and IDO1) dominate over negative feedback signals (NCOR2, GSN, MSC, BIN1, and miR-146a-5p), favoring an abnormally trained phenotype. The mechanism of this reduction in negative feedback involves the attenuated expression of IKZF1, a transcription factor required for de novo synthesis of RELA during LPS-induced inflammatory responses. Furthermore, restoring IKZF1 expression in PLWH-MDMs partially reinstated expression of negative regulators of inflammation and lowered the expression of pro-inflammatory cytokines. Overall, this mechanism may provide a link between dysfunctional immune responses and susceptibility to co-morbidities in PLWH with low or undetectable viral load.
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Introduction

Proper adherence to combined antiretroviral therapy (cART) can efficiently suppress viral replication and increase life expectancy of PLWH. However, even with prolonged HIV suppression, persistence of the virus in these individuals results in chronic inflammation and an increased risk of developing HIV-defining and non-HIV-defining illnesses, such as secondary infections, cardiovascular disorders, and cancer. Among the mechanisms contributing to chronic inflammation, microbial product translocation from the gut lumen to the blood leads to increased plasma levels of lipopolysaccharide (LPS) (1–8), which can persist even in virally suppressed PLWH. This suggests that LPS could chronically affect innate immune cell function.

Monocytes and macrophages are essential components of our innate immune system. Macrophages are present both in tissues as resident cells and can be recruited from the circulating pool of monocytes in the blood (9). Activation of macrophages involves dynamic regulation of epigenetic mechanisms that can be grossly divided into three categories: post-transcriptional histone modifications, DNA methylation, and changes in expression of non-coding RNAs (10). In non-activated monocytes/macrophages, histone repression marks (H3K9me3, H3K27me3, and H4K20me3) decorate chromatin at specific loci (11). After stimulation with Toll-like receptor (TLR) ligands such as LPS, repression marks are removed while activation marks (H3K4me1, H3K4me3, and H3K27ac) are deposited at promoters and enhancers (11). The balance of repression and activation marks present after an initial stimulus will determine the response to a secondary insult by establishing either a protective, short-term refractory functional state (tolerance), characterized by the inability of these cells to overproduce pro-inflammatory cytokines (12), or an elevated responsiveness (trained immunity), characterized by an increased production of pro-inflammatory cytokines in order to swiftly clear an infection (13–16). Importantly, an imbalance in the immune response can lead to long-term hyper-activation that underlies atherosclerosis and other inflammatory disorders (17, 18) or contributes to cancer (19).

Increasing evidence supports a key regulatory role for microRNAs (miRNAs) in the development, differentiation, and function of different types of immune cells, such as B cells, T cells, dendritic cells, and monocytes/macrophages (20–28). In particular, miR-146a-5p is a well-known anti-inflammatory miRNA involved in innate immunity (29–32) through inhibition of specific signaling molecules in the TLR4 pathway (33–37). Additionally, pro-inflammatory miR-155-5p is rapidly upregulated in myeloid cells during inflammation by a variety of TLRs and inflammatory cytokines (38), and its peripheral blood expression in HIV+ individuals correlates with T-cell activation and exhaustion (39). The coordinated regulation of both miR-146a-5p and miR-155-5p is critical for endotoxin-induced tolerance (40, 41).

IKZF1/IKAROS is a zinc-finger transcription factor associated with chromatin remodeling and is essential for normal hematopoiesis (42). IKAROS acts as a tumor suppressor (43) whose loss of function is associated with the malignant transformation of hematopoietic cells (44). While the critical role of IKAROS in T and B cell development and function is documented (44, 45), its role in monocytes and macrophages is largely unknown.

In this study, we tested the responsiveness of monocyte-derived macrophages (MDMs) obtained from PLWH to LPS stimulation and the establishment of endotoxin tolerance. Indeed, this phenotype was exhibited by control cells; however, PLWH-MDMs failed to establish endotoxin tolerance and instead showed a hyper-responsiveness suggestive of an abnormal development of a trained phenotype in this setting. Importantly, we have identified an attenuated miR-146a-5p- and IKZF1/RELA- mediated negative feedback as a mechanism likely involved in the increased production of cytokines in PLWH-MDMs.



Results


PLWH-MDMs Show Hyper-Responsiveness and Fail to Establish Endotoxin Tolerance

Endotoxin tolerance (ET) is a state of immune hypo-responsiveness that occurs as a result of prolonged stimulation with TLR agonists, including LPS, or other TLR-independent signals (46). When subjected to two consecutive stimulations with LPS, immune tolerant macrophages will produce less IL-1β, TNF-α, and IL-6 cytokines after the second treatment with LPS compared to the first one (47, 48). Therefore, we evaluated mRNA expression levels of these cytokines in circulating monocytes (CD14+/CD16-, T0) and MDMs obtained from controls (Ctrls,n=10) and from HIV+ individuals on cART (PLWH, n=25). Demographic information for the complete study cohort can be found in Table 1. CD14+/CD16- cells were cultured for 6 days in the presence of GM-CSF (GM), and subjected to a low-dose treatment with LPS (M1) followed by a high-dose treatment with LPS (LPS), as described in methods and in Figure 1A. Total RNA was isolated and subjected to RT-qPCR assays according to our previously described protocols (49–53). Expression of IL1B and TNFA did not change significantly between PLWH and controls, while IL6 was undetectable in most of the samples (both PLWH and controls) at T0 (data not shown). When normalized to their own GM-CSF treatment, higher levels of IL1B and IL6 were already observed in M1-polarized (low-dose LPS) PLWH-MDMs compared to controls, and all three factors increased even further after the second, higher-dose of LPS (Figure 1B). Of note, the increased expression of all three cytokines in PLWH after the second dose of LPS was statistically significant compared to the M1 polarized state, with p-values of 0.001, 0.009, and 0.001, respectively (indicated with # in Figure 1B and in the table next to the graph). This hyper-responsiveness indicates a malfunction of PLWH-MDMs in establishing ET.


Table 1 | General demographics of study cohort subjects.






Figure 1 | Hyper-responsiveness of PLWH-MDMs. (A) Diagram showing the experimental approach to mimic endotoxin tolerance in control- (Ctrls) and PLWH-MDMs (PLWH). In red are the four different experimental stages of monocyte cultures: T0, GM-CSF, M1, and LPS. (B) Normalized fold expression of TNFA, IL6, and IL1B mRNAs in MDMs over GM-CSF values. #Indicates statistical significance between M1 and LPS in PLWH group. (C) Relative expression of miR-146a-5p and miR-155-5p in control- and PLWH-MDMs in the indicated treatments represented by the normalized fold change over T0. The ratio between miR-155-5p and miR-146a-5p in Ctrls and PLWH is shown in the Table (D) Relative expression of SOCS1 and SOCS3 mRNAs. In all graphs, error bars indicate SEM; *indicates statistical significance between groups (Ctrls, n=10, and PLWH, n=25) in the same cell treatments (M1 or LPS). The tables report specific P-values calculated within each group and between groups.



We further evaluated expression levels of two miRNAs known to play a role in inflammation and endotoxin tolerance (32, 41, 48, 54), the anti-inflammatory miR-146a-5p and the pro-inflammatory miR-155-5p. The relative expression of these two miRNAs at T0 (freshly isolated monocytes) showed no statistically significant differences between Ctrls and PLWH (data not shown). Changes became apparent when the cells were exposed to LPS. Results in Figure 1C show significantly lower expression of miR-146a-5p in PLWH-MDMs compared to controls, while miR-155-5p expression was consistently higher in PLWH-MDMs. These data indicated co-regulated expression of miR-155-5p and miR-146a-5p in control MDMs after LPS induction, corroborating a previous report (41). However, coordinated expression of these two miRNAs in the PLWH-MDMs was lost. This loss significantly affected the miR155/miR146 ratio, which in PLWH-MDMs was 2 fold higher than in controls, as indicated in the table (Figure 1C).

Directly associated with the TLR4-induced cytokine production is the expression of the suppressor of cytokine signaling (SOCS) family of proteins, whose upregulation is secondary to LPS exposure as part of the negative feedback loop that normally counteracts an inflammatory response (55). We evaluated the expression of SOCS1 and SOCS3 throughout the four stages (T0, GM-CSF, M1, and LPS challenge) and found that SOCS1 mRNA was highly but almost equally induced in both control- and PLWH-MDMs at both M1 and LPS challenge conditions, while SOCS3 expression was significantly lower in PLWH-MDMs compared to controls in the same experimental conditions (Figure 1D). Altogether, these data indicate a defect of PLWH-MDMs in building a negative feedback loop that would counteract the inflammatory response.



ChIP-Sequencing Reveals Substantial Differences Between HIV+- and Control-Derived Monocytes That Were Magnified by Ex Vivo Functional Assays

Freshly isolated CD14+ monocytes obtained from 3 control subjects (Ctrls) and 6 PLWH were fixed and subjected to ChIP-sequencing (Diagenode Inc, NJ). ChIP was performed using H3K4me1 (enriched at enhancers) and H3K4me3 (enriched at promoters) antibodies, and DNA from 18 ChIPs (9 samples x 2 Abs) was sequenced. The Venn diagram in Figure 2A displays the number of chromosome sites enriched in H3K4me1 and H3K4me3 that were uniquely found in HIV-derived cells (115 and 4, respectively) or control cells (14 and 10, respectively). Of the sites common to both HIV-derived cells and controls, 61 and 13 were found to be differentially enriched in HIV+ subjects in H3K4me1 and H3K4me3, respectively. Please see the Excel file Supplemental Material for the summary of ChIP-sequencing data.




Figure 2 | ChIP-sequencing reveals genes differentially expressed in freshly isolated monocytes from PLWH compared to controls. (A) Venn diagram showing the number of sites enriched in H3K4me1 and H3K4me3 marks uniquely found in PLWH and controls, as well as those at sites common in both sets of samples (Ctrl n=3; PLWH n=6). Note that the unique sites in one group means that they were present in all the samples from that group and absent in all samples of the other. A false discovery rate (FDR) < 0.05 was applied. (B) List of 26 differentially expressed genes in freshly isolated monocytes from PLWH (n=25). Relative quantification was calculated over controls (Ctrls, n=10) T0. For the complete list of genes, see the Excel file provided in Supplementary Material.



Of the unique and common sites, we selected 26 genes involved in inflammation and transcriptional regulation for further analysis using monocytes from 25 PLWH and 10 age- and gender-matched HIV- controls. Figure 2B shows relative expression (fold change, FC) of the 26 selected genes in freshly isolated monocytes (T0) of PLWH compared to controls. Next, we sought to investigate whether expression of these genes would change in monocytes from PLWH and controls during the inflammatory response. For each sample, cells were cultured following the experimental set up described in Figure 1A. Confirming the ChIP-seq data, NCOR2, GSN, MSC, and BIN1 were found to be differentially regulated in PLWH-MDMs and control-MDMs (Figure 3). These four genes are negative regulators of transcription and/or negative regulators of inflammation. Figure 3 shows the relative expression of these genes compared to T0 or GM-CSF. NCOR2 (nuclear receptor corepressor 2) is a transcriptional repressor (56, 57) involved in anti-inflammatory pathways (58, 59). Musculin (MSC) is a basic helix-loop-helix (bHLH) transcription factor (TF) that inhibits other bHLH TFs. Gelsolin (GSN) is an actin-binding protein that inhibits the inflammatory process induced by LPS (60). Interestingly, another IFN-induced gene, ISG20, was less expressed in PLWH-MDMs compared to controls. The anti-viral factor ISG20 inhibits translation of ectopically introduced genetic material, for instance through viral infections (61).




Figure 3 | Relative expression of selected genes indicates impaired upregulation of negative regulators of LPS-triggered signaling. Relative expression of the selected mRNAs was calculated over T0 (GSN, MSC, and BIN1) or GM-CSF (NCOR2, ISG20, IDO1, and HIVEP1). The graphs represent the normalized fold change. Error bars indicate SEM; *indicates statistically significance between groups (Ctrls, n=10; PLWH, n=25). The tables report specific P-values calculated within each group and between groups.



The bridging integrator 1 (BIN1) is an adaptor protein with potential anti-inflammatory function (62) promoted via negative regulation of indoleamine 2,3-dioxygenase (IDO1), which is the first and rate-limiting enzyme in the kynurenine pathway of tryptophan metabolism (63). Indeed, in addition to lower expression of BIN1 (Figure 3), we found a significant upregulation of IDO1 in HIV-derived cells, further supporting repression of this anti-inflammatory loop in PLWH-derived MDMs. HIVEP1 is a zinc-finger protein that binds specific DNA sequences present in the enhancers of viral and cellular promoters (64, 65). We found expression of HIVEP1 mRNA significantly lower in PLWH-MDMs compared to controls (Figure 3).



Attenuation of the IKZF1/RELA Pathway in PLWH-MDMs

Since NF-кB transcriptional complex plays a key role in LPS-induced inflammatory cytokine production, we sought to investigate the expression of the transcription factor RELA/p65 and NFKB1/p50, the most abundant subunits of the NF-кB complex. While we did not observe significant changes in the expression of NFKB1 in PLWH-MDMs compared to controls (data not shown), there was a major difference in the induction of RELA expression in M1 and LPS in PLWH-MDMs (n=25) compared to controls (n=10) (Figure 4A). The mRNA data was confirmed by Western blot analysis in 4 Ctrl-MDMs and 9 PLWH-MDMs samples in the same experimental setting. Figure 4B shows significantly lower levels (p= 0.04) of RELA protein in PLWH-MDMs after LPS exposure compared to controls. These data could indicate a reduced transcription of RELA during M1 stimulation (IFN-γ + LPS).




Figure 4 | Impaired expression of RELA and IKZF1 in PLWH-MDMs compared to controls. (A) Relative expression of RELA mRNA calculated over T0. Error bars indicate SEM; *indicates statistical significance between groups (Ctrls, n=10; PLWH, n=25). (B) Expression of RELA protein in MDMs obtained from Ctrls (n=4) and PLWH (n=9) treated with GM-CSF (G) and LPS (L). Blots were quantified using image J software. The graph represents the ratio of RELA in LPS compared to GM-CSF after normalization with GAPDH (right panel). *Indicates statistical significance between Ctrls and PLWH. (C) Relative expression of IKZF1 in controls (n=10) and PLWH (n=25). The tables report specific P-values calculated within each group and between groups.



Among the molecules possibly implicated in the de novo transcription of RELA during exposure of macrophages to LPS is the zinc-finger protein IKAROS (66, 67). IKAROS is required for the new synthesis of RELA following LPS stimulation, and we found expression of IKZF1, the gene encoding IKAROS, significantly decreased in PLWH-MDMs compared to controls (Figure 4C). Importantly, in silico analysis of ChIP-seq data (68) indicate that most of the genes investigated in this project (MSC, NCOR2, ISG20, RELA, miR-146a-5p, and miR-155-5p) are also the transcriptional targets of both RELA and IKAROS (ENCODE transcription factor targets database). Altogether, this experimental evidence prompted us to hypothesize that the IKAROS/RELA axis is a key transcriptional mechanism that has lost function in PLWH-MDMs. To further investigate the role of IKAROS in the attenuated anti-inflammatory response, PLWH-MDMs (n=4) were transfected with a plasmid encoding IKZF1 on day 3 or 5 post-isolation, using a BFP empty vector or untransfected cells as negative controls, respectively. Cells were then treated as described in Figure 1A (GM-CSF, M1, and LPS). As expected, after each treatment, more IKZF1 mRNA was present in transfected cells compared to BFP-transfected cells (Figure 5A, left panel) or untransfected cells (Figure 5A, right panel, and Figure S1), although the efficiency of transfection was higher and more consistent at day 5. We then investigated the response of IKZF1-transfected cells (day 5) to LPS treatments by measuring levels of pro-inflammatory cytokines and negative regulators of inflammation. We found that the presence of IKZF1 greatly attenuated expression of TNFA, IL6, and IL1B (Figure 5B), while increasing the expression of NCOR2, GSN, HIVEP1, and BIN1 (Figure 5C), therefore corroborating our hypothesis that IKZF1/RELA plays a role in the hyper-responsiveness of PLWH-MDMs. As we previously observed (Figure 3), the upregulation of BIN1 continued to correlate with downregulation of IDO1 (Figure 5C). Specific p-values corresponding to Figure 5 can be found in Table S1. Comparable data were obtained when IKZF1 was transfected at day 3 (Figure S1).




Figure 5 | Transfection of IKZF1 into PLWH-MDMs reduces their hyper-responsiveness to LPS and partially restores the expression of negative regulators of inflammation. (A) Relative expression of IKZF1 mRNA in IKZF1-transfected PLWH-MDMs (left panel, n=4) at day 3 or day 5 post-isolation (right panel, n=4) in the indicated treatments calculated over T0. BFP control vector or untransfected cells were used as negative controls at day 3 or day 5, respectively. Expression levels of pro-inflammatory cytokines TNFA, IL6, and IL1B (B) and negative regulators of inflammation NCOR2, GSN, HIVEP1, BIN1, and IDO1 (C) in cells transfected at day 5 post-isolation (See Figure S1 for data obtained after transfection at day 3). In all graphs, error bars indicate SEM; *indicates statistical significance between groups.



Finally, while on average we found a hyper-responsive phenotype in PLWH-derived cells, unsupervised cluster analysis based on the mRNA expression levels of the pro-inflammatory factors TNFA and IL1B in M1-polarized cells determined two distinct subgroups of PLWH samples (Figure S2). Since the stronger effect of LPS on TNFA and IL1B levels was observed after the first (low-dose) treatment with LPS (M1), we chose those values for the cluster analysis. One subgroup showed drastic hyper-responsiveness to LPS (PLWH-1, n=7), while the other subgroup showed more moderate hyper-responsiveness (PLWH-2, n=18) (Figure 6A). Interestingly, expression of HIVEP1 was significantly lower in both subgroups compared to controls, and expression levels of NCOR2 were significantly lower only in subgroup 2 compared to controls and subgroup 1 (Figure 6A). In contrast to TNFA and IL6, expression of IL1B, while significantly greater in PLWH subgroup 1 LPS condition compared to controls, was further increased in PLWH subgroup 2 (Figure 6B). These results further support the notion that PLWH overall present a defective immune response because despite variation in gene expression among PLWH subgroups, pro-inflammatory factors and signaling pathway mediators generally remain significantly dysregulated compared to controls.




Figure 6 | Stratification of PLWH-derived samples based on TNFA and IL6 expression levels. Bar graphs indicate mRNA expression levels of TNFA, IL6, HIVEP1, NCOR2 (A) and IL1B (B) in controls (n=10), PLWH subgroup 1 (PLWH-1, n=7), and PLWH subgroup 2 (PLWH-2, n=18). *Indicates statistical significance between PLWH (1 or 2) and controls, while #indicates statistical significance between PLWH-1 and PLWH-2.






Discussion

Despite low viral load and normal CD4+ T cell count, PLWH remain at a high risk of developing secondary illnesses, suggesting a dysfunctional immune system. Given the importance of innate immune cells in the inflammatory response, we sought to determine if monocytes from PLWH on combined antiretroviral therapy (cART) had functional differences compared to uninfected control cells when stimulated with LPS, following their polarization toward a pro-inflammatory M1-like macrophage phenotype. Specifically, we evaluated the ability of the cells to establish endotoxin tolerance measured by the expression of the pro-inflammatory cytokines TNFA, IL1B, and IL6, as well as two microRNAs, miR-146a-5p and miR-155-5p, which are key regulators of the inflammatory response (29–32, 48). We found increased expression of TNFA, IL1B, and IL6 mRNAs in PLWH-MDMs compared to controls (Figure 1B), confirming results from recent studies that evaluated the function and phenotype of PBMCs (8) and MDMs (69) in PLWH. Importantly, the three pro-inflammatory cytokines showed higher expression in M1-polarized PLWH-MDMs compared to controls, indicating a trained phenotype.

We additionally found lower levels of miR-146a-5p and increased levels of miR-155-5p following LPS stimulation in PLWH-MDMs compared to controls (Figure 1C). This could be highly relevant considering that miR-155 mediates pro-inflammatory and miR-146, anti-inflammatory responses (27, 41, 70). Sustained levels of miR-155-5p correlate with increased cytokine expression and loss of endotoxin tolerance through targeting of SHIP-1, SOCS1, and BCL6 (71). Interestingly, a coordinated regulation of miR-155-5p and miR-146a-5p occurs in endotoxin tolerance and results in the mono-allelic expression of each miRNA (41). However, our data show a more than two-fold increase in miR-155-5p expression compared to miR-146a-5p in PLWH-MDMs (Figure 1C), perhaps indicating a loss of coordinated regulation of these two miRNAs. We further hypothesized that the hyper-responsiveness of PLWH-MDMs following consecutive exposures to LPS was due to epigenetic changes present in circulating monocytes of PLWH. To gain insights into potential epigenetic differences between freshly isolated CD14+ cells obtained from PLWH (n=6) and from HIV- controls (n=3), we determined the presence of H3K4me1 and H3K4me3 enriched sites in these samples by ChIP-sequencing analysis (Figure 2). Results indicated important differences in these epigenetic marks in a set of genes involved in the negative regulation of inflammation (i.e. NCOR2, GSN, MSC, ISG20, BIN1, and HIVEP1). While these two markers of activation do not give an entirely comprehensive view of the mechanisms involved in gene expression –and may not directly indicate gene expression trends following immune stimulation- they provided a starting point from which we could evaluate specific pathways we may have otherwise overlooked. When we measured expression levels of those genes in MDMs grown in the presence of LPS, we found significantly lower expression of these genes in cells derived from PLWH compared to controls (Figures 3, 6), further suggesting that the hyper-responsiveness of PLWH-MDMs could be due to attenuated expression of negative modulators of inflammation. NCOR2 mediates transcriptional silencing by promoting chromatin condensation, thus preventing access to basal transcription (56, 57). Like other members of the nuclear receptor superfamily of ligand-dependent transcription factors, NCOR2 can antagonize pro-inflammatory programs by altering the recruitment of co-activators and co-repressors (58, 59). Interestingly, NCOR2 was identified as one of the host genes necessary for HIV infection, also called HIV-dependency factors (72), and two SNPs on the NCOR2 gene were found to be associated with HIV transmission in a high throughput genome-wide analysis (73). GSN has been shown to inhibit inflammatory processes induced by LPS (60). Furthermore, increased levels of plasma gelsolin (pGSN) in untreated HIV-infection has been associated with disease severity (74). HIVEP1, which we found less expressed in PLWH-MDMs (Figure 3), plays a role in activating HIV-1 gene expression (65), as well as in both the classical and alternative polarization of macrophages (75). While NCOR2, GSN, and HIVEP1 seem to be associated with early HIV infection, our CD14+ monocytes are not infected with HIV, as determined by qPCR performed on both RNA and DNA extracted from these cells at T0 and after 7 days in culture (data not shown). Nevertheless, our data showing attenuated expression of NCOR2, GSN, and HIVEP1 in cells from PLWH further support the established role of these factors as negative modulators of inflammation. BIN1 is involved in macrophage phagocytosis and possesses anti-inflammatory function (62) through the negative regulation of IDO1 (63). Consequently, in parallel to a reduced expression of BIN1, we found upregulation of IDO1 in PLWH-derived cells (Figure 3). Interestingly, IDO1 protein was found to be elevated in the plasma of virally-suppressed PLWH (76–79). Given the importance of IDO1 in T cell function and HIV disease progression (77), our findings may provide a mechanism for the presence of IDO1 in the plasma of PLWH. In addition to transcriptional regulators, the interferon-induced factor ISG20 showed reduced expression in PLWH-MDMs compared to controls (Figure 3). Altogether, our data indicated attenuation of negative feedback regulators of inflammation in monocytes/macrophages of PLWH. We then performed in silico analysis using IKZF1 ChIP-sequencing datasets from the ENCODE transcription factor database and found that MSC, NCOR2, ISG20, RELA, HIVEP1, MIR146A, and MIR155 were gene targets of IKZF1. Previous literature indicates that IKAROS plays a dual role in orchestrating the inflammatory response in that it represses a subset of genes while activating others, as determined by transcriptomic and epigenetic analyses in primary macrophages exposed to LPS at various times (66). Furthermore, live single-cell imaging revealed a positive feedback loop involving the induction of RELA expression, which rewired the NF-кB regulatory network when cells were stimulated with LPS above a specific concentration (67). This reprogramming required IKAROS and indicated that RELA positive feedback can overcome existing negative feedback loops and enable cells to discriminate between different concentrations of LPS (67). Our data showing reduced expression of IKZF1 and RELA in PLWH-MDMs (Figure 4) clearly indicate a dysfunctional IKAROS/RELA axis with impaired negative feedback loops that result in an abnormal pro-inflammatory response. Furthermore, overexpression of IKZF1 in PLWH-derived cells partially counteracted this imbalanced immune response (Figure 5). This novel mechanism could explain, at least in part, the persistent immune activation in PLWH and their increased risk of developing co-morbidities. Finally, stratification of PLWH-derived samples based on TNFA and IL1B cytokine expression revealed differences in mRNA levels of inflammatory mediators between two PLWH subgroups; however, these subgroups maintained overall dysregulation compared to controls (Figure 6). While microbial dysbiosis often observed in PLWH may explain the hyper-responsiveness to LPS treatments in in vitro functional assays, epigenetic changes and attenuation of negative feedback observed in this study suggest a more complex mechanism likely involving multiple factors, including age and cART among many others. Related to this, it should be noted that the HIV- controls used in our study had none of the conditions reported for PLWH, such as hypertension and diabetes. Despite the sample size being large enough for statistical analysis, it was too small to consider variables other than the HIV infection status. Further studies are needed to determine the role of co-morbidities in the phenotype and function of monocytes. It is also of interest to this laboratory to expand the HIV- control population in our studies to include African-American individuals.

In summary, this study reveals a novel pathway of inflammatory dysregulation in PLWH that may have clinical implications in the treatment of ongoing co-morbidities in this population despite systemic control of HIV through cART. The pathway involves a dysfunctional IKAROS/RELA axis that is at least partially responsible for an attenuated anti-inflammatory response (Figure 7).




Figure 7 | Schematic illustration of an imbalanced immune response in PLWH. In healthy controls, temporally-regulated positive (miR-155-5p, IDO1, IL6, TNFA and IL1B) and negative feedbacks (146a-5p, NCOR2, GSN, MSC, IKZF1, BIN1, ISG20, and RELA) will lead to a balanced immune response, with IKZF1 and RELA playing a central role in the transcription of negative regulators. Instead, attenuated IKAROS/RELA axis in PLWH-MDMs results in positive signals dominating over negative feedback. This imbalanced immune response may contribute to chronic inflammation and increase the risk of co-morbidities.





Methods


Sample Cohort

Blood samples were obtained from newly enrolled volunteers recruited in the ongoing collections of samples by the HIV-Clinical Tumor Biorepository (HCTB) core facility. Demographic information of PLWH and HIV- controls collected for this study is presented in Table 1.



Primary Cells

CD14+/CD16- cells were isolated by negative selection (EasySep™ Direct Human Monocyte Isolation Kit, STEMCELL Technologies, Vancouver, BC, Canada) from 40 ml of whole blood from volunteers (PLWH and HIV- controls) and plated for M1 polarization and LPS stimulation. Cells were cultured for 6 days in RPMI/10% FBS/GM-CSF [25 ng/ml] then given LPS [100 ng/ml, Sigma Aldrich, St. Louis, MO] and IFNγ [20 ng/ml] in 5% FBS for 24 h, as we and others have reported (80, 81). Hyclone Defined FBS was from Gibco (New York, NY). Human GM-CSF and IFN-γ were from R&D Systems (Minneapolis, MN). To mimic endotoxin tolerance, cells were exposed to a higher concentration of LPS [1 µg/ml; LPS challenge] for an additional 5 hours. Cell purity and macrophage polarization (development to M1) were assessed with flow cytometry, as we previously reported (81).



RT-qPCR and Primers

Primers to amplify miR-146a-5p and miR-155-5p, as well as primers specific to GAPDH, 5S ribosomal RNA, and IDO1 were purchased from Qiagen (Germantown, MD). All other primers were from IDT (Coralville, IA) and are listed in Table S2. RNA was extracted using miRNeasy Mini kit (Qiagen). MiRCURY LNA RT and RT2 First Strand kits (Qiagen) were used to generate cDNA for miRNA or gene expression analysis, respectively. SYBRGreen mix was from Qiagen. Quantitative real time PCR was performed using a Roche LightCycler 480 instrument. PCR conditions were 10’ at 95°C for 1 cycle and then 15” at 95°C and 1’ at 60°C for 45 cycles. PCR data for mRNAs and miRNAs were normalized using GAPDH and 5S ribosomal RNA, respectively. Relative quantification was calculated according to the formula 2-ΔΔCt. Data were subsequently converted to log- normalized fold change, and the standard error was calculated following formulas described in (82). Two tailed t-test was applied to determine statistically significant differences in miRNAs and gene expression within each group (e.g. M1 or LPS vs GM-CSF in the Ctrl group), as well as between the groups [controls (Ctrls) versus PLWH]. Most of the graphs show qPCR data compared to the GM-CSF treatment; however, when we observed statistically significant differences related to the GM-CSF treatment, relative quantification was performed using T0 (Figures 1, 3).



Antibodies

Cells were lysed in modified RIPA buffer containing protease and phosphatase inhibitors. Protein lysates (25-30 µg) were subjected to standard Western blotting using SDS-PAGE and probed for total RELA (NF-κB p65) (Cell Signaling Technology, Danvers, MA). GAPDH (Santa Cruz Biotechnology, Dallas, TX) was used as loading control.



Transfection

PLWH-derived MDM cells cultured for 5 days were transfected with 3 µg IKZF1 plasmid (pLV[Exp]-EGFP:T2A:Puro-CMV>hIKZF1[NM_006060.5, VectorBuilder, Chicago, IL) or the empty vector BFP (pLenti6.2-mTagBFP2, Addgene #113725) using the ViaFect transfection reagent (Promega; Madison, WI).



ChIP-Sequencing

In accordance with Diagenode (Denville, NJ) recommendations for fixation and preparation of cells for ChIP-Seq, 8x106 primary monocytes isolated at T0 were pelleted and resuspended in PBS containing formaldehyde (37%) followed by the addition of 1.25 M Glycine. Cells were washed twice with cold PBS and 2x106 aliquots were shipped to Diagenode for subsequent ChIP-Seq.



Statistics

RT-qPCR relative expression data was analyzed using the method described in (82). P values were calculated using two-tailed student t-test.



Study Approval

Blood samples were obtained from volunteers recruited in the HIV-Clinical Tumor Biorepository (HCTB) core facility, following protocols described in our previous studies (50, 53, 81). The process for establishing a detailed operational protocol for the collection, de-identification, transportation, and storage of these samples has been approved by the LSUHSC-NO Institutional Review Board (IRB). Demographic information, viral load, CD4+ T cell counts, co-morbidities, and adherence data are available through the HCTB.




Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, accession ID: GSE185405.



Ethics Statement

The studies involving human participants were reviewed and approved by Louisiana State University Health Sciences Center New Orleans. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

FP conceived the study. CF performed all the experiments. KP-B and MM-S provided clinical samples. AL contributed to plasmid preparation. CV and DW helped with RNA extraction and RT-qPCR, and KR contributed to helpful discussions. All authors contributed to the article and approved the submitted version.



Funding

FP, CF, CV, KP-B, AL, and KR were supported by NIH P20GM121288. DW was supported by NIH P20GM121288 and NIH P30GM114732. MMS was supported by U54 GM104940 from the National Institute of General Medical Sciences of the National Institutes of Health, which funds the Louisiana Clinical and Translational Science Center.



Acknowledgments

We thank the HIV Clinical/Tumor Biorepository and the Cell Analysis/Immunology cores at the Louisiana Cancer Research Center.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.785905/full#supplementary-material



References

1. Brenchley, JM, Price, DA, Schacker, TW, Asher, TE, Silvestri, G, Rao, S, et al. Microbial Translocation Is a Cause of Systemic Immune Activation in Chronic HIV Infection. Nat Med (2006) 12(12):1365–71. doi: 10.1038/nm1511

2. Brenchley, JM, Price, DA, and Douek, DC. HIV Disease: Fallout From a Mucosal Catastrophe? Nat Immunol (2006) 7(3):235–9. doi: 10.1038/ni1316

3. Ancona, G, Merlini, E, Tincati, C, Barassi, A, Calcagno, A, Augello, M, et al. Long-Term Suppressive cART Is Not Sufficient to Restore Intestinal Permeability and Gut Microbiota Compositional Changes. Front Immunol (2021) 12:639291. doi: 10.3389/fimmu.2021.639291

4. d’Ettorre, G, Paiardini, M, Zaffiri, L, Andreotti, M, Ceccarelli, G, Rizza, C, et al. HIV Persistence in the Gut Mucosa of HIV-Infected Subjects Undergoing Antiretroviral Therapy Correlates With Immune Activation and Increased Levels of LPS. Curr HIV Res (2011) 9(3):148–53. doi: 10.2174/157016211795945296

5. Ramendra, R, Isnard, S, Mehraj, V, Chen, J, Zhang, Y, Finkelman, M, et al. Circulating LPS and (1–>3)-Beta-D-Glucan: A Folie a Deux Contributing to HIV-Associated Immune Activation. Front Immunol (2019) 10:465. doi: 10.3389/fimmu.2019.00465

6. Sandler, NG, Wand, H, Roque, A, Law, M, Nason, MC, Nixon, DE, et al. Plasma Levels of Soluble CD14 Independently Predict Mortality in HIV Infection. J Infect Dis (2011) 203(6):780–90. doi: 10.1093/infdis/jiq118

7. Mehraj, V, Ramendra, R, Isnard, S, Dupuy, FP, Ponte, R, Chen, J, et al. Circulating (1–>3)-Beta-D-Glucan Is Associated With Immune Activation During Human Immunodeficiency Virus Infection. Clin Infect Dis (2020) 70(2):232–41. doi: 10.1093/cid/ciz212

8. van der Heijden, WA, Van de Wijer, L, Keramati, F, Trypsteen, W, Rutsaert, S, Horst, RT, et al. Chronic HIV Infection Induces Transcriptional and Functional Reprogramming of Innate Immune Cells. JCI Insight (2021) 6(7). doi: 10.1172/jci.insight.145928

9. Hume, DA. Differentiation and Heterogeneity in the Mononuclear Phagocyte System. Mucosal Immunol (2008) 1(6):432–41. doi: 10.1038/mi.2008.36

10. Chen, S, Yang, J, Wei, Y, and Wei, X. Epigenetic Regulation of Macrophages: From Homeostasis Maintenance to Host Defense. Cell Mol Immunol (2020) 17(1):36–49. doi: 10.1038/s41423-019-0315-0

11. Saeed, S, Quintin, J, Kerstens, HH, Rao, NA, Aghajanirefah, A, Matarese, F, et al. Epigenetic Programming of Monocyte-to-Macrophage Differentiation and Trained Innate Immunity. Science (2014) 345(6204):1251086. doi: 10.1126/science.1251086

12. Biswas, SK, and Lopez-Collazo, E. Endotoxin Tolerance: New Mechanisms, Molecules and Clinical Significance. Trends Immunol (2009) 30(10):475–87. doi: 10.1016/j.it.2009.07.009

13. Ifrim, DC, Quintin, J, Joosten, LA, Jacobs, C, Jansen, T, Jacobs, L, et al. Trained Immunity or Tolerance: Opposing Functional Programs Induced in Human Monocytes After Engagement of Various Pattern Recognition Receptors. Clin Vaccine Immunol (2014) 21(4):534–45. doi: 10.1128/CVI.00688-13

14. Kleinnijenhuis, J, Quintin, J, Preijers, F, Joosten, LA, Ifrim, DC, Saeed, S, et al. Bacille Calmette-Guerin Induces NOD2-Dependent Nonspecific Protection From Reinfection via Epigenetic Reprogramming of Monocytes. Proc Natl Acad Sci USA (2012) 109(43):17537–42. doi: 10.1073/pnas.1202870109

15. Netea, MG, Quintin, J, and van der Meer, JW. Trained Immunity: A Memory for Innate Host Defense. Cell Host Microbe (2011) 9(5):355–61. doi: 10.1016/j.chom.2011.04.006

16. Quintin, J, Saeed, S, Martens, JHA, Giamarellos-Bourboulis, EJ, Ifrim, DC, Logie, C, et al. Candida Albicans Infection Affords Protection Against Reinfection via Functional Reprogramming of Monocytes. Cell Host Microbe (2012) 12(2):223–32. doi: 10.1016/j.chom.2012.06.006

17. Zhong, C, Yang, X, Feng, Y, and Yu, J. Trained Immunity: An Underlying Driver of Inflammatory Atherosclerosis. Front Immunol (2020) 11:284. doi: 10.3389/fimmu.2020.00284

18. Wlodarczyk, M, Druszczynska, M, and Fol, M. Trained Innate Immunity Not Always Amicable. Int J Mol Sci (2019) 20(10). doi: 10.3390/ijms20102565

19. Bekkering, S, Saner, C, Riksen, NP, Netea, MG, Sabin, MA, Saffery, R, et al. Trained Immunity: Linking Obesity and Cardiovascular Disease Across the Life-Course? Trends Endocrinol Metab (2020) 31(5):378–89. doi: 10.1016/j.tem.2020.01.008

20. Davidson-Moncada, J, Papavasiliou, FN, and Tam, W. MicroRNAs of the Immune System: Roles in Inflammation and Cancer. Ann NY Acad Sci (2010) 1183:183–94. doi: 10.1111/j.1749-6632.2009.05121.x

21. Gracias, DT, and Katsikis, PD. MicroRNAs: Key Components of Immune Regulation. Adv Exp Med Biol (2011) 780:15–26. doi: 10.1007/978-1-4419-5632-3_2

22. Jia, S, Zhai, H, and Zhao, M. MicroRNAs Regulate Immune System via Multiple Targets. Discov Med (2014) 18(100):237–47.

23. Kroesen, BJ, Teteloshvili, N, Smigielska-Czepiel, K, Brouwer, E, Boots, AM, van den Berg, A, et al. Immuno-miRs: Critical Regulators of T-Cell Development, Function and Ageing. Immunology (2015) 144(1):1–10. doi: 10.1111/imm.12367

24. Lind, EF, and Ohashi, PS. Mir-155, a Central Modulator of T-Cell Responses. Eur J Immunol (2014) 44(1):11–5. doi: 10.1002/eji.201343962

25. Mashima, R. Physiological Roles of miR-155. Immunology (2015) 145(3):323–33. doi: 10.1111/imm.12468

26. O’Connell, RM, Rao, DS, Chaudhuri, AA, and Baltimore, D. Physiological and Pathological Roles for microRNAs in the Immune System. Nat Rev Immunol (2010) 10(2):111–22. doi: 10.1038/nri2708

27. Tsitsiou, E, and Lindsay, MA. microRNAs and the Immune Response. Curr Opin Pharmacol (2009) 9(4):514–20. doi: 10.1016/j.coph.2009.05.003

28. Turner, ML, Schnorfeil, FM, and Brocker, T. MicroRNAs Regulate Dendritic Cell Differentiation and Function. J Immunol (2011) 187(8):3911–7. doi: 10.4049/jimmunol.1101137

29. Ma, X, Becker Buscaglia, LE, Barker, JR, and Li, Y. MicroRNAs in NF-kappaB Signaling. J Mol Cell Biol (2011) 3(3):159–66. doi: 10.1093/jmcb/mjr007

30. Pedersen, I, and David, M. MicroRNAs in the Immune Response. Cytokine (2008) 43(3):391–4. doi: 10.1016/j.cyto.2008.07.016

31. Quinn, SR. O’neill LA. A Trio of microRNAs That Control Toll-Like Receptor Signalling. Int Immunol (2011) 23(7):421–5. doi: 10.1093/intimm/dxr034

32. Taganov, KD, Boldin, MP, Chang, KJ, and Baltimore, D. NF-KappaB-Dependent Induction of microRNA miR-146, an Inhibitor Targeted to Signaling Proteins of Innate Immune Responses. Proc Natl Acad Sci USA (2006) 103(33):12481–6. doi: 10.1073/pnas.0605298103

33. Curtale, G, Mirolo, M, Renzi, TA, Rossato, M, Bazzoni, F, and Locati, M. Negative Regulation of Toll-Like Receptor 4 Signaling by IL-10-Dependent microRNA-146b. Proc Natl Acad Sci USA (2013) 110(28):11499–504. doi: 10.1073/pnas.1219852110

34. Hou, J, Wang, P, Lin, L, Liu, X, Ma, F, An, H, et al. MicroRNA-146a Feedback Inhibits RIG-I-Dependent Type I IFN Production in Macrophages by Targeting TRAF6, IRAK1, and IRAK2. J Immunol (2009) 183(3):2150–8. doi: 10.4049/jimmunol.0900707

35. Park, H, Huang, X, Lu, C, Cairo, MS, and Zhou, X. MicroRNA-146a and microRNA-146b Regulate Human Dendritic Cell Apoptosis and Cytokine Production by Targeting TRAF6 and IRAK1 Proteins. J Biol Chem (2015) 290(5):2831–41. doi: 10.1074/jbc.M114.591420

36. Saba, R, Sorensen, DL, and Booth, SA. MicroRNA-146a: A Dominant, Negative Regulator of the Innate Immune Response. Front Immunol (2014) 5:578. doi: 10.3389/fimmu.2014.00578

37. Fang, CM, Roy, S, Nielsen, E, Paul, M, Maul, R, Paun, A, et al. Unique Contribution of IRF-5-Ikaros Axis to the B-Cell IgG2a Response. Genes Immun (2012) 13(5):421–30. doi: 10.1038/gene.2012.10

38. O’Connell, RM, Zhao, JL, and Rao, DS. MicroRNA Function in Myeloid Biology. Blood (2011) 118(11):2960–9. doi: 10.1182/blood-2011-03-291971

39. Jin, C, Cheng, L, Hoxtermann, S, Xie, T, Lu, X, Wu, H, et al. MicroRNA-155 Is a Biomarker of T-Cell Activation and Immune Dysfunction in HIV-1-Infected Patients. HIV Med (2017) 18(5):354–62. doi: 10.1111/hiv.12470

40. Nahid, MA, Pauley, KM, Satoh, M, and Chan, EK. miR-146a Is Critical for Endotoxin-Induced Tolerance: Implication in Innate Immunity. J Biol Chem (2009) 284(50):34590–9. doi: 10.1074/jbc.M109.056317

41. Doxaki, C, Kampranis, SC, Eliopoulos, AG, Spilianakis, C, and Tsatsanis, C. Coordinated Regulation of miR-155 and miR-146a Genes During Induction of Endotoxin Tolerance in Macrophages. J Immunol (2015) 195(12):5750–61. doi: 10.4049/jimmunol.1500615

42. Nichogiannopoulou, A, Trevisan, M, Neben, S, Friedrich, C, and Georgopoulos, K. Defects in Hemopoietic Stem Cell Activity in Ikaros Mutant Mice. J Exp Med (1999) 190(9):1201–14. doi: 10.1084/jem.190.9.1201

43. Winandy, S, Wu, P, and Georgopoulos, K. A Dominant Mutation in the Ikaros Gene Leads to Rapid Development of Leukemia and Lymphoma. Cell (1995) 83(2):289–99. doi: 10.1016/0092-8674(95)90170-1

44. Heizmann, B, Kastner, P, and Chan, S. The Ikaros Family in Lymphocyte Development. Curr Opin Immunol (2018) 51:14–23. doi: 10.1016/j.coi.2017.11.005

45. Read, KA, Jones, DM, Freud, AG, and Oestreich, KJ. Established and Emergent Roles for Ikaros Transcription Factors in Lymphoid Cell Development and Function. Immunol Rev (2021) 300(1):82–99. doi: 10.1111/imr.12936

46. Vergadi, E, Vaporidi, K, and Tsatsanis, C. Regulation of Endotoxin Tolerance and Compensatory Anti-Inflammatory Response Syndrome by Non-Coding RNAs. Front Immunol (2018) 9:2705. doi: 10.3389/fimmu.2018.02705

47. del Fresno, C, Garcia-Rio, F, Gomez-Pina, V, Soares-Schanoski, A, Fernandez-Ruiz, I, Jurado, T, et al. Potent Phagocytic Activity With Impaired Antigen Presentation Identifying Lipopolysaccharide-Tolerant Human Monocytes: Demonstration in Isolated Monocytes From Cystic Fibrosis Patients. J Immunol (2009) 182(10):6494–507. doi: 10.4049/jimmunol.0803350

48. Nahid, MA, Satoh, M, and Chan, EK. MicroRNA in TLR Signaling and Endotoxin Tolerance. Cell Mol Immunol (2011) 8(5):388–403. doi: 10.1038/cmi.2011.26

49. Eletto, D, Russo, G, Passiatore, G, Del Valle, L, Giordano, A, Khalili, K, et al. Inhibition of SNAP25 Expression by HIV-1 Tat Involves the Activity of Mir-128a. J Cell Physiol (2008) 216(3):764–70. doi: 10.1002/jcp.21452

50. Kadri, F, LaPlante, A, De Luca, M, Doyle, L, Velasco-Gonzalez, C, Patterson, JR, et al. Defining Plasma MicroRNAs Associated With Cognitive Impairment in Hiv-Infected Patients. J Cell Physiol (2015) 231(4):829–36. doi: 10.1002/jcp.25131

51. Pacifici, M, Delbue, S, Ferrante, P, Jeansonne, D, Kadri, F, Nelson, S, et al. Cerebrospinal Fluid miRNA Profile in HIV-Encephalitis. J Cell Physiol (2013) 228(5):1070–5. doi: 10.1002/jcp.24254

52. Pacifici, M, Delbue, S, Kadri, F, and Peruzzi, F. Cerebrospinal Fluid MicroRNA Profiling Using Quantitative Real Time PCR. J Vis Exp (2014) 83):e51172. doi: 10.3791/51172

53. Wyczechowska, D, Lin, HY, LaPlante, A, Jeansonne, D, Lassak, A, Parsons, CH, et al. A miRNA Signature for Cognitive Deficits and Alcohol Use Disorder in Persons Living With HIV/AIDS. Front Mol Neurosci (2017) 10:385. doi: 10.3389/fnmol.2017.00385

54. Testa, U, Pelosi, E, Castelli, G, and Labbaye, C. miR-146 and miR-155: Two Key Modulators of Immune Response and Tumor Development. Noncoding RNA (2017) 3(3). doi: 10.3390/ncrna3030022

55. Duncan, SA, Baganizi, DR, Sahu, R, Singh, SR, and Dennis, VA. SOCS Proteins as Regulators of Inflammatory Responses Induced by Bacterial Infections: A Review. Front Microbiol (2017) 8:2431. doi: 10.3389/fmicb.2017.02431

56. Perissi, V, Jepsen, K, Glass, CK, and Rosenfeld, MG. Deconstructing Repression: Evolving Models of Co-Repressor Action. Nat Rev Genet (2010) 11(2):109–23. doi: 10.1038/nrg2736

57. Watson, PJ, Fairall, L, and Schwabe, JW. Nuclear Hormone Receptor Co-Repressors: Structure and Function. Mol Cell Endocrinol (2012) 348(2):440–9. doi: 10.1016/j.mce.2011.08.033

58. Glass, CK, and Saijo, K. Nuclear Receptor Transrepression Pathways That Regulate Inflammation in Macrophages and T Cells. Nat Rev Immunol (2010) 10(5):365–76. doi: 10.1038/nri2748

59. Treuter, E, Fan, R, Huang, Z, Jakobsson, T, and Venteclef, N. Transcriptional Repression in Macrophages-Basic Mechanisms and Alterations in Metabolic Inflammatory Diseases. FEBS Lett (2017) 591(19):2959–77. doi: 10.1002/1873-3468.12850

60. Cheng, Y, Hu, X, Liu, C, Chen, M, Wang, J, Wang, M, et al. Gelsolin Inhibits the Inflammatory Process Induced by LPS. Cell Physiol Biochem (2017) 41(1):205–12. doi: 10.1159/000456043

61. Wu, N, Nguyen, XN, Wang, L, Appourchaux, R, Zhang, C, Panthu, B, et al. The Interferon Stimulated Gene 20 Protein (ISG20) Is an Innate Defense Antiviral Factor That Discriminates Self Versus Non-Self Translation. PloS Pathog (2019) 15(10):e1008093. doi: 10.1371/journal.ppat.1008093

62. Tan, MS, Yu, JT, and Tan, L. Bridging Integrator 1 (BIN1): Form, Function, and Alzheimer’s Disease. Trends Mol Med (2013) 19(10):594–603. doi: 10.1016/j.molmed.2013.06.004

63. Muller, AJ, DuHadaway, JB, Donover, PS, Sutanto-Ward, E, and Prendergast, GC. Inhibition of Indoleamine 2,3-Dioxygenase, an Immunoregulatory Target of the Cancer Suppression Gene Bin1, Potentiates Cancer Chemotherapy. Nat Med (2005) 11(3):312–9. doi: 10.1038/nm1196

64. Baldwin, AS Jr, LeClair, KP, Singh, H, and Sharp, PA. A Large Protein Containing Zinc Finger Domains Binds to Related Sequence Elements in the Enhancers of the Class I Major Histocompatibility Complex and Kappa Immunoglobulin Genes. Mol Cell Biol (1990) 10(4):1406–14. doi: 10.1128/mcb.10.4.1406-1414.1990

65. Seeler, JS, Muchardt, C, Suessle, A, and Gaynor, RB. Transcription Factor PRDII-BF1 Activates Human Immunodeficiency Virus Type 1 Gene Expression. J Virol (1994) 68(2):1002–9. doi: 10.1128/JVI.68.2.1002-1009.1994

66. Oh, KS, Gottschalk, RA, Lounsbury, NW, Sun, J, Dorrington, MG, Baek, S, et al. Dual Roles for Ikaros in Regulation of Macrophage Chromatin State and Inflammatory Gene Expression. J Immunol (2018) 201(2):757–71. doi: 10.4049/jimmunol.1800158

67. Sung, MH, Li, N, Lao, Q, Gottschalk, RA, Hager, GL, and Fraser, ID. Switching of the Relative Dominance Between Feedback Mechanisms in Lipopolysaccharide-Induced NF-KappaB Signaling. Sci Signal (2014) 7(308):ra6. doi: 10.1126/scisignal.2004764

68. Rouillard, AD, Gundersen, GW, Fernandez, NF, Wang, Z, Monteiro, CD, McDermott, MG, et al. The Harmonizome: A Collection of Processed Datasets Gathered to Serve and Mine Knowledge About Genes and Proteins. Database (Oxford) (2016)  2016. doi: 10.1093/database/baw100

69. Bowman, ER, Cameron, CM, Richardson, B, Kulkarni, M, Gabriel, J, Cichon, MJ, et al. Macrophage Maturation From Blood Monocytes Is Altered in People With HIV, and Is Linked to Serum Lipid Profiles and Activation Indices: A Model for Studying Atherogenic Mechanisms. PloS Pathog (2020) 16(10):e1008869. doi: 10.1371/journal.ppat.1008869

70. Schulte, LN, Westermann, AJ, and Vogel, J. Differential Activation and Functional Specialization of miR-146 and miR-155 in Innate Immune Sensing. Nucleic Acids Res (2013) 41(1):542–53. doi: 10.1093/nar/gks1030

71. Alivernini, S, Gremese, E, McSharry, C, Tolusso, B, Ferraccioli, G, McInnes, IB, et al. MicroRNA-155-at the Critical Interface of Innate and Adaptive Immunity in Arthritis. Front Immunol (2017) 8:1932. doi: 10.3389/fimmu.2017.01932

72. Brass, AL, Dykxhoorn, DM, Benita, Y, Yan, N, Engelman, A, Xavier, RJ, et al. Identification of Host Proteins Required for HIV Infection Through a Functional Genomic Screen. Science (2008) 319(5865):921–6. doi: 10.1126/science.1152725

73. Chinn, LW, Tang, M, Kessing, BD, Lautenberger, JA, Troyer, JL, Malasky, MJ, et al. Genetic Associations of Variants in Genes Encoding HIV-Dependency Factors Required for HIV-1 Infection. J Infect Dis (2010) 202(12):1836–45. doi: 10.1086/657322

74. Sinha, KK, Peddada, N, Jha, PK, Mishra, A, Pandey, K, Das, VN, et al. Plasma Gelsolin Level in HIV-1-Infected Patients: An Indicator of Disease Severity. AIDS Res Hum Retroviruses (2017) 33(3):254–60. doi: 10.1089/AID.2016.0154

75. Roy, S, Schmeier, S, Arner, E, Alam, T, Parihar, SP, Ozturk, M, et al. Redefining the Transcriptional Regulatory Dynamics of Classically and Alternatively Activated Macrophages by deepCAGE Transcriptomics. Nucleic Acids Res (2015) 43(14):6969–82. doi: 10.1093/nar/gkv646

76. Chen, J, Shao, J, Cai, R, Shen, Y, Zhang, R, Liu, L, et al. Anti-Retroviral Therapy Decreases But Does Not Normalize Indoleamine 2,3-Dioxygenase Activity in HIV-Infected Patients. PloS One (2014) 9(7):e100446. doi: 10.1371/journal.pone.0100446

77. Chen, J, Xun, J, Yang, J, Ji, Y, Liu, L, Qi, T, et al. Plasma Indoleamine 2,3-Dioxygenase Activity Is Associated With the Size of the Human Immunodeficiency Virus Reservoir in Patients Receiving Antiretroviral Therapy. Clin Infect Dis (2019) 68(8):1274–81. doi: 10.1093/cid/ciy676

78. Jenabian, MA, El-Far, M, Vyboh, K, Kema, I, Costiniuk, CT, Thomas, R, et al. Immunosuppressive Tryptophan Catabolism and Gut Mucosal Dysfunction Following Early HIV Infection. J Infect Dis (2015) 212(3):355–66. doi: 10.1093/infdis/jiv037

79. Qi, Q, Hua, S, Clish, CB, Scott, JM, Hanna, DB, Wang, T, et al. Plasma Tryptophan-Kynurenine Metabolites Are Altered in Human Immunodeficiency Virus Infection and Associated With Progression of Carotid Artery Atherosclerosis. Clin Infect Dis (2018) 67(2):235–42. doi: 10.1093/cid/ciy053

80. Jaguin, M, Houlbert, N, Fardel, O, and Lecureur, V. Polarization Profiles of Human M-CSF-Generated Macrophages and Comparison of M1-Markers in Classically Activated Macrophages From GM-CSF and M-CSF Origin. Cell Immunol (2013) 281(1):51–61. doi: 10.1016/j.cellimm.2013.01.010

81. Plaisance-Bonstaff, K, Faia, C, Wyczechowska, D, Jeansonne, D, Vittori, C, and Peruzzi, F. Isolation, Transfection, and Culture of Primary Human Monocytes. J Vis Exp (2019) 154. doi: 10.3791/59967

82. Taylor, SC, Nadeau, K, Abbasi, M, Lachance, C, Nguyen, M, and Fenrich, J. The Ultimate qPCR Experiment: Producing Publication Quality, Reproducible Data the First Time. Trends Biotechnol (2019) 37(7):761–74. doi: 10.1016/j.tibtech.2018.12.002




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Faia, Plaisance-Bonstaff, Vittori, Wyczechowska, Lassak, Meyaski-Schluter, Reiss and Peruzzi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-785905-g005.jpg
IKZF1

IKZF1

© o @ - =)

uoIssaidxe pjoj PazifeuLioN

w o v o v 9
8 & 2 8 8 @

uoIssaidxe pjoj pazifeuLioN

IL1B
2

EEEEE

& & =

uoissaldxa pjoj PozIfeuLoN

L6
>

gggge”

uoissaidxa pioj PaZIBULION

L)
7
* \\v,ﬁv
< \,&\
w
= | & 7
= N
E?
g 8 8 8 °

uoissaidxa pjoj PezilewioN

HIVEP1

w ~ L o~ - =]
uolssaidxa p|oj pazijewIoN

GSN

e 2 B NN e
= & & @ a &

uoisse1dxe p|oj PaZIfeULION

NCOR2

uoissaidxa pjo} PazifeuLoN

IDO1

TR
3

uoissaidxa o} PozZIfeuLIoN

A\

N\ P
s,

BIN1

= ] oS © =3
a < < o o

uoIssaidxe p|o} PazI[eULION





OEBPS/Images/fimmu-12-785905-g003.jpg
oy

Normalized fold expression Normalized fold expression

Normalized fold expression

£

N

0

Normalized fold expression

I"hi

® ¢

O

‘&"c

N

Q\/

RN

c}&

\vo\% &\&\&\
) I Q\ Q-s\

{@

HIVEP1

L

&
o)

Q\’

P

Normalized fold expression

MSC
4000
3000
2000
*
1000 x
*

o M = II II
< o )
SR L7 RO

0 2] Q\ 2
@
oY S Ow\qs\ \/@3‘
3@ S ]
&
Q\/
1ISG20

{ =
S
@ 280
o
o
3 210
o)
)
S 140
[0
N
T 70
£
S o

o

&

< 16000 -
S
A3 # o
£ 12000
x
[0}
kel
S 8000
el
(o}
N
S 4000
©
= 0 -

N <z°’ N Q%
c}i\"’ o\ga & \$~z~

BIN1
P-value Within ~ Between
Ctrls M1 4.9E-04
Ctrls LPS 1.4E-03
PLWH M1 8.3E-01 48E-03
PLWHLPS  20E-01 4.9E-03

P-value
Ctrls GM
Ctrls M1
Ctrls LPS
PLWH GM
PLWH M1
PLWH LPS

P-value
Ctrls GM
Ctrls M1
Ctrls LPS

PLWH GM
PLWH M1
PLWH LPS

P-value
Ctrls GM

Ctrls M1
Ctrls LPS
PLWH GM
PLWH M1
PLWH LPS

NCOR2

Within

6.3E-01
7.0E-01

2.6E-05
4.0E-03

Between

1.1E-05
4.0E-03

GSN

Within
1.1E-10
6.4E-09
8.6E-10
3.1E-10
2.0E-15
1.2E-17

Between

4.9E-02
6.0E-03
2.0E-03

BIN1

Within
1.4E-04
1.9E-04
2.3E-06
5.4E-08
3.0E-03
4.0E-03

Between

2.4E-02
6.0E-03
9.4E-05

MSC
Within Between
7.2E-10
2.1E-11
4.5E-11
4.0E-25 5.0E-02
3.2E-28 1.0E-03
1.6E-29 3.0E-03

1ISG20
Within Between

2.6E-10
1.1E-10

4.4E-33 4.0E-02
1.0E-29 6.0E-02

IDO1
Within Between

4.1E-05
3.9E-05

5.1E-17 8.5E-04
4.9E-17 4.1E-04





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Attenuated Negative Feedback in Monocyte-Derived Macrophages From Persons Living With HIV: A Role for IKAROS

      

        		

          Introduction

        



        		

          Results

        

          		

            PLWH-MDMs Show Hyper-Responsiveness and Fail to Establish Endotoxin Tolerance

          



          		

            ChIP-Sequencing Reveals Substantial Differences Between HIV+- and Control-Derived Monocytes That Were Magnified by Ex Vivo Functional Assays

          



          		

            Attenuation of the IKZF1/RELA Pathway in PLWH-MDMs

          



        



        



        		

          Discussion

        



        		

          Methods

        

          		

            Sample Cohort

          



          		

            Primary Cells

          



          		

            RT-qPCR and Primers

          



          		

            Antibodies

          



          		

            Transfection

          



          		

            ChIP-Sequencing

          



          		

            Statistics

          



          		

            Study Approval

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-785905-g006.jpg
TNFA

QQ\/ Q\’

IL6
[ =
% 250 i § 20000
a *
& 200 o 16000
x o
= 3
% 150 5 12000
e = =
B 100 # o 8000 *
N %* [9]
S # N #
% 4 R x
= 0 % 0
> © © © )
e 3\@\ X ,%3 PO NSNS
S xQ . %
0@*@ Qs‘ S 0@*@‘}& S
HIVEP1 NCOR2
6 -
= =
25" 2
w0 [
8, * ¢
a a
3 4 3
5
s P
2, | e
E, g
E E
3% o 2
N & D 5O N O & > =l
go\& (o\? ,"Q\Q ﬂ>§q,\? 6 Q \y 3 \&q’\?
SO "‘0“\ N é
IL1B
250 #
S *
& 200 #
g *
X 150 -
o
£ 100 x
el
[0}
N 50
©
%@" PP o 39
0&&%@&





OEBPS/Images/fimmu-12-785905-g004.jpg
Normalized fold expression

RELA
12

2.0E-02
7.0E-02

RELA

‘ RELA
8 | P-value Within  Between

‘ Ctrls M1 5.7E-06

* Ctrls LPS 1.2E-06

4 PLWHM1  21E-18

| PLWHLPS 3.1E-19
0

N ) N 03

\{~‘=§ {\%\g @‘bé Q‘\g
o & ¥ Qs\

Ctrl Pt Pt:2 Pt3
G i 6 E 6 LB L

G — — — D — — RELA

i ol o <50, GAPDH

- —_ =)

[N)

N

Relative expression over GM-CSF

IKZF1

P-value Within  Between

PLWHM1  1.3E-05 3.0E-02
PLWHLPS 3.2E-01 3.0E-02

IKZF1
20 -
c
S
? 16
Q0
3
3 12 | .
S
hagX: i Ctiis M1 95E-01
8 CtlsLPS  29E-01
T 04
E
200
N S N )
\@é @Q @\S A@‘g
@) c}. Q\, Q\’





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-785905-g001.jpg
T0 GM-CSF M1 LPS
6 days 24 hrs 5hrs
} f } } >
GM-CSF LPS+INF7  LPS challenge
mTNFA IL6 mIL1B
#
e B 4% TNFA IL6 IL1B
g T P-value Within Between Within Between Within Between
2 * Ctils M1 1.7E-07 1.7E-05 5.0E-03
5120 |
2 Ctris LPS  7.0E-08 4.2E-06 4.0E-03
" *
8 - PLWHM1 6.7E-16 0601 32E-23 6.1E-04 44E-13 6.2E-03
o
8 o ‘ ": PLWHLPS 17E-22 239E-051.2E-25 1.7E-05 1.1E-13 1.1E-03
g = . PLWH
= ‘ M1/LPS  1.0E-03 9.0E-03 1.0E-03
2 o ‘_- . || || . .
SR
& g S
S Q\' Q\z
m146a-5p m155-5p 146a-5p 165-5p
S 45 P-value Within ~ Between Within  Between
a8 | * Ctrls GM-CSF  1.4E-06 2.9E-08
s Ctrls M1 2.0E-09 6.9E-14
8204 CtiisLPS  5.3E-09 4.8E-14
S PLWH GM-CSF  33E-11 50E-03 18E-22 20E-01
B z 3 PLWHM1  34E21 20E-03 18E-37 35E-01
N 159 PLWHLPS  29E-21 20E-03 49E-40 4.5E-02
= |
E | i Ratio  155-5p/146a-5p 155-5p/146a-5p
(=}
z0 < % Ctrls M1 14 PLWH M1 28
N 2y N &
& g}‘ $ & QF‘\ S Ctrls LPS 13 PLWH LPS 27
N & e NS
[©) O o
@ Q& Vv
S S
¢ &
SOCSs1 SOCS3
f =
of 120 5 40 SOCS1 SOCS3
2 S
g g P-value  Within Between Within Between
3 8 S Ctrls GM  8.2E-01 7.0E-01
()
E ° Ctris M1 1.0E-06 7.0E-07
2
§ 45 | = Ctrls LPS  6.9E-07 5.5E-08
g N PLWHGM 6.0E-02 6.0E-02 25E-05 1.0E-02
5 E PLWHM1 26E-22 7.4E-01 14E-17 3.4E-10
S = 2 PLWHLPS 1.8E-23 82E-01 2.0E-20 13E-04
C Q@& QP
S M Q M Q
S0 ¥ R Y
N NS
Q) ISy &
& O &






OEBPS/Images/fimmu-12-785905-g002.jpg
H3K4me1 H3K4me3

HIV CTL CTL HIV

14 10
61 sites differentially bound 13 sites differentially bound
PLWH vs Ctrls PLWH vs Ctrls
Gene FC p-value Gene FC p-value
PPP2R2B 2.26 8.1E-03 OSBPL5 -1.04 8.4E-01
MSC 1.93 7.4E-03 ANKRD11  -1.07 7.0E-01
HIVEP1 1.40 1.9E-01 FBXW11 -1.07 8.1E-01
BIN1 1.38 3.0E-01 SRGAP1 -1.11 3.3E-01
PPP1CB 1.35 1.3E-01 NFE2L2 -1.14 2.5E-01
TCF7L2 1.26 1.8E-01 OSM -1.18 6.4E-01
SWAP70 1.19 2.2E-01 ABI1 -1.33 1.8E-01
DMXL2 1.09 8.1E-01 PXMP2 -1.37 3.1E-02
RB1 1.05 9.1E-01 SIRPA -1.38 3.2E-06
GSN 1.01 9.2E-01 ACSL4 -1.38 1.8E-04
RASA3 1.00 9.9E-01 PGAMS -1.40 1.1E-02
1SG20 -1.01 9.7E-01 EGLN1 -1.45 3.0E-01

NCOR2 -1.01 9.5E-01 PTGR2 -1.71 3.6E-02





OEBPS/Images/fimmu-12-785905-g007.jpg
HIV negative

NCOR2, MSC,

T IKAROS
T BIN1, GSN, 1ISG20

1 RELA
T miR-155-5p \

TNFA, ILG, IL1B
IDO1

A

IFN-y, LPS

IKZF1, RELA

1 miR-146a-5p

PLWH

T IKAROS NCOR2, MSC,
BIN1, GSN, ISG20
T RELA IKZF1, RELA
f miR-155-5p X
TNFA, IL6, IL1B
IDO1 T miR-146a-5p

A

IFN-y, LPS





OEBPS/Images/fimmu.2021.785905_cover.jpg
’ frontiers

in Immunology

Attenuated Negative Feedback in
Monocyte-Derived Macrophages
From Persons Living With
HIV: A Role for IKAROS





OEBPS/Images/table1.jpg
Sample size PLWH Controls

n=95 n=>50
Men 61%" 40%
Women 39%" 60%
Avg Age 53* 46
African- American 88% 0%
White 22%" 99%
High Viral Load (<400 copies/ 23%
ml)
Low Viral Load (<20 copies/ml) 66%
CD4 T cell count 532 cells/mm? (range 90 to

1233)
cART 100% 0%
Smoking 53% 0%
Hypertension 42% 0%
Diabetes 27% 0%

Subsets of PLWH and controls from this larger cohort were indiscriminately utilized
throughout various experiments. *? indiicates statistical significant difference in gender
distribution within the group of PLWH and between PLWH and Controls; *Student's t-test
indicates statistical significance difference between PLWH and Controls.





