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Introduction

Live microfilariae (mf) and mf-derived extracellular vesicles (EVs) have been shown to modulate human antigen presenting cell (APC) function, most notably by suppressing the induction of IL-12 (and other pro-inflammatory cytokines) following activation with LPS and interferon-y. 





Methods

To explore further how EVs alter human APC function, we studied the effect of mf and EVs on human elutriated monocyte-derived dendritic cells (DC) following exposure to Mf, mf-derived excretory/secretory (E/S) products, E/S depleted of EVs through ultracentrifugation and purified EVs.  After demonstrating that the measurable responses induced by live mf could be recapitulated by EVs and EV-containing E/S, we next performed RNAseq analysis of human DC following exposure to live mf, EVs, E/S, or EV-depleted E/S. 





Results

In our analyses of the data for the DC, using a false discovery rate (FDR)<0.05, EV-exposed DC had induced the expression of 212 differentially expressed genes (DEGs) when compared to unexposed DC and 157 when compared to E/S-depleted EVs.  These genes were enriched in GO biological processes associated with neutrophil degranulation and 15 DEGs associated with KEGG Lysosome pathways. IPA analysis point to immune dysregulation. We next aimed to understand the intracellular processes altered by EVs and the effect these have on effector T cells. When SARS CoV-2 Membrane-specific CD4+ TCLs were assessed following EV conditioning of autologous DC and activation with the SARS CoV-2-Membrane peptide pool, we found conditioning reduced the frequency of SARS CoV-2 Membrane-specific CD3+ CD4+ CD154+ cells (p=.015). Similarly, EV-conditioning of SARS CoV-2 Membrane-specific CD3+ CD4+ cells induced fewer cell capable of producing IFN-γ (p=.045). 





Discussion

Taken together, our data suggest a modulatory role of EVs on APC function that likely leads to defects in T cell effector function.
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1 Introduction

Among the various filarial infections that together infect >200 million people worldwide, those with lymphatic filariasis, caused by Brugia spp. and W. bancrofti infection, are the most severely affected. A common immunologic feature of all the filarial infections (and most notably those that are bloodborne) is the expansion of parasite antigen-specific Th2 cells well as the expansion of IL-10-producing CD4+ T cells (1), processes largely associated with the presence of circulating microfilariae (Mf), the parasite stage that provides the most significant source of excreted/secreted (E/S) parasite antigen. Additionally, parasite antigen-specific Th1 responses are muted leading to what has been termed antigen-specific T cell hypo-responsiveness; this suppressed parasite-specific memory response spills over to non-parasite bystander antigens with persistent, longstanding infection (2, 3).

A number of hypotheses have been put forth to explain the T cell alterations seen in chronic filarial infections including: 1) TGF-β receptor engagement (4); 2) induction of Tregs (5); and 3) APC dysfunction (6), mostly triggered by E/S products. Previous studies have shown that E/S antigens can drive CD14+ monocytes to become capable of modulating both T cell and lymphatic endothelial functions (7). Moreover, E/S products have been shown to modulate dendritic cell (DC) maturation, leading to altered immune responses (8). Studies have demonstrated that exposure of DC to helminth E/S products can inhibit the upregulation of costimulatory molecules, such as CD80 and CD86 and promote the downregulation of antigen uptake receptors, such as DEC-205 and mannose receptor, thereby preventing full maturation of DC (9). This immature DC phenotype is associated with the induction of regulatory T cell (Treg) responses (10) which may contribute to immune suppression and parasite persistence. Filarial helminth infections have also been shown to interfere with the Toll-like receptor (TLR) signaling pathway in DC, again resulting in impaired DC maturation and cytokine production (11).

Because extracellular vesicles (EVs) are part of E/S products (12–14), it has been suggested that EVs can interact with a range of host cells and may be mediators or central drivers of immune modulation. These interactions could suppress APC functions and alter the generation of antigen-specific T cells (15). Interestingly, EVs produced by intestinal nematodes have also been associated with immunoregulation (12). Heligmosomoides polygyrus-derived EVs can suppress the activation of type 2 innate lymphoid cells (ILC2s) (16) by inhibiting the expression of IL-33 receptor, which is essential for the activation of ILC2s.

Notwithstanding, Mf-derived EVs, known to be released in large quantities and being capable of modifying intracellular functions and cellular signaling in APCs (12), have previously been shown to alter some intracellular processes including mTOR signaling (17). Thus, EVs have emerged as attractive carriers of proteins, lipids, and nucleic acids that may penetrate host defensive barriers and increase cellular susceptibility to immune suppression (18). Having previously shown that these Mf-derived EVs are heterogenous in size with both exosome and microvesicle-like particles that contain protein cargo with mammalian exosome markers (elongation factor 1- α, histones, heat shock proteins and ATP synthase) (17), we have previously demonstrated EVs to be readily internalized within human monocytes, where they affect key intracellular functions (17). However, the underlying mechanisms on how Mf-derived EVs alter the molecular program of APCs and its subsequent effect on antigen-specific T cell effector responses are less studied.

Therefore, we sought to understand the role played by these Mf-derived EVs in modulating APC function. In this paper we characterize the role played by Mf-derived EVs, their impact on antigen presenting cell function, and how this affects antigen-specific T-cell effector responses, particularly those responses driven by viral antigens. Our data suggest that EVs are central drivers of diminished cytokine production from APCs following activation that in turn downregulates antigen-driven T cell effector function.




2 Methods



2.1 Preparation of microfilariae, E/S products and EVs

Live B. malayi Mf were provided by the University of Georgia, Athens, GA by peritoneal lavage of infected jirds and were purified as previously described (8). To prepare Mf E/S products (supernatant), live Mf were thoroughly washed with culture media (RPMI 1640, 1% D-glucose, 1% L-glutamine, 1% penicillin/streptomycin) and maintained in culture media at a concentration of 1x106 Mf/mL at 37°C for 24h. Mf were then pelleted, and the supernatant was collected. EVs were collected as previously described (17). Briefly, the ExoQuick-TC ULTRA kit (System Biosciences, Palo Alto, CA) was used, according to the manufacturer’s instructions, to isolate Mf-derived EVs after 24 hours of incubation. To perform the depletion of EVs from Mf E/S, E/S was collected and subjected to ultracentrifugation at 100,000 X g for 1 hour. The EV-depleted supernatant was collected and the pelleted EVs were discarded.




2.2 Cell culture

Human monocytes used for this study were isolated from leukopaks from healthy donors by counterflow centrifugal elutriation. This work was performed under Institutional Review Board (IRB)-approved protocols (99-CC-0168) from the Department of Transfusion Medicine (Clinical Center, National Institutes of Health, Bethesda, MD. All donors provided informed written consent. Human monocyte cells were isolated from 4 donors using magnetic beads (Pan Monocyte Isolation Kit, human, Miltenyi). 12x10^6 human monocyte cells were cultured for 6 days with addition of GMCSF and IL-4 to differentiate monocyte-derived DC.

Human DC were resuspended in complete culture media [RPMI 1640 medium (Gibco) supplemented with 10% heat-inactivated AB serum (Pan Biotech), 1% nonessential amino acids, 1% HEPES, 1 mM sodium pyruvate, 2 mM fresh L-glutamine, 100 μg/ml streptomycin, 100 units/ml penicillin (all from Life Technologies, USA)] and cultured in 6-well tissue culture plates at a concentration of 1x106/mL. DC were activated with a final concentration of 100ng/mL IFN-y and 100ng/mL of LPS or incubated in media alone overnight. Lastly, DC were either left unconditioned (media), or conditioned with 50,000 live Mf, Mf-derived EVs (normalized using 10ug of protein content), 10uL of Mf E/S, or 10uL of Mf supernatant depleted of EVs for 48hrs at 37°C in 5% CO2.

Due to inherent limitations in sample availability and experimental design constraints, donor cells and cell lines were not uniformly accessible across all analyses. RNA sequencing experiments were conducted on a subset of 4 donors, while cytokine profiling encompassed 6 donors, with an additional cohort of 6 donors utilized for supplementary extracellular vesicle-dependent cytokine analyses. In a related investigation exploring T cell lineage dynamics in the context of COVID-19, a more extensive donor pool of 11 individuals was employed, as elucidated in the referenced study (19).




2.3 Cytokine and chemokine measurements

Supernatant from DC cultures was collected and assessed using a customized assay (Millipore HCYTOMAG-60K) for 10 human analytes: IL-10, IL-1a, IL-1b, IL-8, IL-12p70, RANTES, TNF-α, and IL-12p40. The assay was performed according to the manufacturer’s instructions, and samples were analyzed using a Bio-Plex 200 (Bio-Rad).




2.4 Preparation and analysis of samples for mRNA-Seq

RNA was extracted from 1x10^6 DC exposed to media (unconditioned), Mf, EV, E/S and EV-depleted E/S, from 4 different donors, using the Total RNA and Protein Isolation Kit (Thermo Fisher Scientific) following the manufacturer’s instructions. 1ul of total RNA from each sample was used to assess its concentration using a Qubit 4 (Invitrogen). 2ul of a normalized concentration of RNA from each sample was loaded into an Agilent RNA 6000 Nano LabChip using manufacturer recommendations and assessed through an Agilent 2100 bioanalyzer. The Agilent 2100 bioanalyzer calculated and reported RNA Integrity Numbers (ratio of 28S:18S ribosomal RNA) to determine total RNA sample quality. Next, mRNA was purified from total RNA using the RNeasy Pure mRNA Bead Kit (Qiagen) according to manufacturer instructions. Sample concentrations were normalized identically to total RNA normalization. 1ul of a normalized concentration of mRNA from each sample was loaded into an Agilent RNA 6000 Pico LabChip (Agilent Technologies) using manufacturer recommendations and assessed through an Agilent 2100 bioanalyzer. Samples with RIN values above 8.0 were prepared for mRNA-Seq analysis.

Bulk mRNA-Seq was performed by the Frederick National Laboratory for Cancer Research Sequencing Facility. Indexed RNA sequencing (RNA-seq) libraries were constructed from 1 µg total RNA using a TruSeq Stranded mRNA Library Prep (Illumina). 20 pooled mRNA-Seq samples were sequenced in paired-end mode using 1 lane of Illumina HiSeq3000/4000 flowcell, generating 2 × 151 bp reads. The mapping statistics are calculated using Picard software. Basecalling was performed using RTA (v.2.11.3). Samples were demultiplexed using Bcl2fastq v217) and aligned using STAR 2.7.0f. Library complexity is measured by unique fragments in the mapped reads using Picard’s MarkDuplicate utility.




2.5 Sequencing data analysis

The mRNA sequencing data was processed using default parameter with RNA-seek workflow (https://github.com/OpenOmics/RNA-seek). This included preprocessing of the raw sequencing reads to remove low quality bases, adapters, and shorter reads using Cutadapt v1.18, followed by alignment to human hg38 reference genome (GRCh38, Gencode Release 30) using STAR (v.2.7.6a) aligner in two-pass mapping mode. The gene expression counts estimated from number of reads mapping to each annotated gene using RSEM (v.1.3.0). The expression data were transformed to log2-counts per million (logCPM) and then filtered to remove genes with <1 CPM that are expressed in less than 4 samples. The filtered gene expression count was normalized using TMM (Trimmed Mean of M-values) method (20). Normalized data was then used for differential expression analyses using limma. The variation in gene expression data originating from cell-line donor patients was blocked for this analysis. EV-Media differential expression genes (FDR=0.05) were assessed using canonical pathway enrichment profiles generated using Ingenuity Pathway Analysis (IPA, Qiagen, Redwood City, CA, US). Information on these files may be found in an online repository (GEO: GSE263690 and GEE263693- see Supplementary Tables 1, 2 for associated metadata).




2.6 RNA isolation for RT-PCR

10x106 monocyte-derived DC were cultured in complete media and exposed to purified EVs for 48hrs. RNA was extracted from EV-conditioned and unconditioned (media) DC using the Total RNA and Protein Isolation Kit (Thermo Fisher Scientific) following the manufacturer’s instructions. Using the Taqman Advanced RNA cDNA Synthesis Kit (Thermo Fisher Scientific) cDNA was made. 1–10 ng of RNA extracted from cells was used to perform polyadenylation tailing reaction at 37°C for 45 minutes and then 65°C for 15 minutes. This was followed by adenylation ligation reaction that was performed at 16°C for 60 minutes. The reverse transcriptase reaction was performed at 42°C for 15 minutes followed by 85°C for 5 minutes. An amplification step was performed at 95°C for 5 minutes for 1 cycle, 95°C for 3 seconds for 14 cycles, 60°C for 30 seconds for 14 cycles, and 99°C for 10 minutes for 1 cycle. RT-PCR was performed to detect mRNA expression of genes identified within the RNASeq analysis. The reaction mix contained 18ul of cDNA, 2 ul of each respective primer and 20ul of Taqman Advanced Mastermix. Cycling parameters were 95°C for 20 seconds for 1 cycle, 95°C for 40 cycles and 60°C for 40 cycles. A Ct value of 40 is negative. All of the primers used were purchased commercially from Bio-Rad: (PrimePCR™ SYBR® Green Assay: TNC, Human (#10025636), PrimePCR™ SYBR® Green Assay: MT1F, Human (#10025636), PrimePCRSYBR® Green Assay: SLC7A11, Human (#10025636), PrimePCR™ SYBR® Green Assay: PAPPA2, Human (#10025636), PrimePCR™ SYBR® Green Assay: JAK3, Human (#10025636), PrimePCR™ SYBR® Green Assay: SLC39A10, Human (#10025636), PrimePCR™ SYBR® Green Assay: TLR7, Human (#10025636), PrimePCR™ SYBR® Green Assay: S100A4, Human (#10025636), PrimePCR™ SYBR® Green Assay: SLAMF1, Human (#10025636), PrimePCR™ SYBR® Green Assay: mTOR, Human (#10025636)).




2.7 RT-PCR data handling

The 2^DeltaDelta (Ct) formula was used to calculate fold change in gene expression. The average Ct of EV-treated DC, untreated (media) DC, and 18s (housekeeping gene) were calculated for each gene. Average 18s Ct values were subtracted from all genes to calculate the Delta Ct values for EV-treated DC and untreated DC replicates. Next, the Media delta Ct values were subtracted from the EV-treated delta Ct values to calculate delta delta Ct values. Lastly, to calculate fold change, 2^ (delta delta Ct values) were calculated for EV-treated cells.




2.8 Conditions for filarial helminth exposed DC and SARS CoV-2-membrane specific T- cell lines

As previously described, we generated SARS-CoV-2 Membrane protein-specific CD4+ T cell lines (TCLs) from 6 donors (19) who provided PBMCs under a NIAID IRB approved protocol (88-I-0083) (19). For in vitro expansion of these CD4+ TCLs, cryopreserved Membrane specific-TCLs were thawed and incubated for 12 days in the presence of the respective antigens, irradiated autologous feeder PBMCs, and 60U of rIL-2, as previously described (REF). Separately, autologous monocytes were purified from cryopreserved PBMCs from whom the TCLs were generated using negative depletion magnetic cell sorting (MACS Miltenyi Biotec, USA). 12x10^6 purified monocytes were seeded in 6-well plates and placed in R10 media culture [RPMI 1640 medium (Gibco) supplemented with 10% heat-inactivated AB serum (Pan Biotech), 1% nonessential amino acids, 1% Hepes 1M, 1 mM sodium pyruvate, 2 mM fresh L-glutamine, 100 μg/ml streptomycin, 100 units/ml penicillin (all from Life Technologies, USA)] at 37°C, 5% CO2 for 6 days to be differentiated into DC with addition of 10uL of IL-4 (1mg/mL) and 10uL of GM-CSF (1mg/mL) at days 1,3, and 5. 1x10^5 DC were seeded into 6-well plates and exposed to 50,000 live Mf, EVs or media alone for 48hours in 37C with 5% CO2. After treatment conditioning, DC were washed and loaded for 4hrs with 1µg/mL of SARS-CoV-2 peptide megapools (MPs).

Next, all DC conditions were counted and seeded in 96-well round bottom culture plates by condition (Mf-conditioned, EV-conditioned, media/unconditioned). SARS-CoV-2 Membrane-specific T-cells from autologous donors were added in a ratio of 1 DC:10 CD4+ T-cells in each plate. DC: TCL co-cultures were unstimulated (media) or stimulated with 1ug/mL Membrane protein, or 1ug/mL SEB for 17hrs in 37C. BFA was added after 6hrs of stimulation.




2.9 Flow cytometry conditions for filarial helminth exposed DC and CD4+ SARS CoV-2- membrane specific T- cell lines

The activation and intracellular cytokine profiles of the SARS-CoV-2-Membrane specific CD4+ TCLs incubated with their autologous Mf and EV-conditioned DC were analyzed using flow cytometry immunophenotypic and functional assays. Briefly, TCLs were stimulated overnight in 5% CO2 at 37°C with autologous donor SARS-CoV-2 antigen-loaded monocyte-derived DC conditioned with Mf and EV or unconditioned (media). Cells were stained for viability (Live/Dead fixable blue, UV450, Molecular Probes) and then incubated with anti-CD3 (BUV805, UCHT1, BD), anti-CD4 (cFluor YG584, SK3, BD) for 30 min in the dark at room temperature. The cells were then washed twice with FACS buffer and fixed using a Fix/Perm buffer kit (BioLegend) for 30 min at 4°C. The cells were washed twice with Perm buffer (BioLegend) and resuspended with the intracellular antibody mix containing anti-CD69 (BV711, FN50, Biolegend), anti-CD154 (PE, TRAP-1, BD), anti-IFN-γ (PE-Cy7, B27, BD) for 30 min at 4°C. Finally, the cells were washed twice with Perm buffer and acquired using the Cytek Aurora flow cytometer (Cytek Bio) and Spectroflo software (Cytek Bio) for acquisition. FCS files were analyzed using OMIQ software (Dotmatics) and cell frequencies and ratios were exported to GraphPad Prism 7 for analysis.




2.10 Statistical analysis

For Luminex assay and flow cytometry cell frequencies/MfI results, paired samples were analyzed using the Wilcoxon test, and the Mann-Whitney test (nonparametric test) was used to compare among different groups. The geometric mean was used as a measure of central tendency. GraphPad Prism 7 was used for all statistical analysis. P values less than.05 were considered significant.





3 Results



3.1 Microfilaria-derived EVs downregulate activated DC cytokine production

Having previously shown that live Mf and Mf-derived E/S products alter APC function [34 (21)] EVs may downregulate APC mTOR phosphorylation (8, 17), we chose initially to corroborate some of these data and to assess the role of Mf-derived EVs in altering DC cytokine production both before and following activation. To this end, DC derived from monocytes from 11 healthy donors were stimulated with live Mf or with EVs for 2 days. As has been shown previously (22), compared to their respective baseline levels, both live Mf and Mf-derived EVs were capable of inducing significantly higher amounts of (p<.05 for all cytokines) IL-10, IL-8, RANTES and TNF-α (Supplementary Figure 1) compared to unexposed DC. IL-12p40 and IL-12p70 were not induced following exposure to live Mf or Mf-derived EVs. We next assessed differences in cytokine induction by Mf- or EV-conditioned DC following activation with LPS and IFN-γ. As can be seen in Figure 1, IL-1b (p=.019), IL-12p40 (p=.014), RANTES (p=.005), and IL-12p70 (p=.032) levels were statistically significantly lower in EV-treated human DC than in those left unexposed; RANTES (p=.027) and IL-12p40 (p=.0068) induction was also statistically significantly lower in Mf-treated DC when compared to Mf-unexposed DC. There were no statistically significant differences seen between Mf- or EV-exposed IL-10, IL-1α or TNF-α production compared to unexposed DC. The percentage of inhibition of cytokine production was calculated by comparing the average cytokine pg/mL production per treatment condition (EV-conditioned DC vs. Media). All cytokines assessed, except for IL-8, demonstrated inhibition in cytokine production as a consequence of EV-conditioning: IL10 (52.85%), IL12p40 (60.58%), IL8 (-33.63%), 12p70 (40.52%), RANTES (56.54%), TNF (71.17%), IL1 (60.1%), and IL1b (22.23%). These data indicate EVs diminish DC cytokine production following activation to the same degree as live Mf.




Figure 1 | EVs downregulate cytokine production in activated DC Human DC (n=10-11) after exposure to media alone (open circles), live Mf (closed circles) or EV (closed circles) were activated with LPS and IFN-y and supernatants assessed for production of IL-10 (A), IL-1a (B), IL-1b (C), RANTES (D), IL-8 (E), IL-12p40) (F), IL-12p70 (G), TNF-α (H). NS, non-significant.






3.2 EVs downregulate IL-10 and IL-12p40 cytokine induction in DC

Having found that EV exposure downregulates cytokine production from DC following activation, we next assessed the role of EVs in driving alterations in DC function. By comparing E/S and E/S depleted of EV (Figure 2), we could show that DC, when conditioned with E/S and activated with LPS/IFN-γ, markedly downregulated the production of IL-10 (Figure 2A) and IL-12p40 (Figure 2E) when compared to DC conditioned with media alone. When exposed to E/S depleted of EVs, the IL-10, IL-1a, IL-1b, IL-1c, IL-12p70 and IL-12p40 levels were no different than DC conditioned by media alone (p>.05 for all comparisons) following activation (Figures 2A–F). These data indicates that EVs contained within the E/S are likely responsible for the alteration of DC cytokine production following activation with LPS/IFN-γ.




Figure 2 | EVs contained within Mf E/S drive DC suppression of cytokine production following activation Human DC were exposed to media, Mf-derived E/S, and Mf-derived E/S depleted of EV for 48 hours and assessed for IL-10 (A), IL1a (B), IL1b (C), IL8 (D), IL-12p40 (E), IL-12p70 (F). Each dot represents an individual DC culture with the color matched for each donor among conditions. ns, non-significant.






3.3 EVs are central drivers of gene function alterations in human DC

Next, we assessed the impact of Mf-derived EV exposure on the function of DC through RNASeq analysis. Human DC were treated with Mf-derived EVs, E/S, or EV-depleted-E/S. Following exposure, cells were harvested, RNA prepared and sequenced. Using a false discovery rate (FDR)<0.05, we found EV-exposed DC had 212 differentially expressed genes (DEGs) when compared to EV-unexposed DC (147 upregulated/65 downregulated). Most interestingly, there was essentially no difference in DEGs between DC exposed to EVs and those exposed to E/S (only 10 [7 upregulated, 3 downregulated] DEGs. Like the comparison between EV-exposed and media-exposed DC, EV-depleted E/S looked similar to media when compared to EVs (157 DEGs [56 downregulated/101 upregulated (Figure 3A). Clustering of the DEGs across all conditions showing all 4 donor DC, demonstrate that EVs contained within the E/S were responsible for the effects observed in E/S products. Our findings highlight the central role of EVs derived from Mf in altering the gene expression and function of DC.




Figure 3 | Differentially expressed genes (DEGs) in antigen presenting cells exposed to filarial helminth byproducts RNA sequencing results from 4 separate human DC donors left unexposed (media) or exposed to Live Mf, EVs, EV-depleted E/S, and E/S. (A) Shows two Venn diagrams of the number of upregulated (Left) and downregulated (Right) DEGs among the various conditions. (B) Shows the unsupervised hierarchal clustering of DEGs for EV vs Media (Left, heatmap), EV vs EV-depleted E/S (middle, heatmap), and EV vs E/S (right, heatmap). (C) Depicts volcano plots of the various comparisons with blue dots represents statistically significant downregulated DEG and the red dots representing significantly upregulated DEG.



Ingenuity Pathway Analysis (IPA) was used to uncover pathways in DC modulated by exposure to microfilariae (Mf)-derived EVs. The analysis identified two predominant enriched canonical pathways: “DC Maturation” and “Th1 and Th2 Activation Pathways” (Figure 4A). Within the IPA-identified DC Maturation canonical pathway, genes associated with antigen processing (HLA-DMA, HLA-DMB) and immune complex recognition (Fc-gamma receptor, FcγR) were found to be downregulated. The Fc-gamma receptor component encompassed annotations for inhibitory molecules and demonstrated downregulatory relationships between MHC Class I and II activation and IL-10 production. Notably, the MHC Class II genes HLA-DMA and HLA-DMB, crucial for antigen presentation, exhibited marked downregulation within this pathway. This downregulation aligns with the overall inhibitory pattern observed in the DC Maturation pathway, suggesting a potential mechanism by which Mf-derived EVs may modulate DC function and subsequent immune responses. These findings provide insights into the molecular mechanisms underlying the immunomodulatory effects of Mf-derived EVs on DC, potentially contributing to our understanding of host-parasite interactions in filarial infections.




Figure 4 | Ingenuity Pathway Analysis of annotated canonical pathways in EV-conditioned DC Top Canonical signaling pathways of biological relevance in human DC (A). Map of the Th1 and Th2 activation pathway with blue indicating downregulated genes in the pathway (B). A map of the DC Maturation canonical pathway indicate annotated molecules are associated with suppression (blue) of Fc gamma receptor signaling (C).



Because APCs drive activation of T cells, it is not surprising that the second most important canonical pathway was that associated with Th1 and Th2 activation. Th1 and Th2 activation is pleiotropic with multiple molecules within the pathway responsible for elements of cellular proliferation regulation. As can be seen (Figures 4A–C), EV-treated cells demonstrate inhibition in Th2 cell proliferation indicated by a significantly downregulated, negative z score describing the pathway regulatory networks.

We next used real-time quantitative RT-PCR to confirm the differential gene expression found in the RNAseq analysis. DC were either exposed to EVs or media and RNA was prepared from these cells. Using genes identified to be relevant to both viral and helminth immune response, we were able to independently corroborate the EV-induced alteration of M1 (Signaling Lymphocytic Activation Molecule Family Member 1), TLR7 (Toll-Like Receptor 7), SLC (Solute Carrier Family 7 Member 11), MT1 (Metallothionein 1F) and mTOR (Mechanistic Target of Rapamycin Kinase) (Supplementary Figure 3).




3.4 Mf-derived EVs alter DC activation and activity of antigen-specific T-cells

To determine the impact of Mf-derived EVs as modifiers of DC function, we investigated the impact of EVs on DC activation of antigen-specific CD4+ TCLs (19). Using autologous DC derived from the 6 donors from whom the TCLs were derived, these DC were exposed to Mf-derived EVs or media for 48hrs. After 48hrs, the cells were washed and loaded with SARS CoV-2 Membrane peptide pools. Concurrently, Membrane-specific (n=6) TCLs were thawed and co-incubated with their matched (and conditioned) DC. Flow cytometry to assess intracellular CD154, a marker of antigen-experienced CD4 T cells, and IFN-γ, a marker of an anti-viral cytokine response were assessed (Supplementary Figure 3). As can be seen in Figure 5, using SARS CoV-2 Membrane-specific CD4+ T cell derived from the same 6 donors and DC conditioned with Mf-derived EVs, we were able to find fewer activated SARS CoV-2 Membrane-specific CD3+ CD4+ CD154+ cells (p=.0001) when compared to unconditioned DC. Additionally, Mf-derived EV-conditioning of DC induced fewer SARS CoV-2 Membrane-specific CD3+ CD4+ cells capable of producing IFN-γ (p=.0001).




Figure 5 | Frequency of SARS CoV-2 Membrane TCLs following activation by EV-conditioned human DC Representative flow cytometry plots of a single patient for SARS-CoV-2 Membrane-specific CD3+ CD4+CD154+ T cells (A). Frequencies of SARS-CoV-2 Membrane-specific CD3+ CD4+CD154+ T cells (B). Representative flow cytometry plots of a single patient for SARS-CoV-2 Membrane-specific CD3+ CD4+ CD154+ IFN-y+ (C). Frequencies of SARS-CoV-2 Membrane-specific CD3+ CD4+CD154+ T cells detected in coincubations with EV-conditioned dendritic cell (D) n= 6.







4 Discussion

Brugia malayi represent a class of parasitic (filarial) organisms that inhabit the lymphatic system and can induce subclinical chronic infections in their hosts. The disease associated with infection (lymphatic filariasis) can be characterized by significant morbidity resulting from the inflammatory responses elicited by the filarial worms. Recent studies have revealed that filarial helminths secrete EVs containing a variety of biomolecules, including small RNAs, proteins, lipids, and glycans, which are then internalized by host cells (13, 17). Our research group has previously demonstrated that both the Mf and the EVs derived from them are capable of modulating host mTOR-associated pathways which play critical roles in the regulation of cellular proliferation, autophagy, and apoptosis. The unique characteristics of EVs, including their ability to transport immunomodulatory cargo, have made them the focus of increasing attention as a potential therapeutic tool for targeted delivery of these biomolecules. Our investigations have shown that EVs are readily internalized by human DC, where they can modulate key intercellular functions (17). 21 proteins unique to Loa loa EVs have been found in patient sera, indicating potential use of EVs as a biomarker of infection (23). Additionally, the immunomodulatory functions of EVs have been explored as a potential therapeutic approach for reducing clinical symptoms and inflammatory markers in models of inflammation (24). In particular, studies of the effects of helminth infections on immune responses to viral antigen and vaccines have revealed that these infections induce a cytokine response that diminishes bystander antigen-specific immune responses (25). In the present study, we aimed to characterize the role of EVs in mediating alterations of human APC functions and to evaluate the immunomodulatory effects of these EVs on viral-specific immune responses.

EVs contain cargo that modulate the functions of DC and influence their interactions with immune cells. Through RNA sequencing analysis, we demonstrated that EVs are a potent modulator of DC gene expression, as the gene expression in EV-exposed cells was found to be distinct from both EV-depleted E/S- and media-exposed cells (Figures 3A-C). These findings provide strong evidence that EVs, rather than unencapsulated soluble mediators, are responsible for driving the observed changes in DC functions. Our previous research has established that EVs, like Mfs can alter immune activation functions in APCs through their internalization within the cell cytosol; in so doing they appear to suppress the production of proinflammatory cytokines (26). In line with these findings, in the present study, exposure to Mf-derived EVs resulted in a suppression of DC cytokine production, including IL-12p40, IL-12p70, IL-1b, and RANTES in activated human DC (Figures 1A, B). Additionally, depletion of EVs from Mf E/S resulted in a return of these cytokines to their baseline levels. The impact of EVs on reducing cytokine secretion demonstrate their immunomodulatory capacity. The results presented in this study underscore the potential utility of EVs as a therapeutic tool, owing to their ability to internalize within a diverse range of target cells and transfer molecules that modulate intracellular machinery. Specifically, the findings of this study implicate EVs as important regulators of host-parasite immune responses and suggest that they have great promise as a means of manipulating immune activation and suppression. A deeper understanding of the underlying mechanisms by which EVs modulate these processes could inform the development of novel therapeutic strategies for the treatment of helminth infections.

In addition to their potential application in the context of parasitic infections, the results of this study further support the growing body of literature that indicates that EVs are key players in the regulation of APC function and, thus, are capable of shaping the host immune response (13, 27–29). We found EVs downregulate pathways for DC maturation that in turn have consequences for Th1 differentiation. The impact of reduced Th1-associated effector function include limitations to expansion of immune subsets, and dysregulated immune effector functions for antiviral responses.

We found that EVs downregulated MHC-II expression in DC as well as HLA-DMA and HLA-DMB, a marker of DC maturation. The enzyme HLA-DM facilitates CLIP dissociation from MHC-II, which enables the binding of a peptide to MHC-II. DM stabilizes MHC-II during peptide exchange and selects for peptides with higher binding affinities. Therefore, HLA-DM may play a role in DC antigen presentation by facilitating the exchange of peptides bound to MHC-II. EVs may alter HLA-DMA and HLA-DMB, preventing antigen-processing of filarial antigens to avoid immune detection.

As stated above, HLA-DM is a nonclassical MHCII-like protein that plays a pivotal role in selecting high specificity epitopes, ultimately shaping the adaptive immune response. By acting as a peptide exchange catalyst, HLA-DM helps to shape the MHCII immunopeptidome by editing the repertoire of presented peptides (30). The interaction between T-cell receptor (TCR), peptide and major histocompatibility complex (MHC) can determine Th1/Th2 dominance and selection of CD4+ T cell functions (31). In other parasitic infections, HLA-DM genes are also downregulated (32), suggesting EVs may inhibit high MHCII density on DC and alter Th1/Th2 differentiation (31). We also found that EVs altered the expression of FcγRs, receptors found on many myeloid cells that recognize targets coated with IgG, such as opsonized pathogens or immune complexes (33). Plasma from Brugia spp. Mf+ infected individuals actively impair granulocyte activation and degranulation, a process governed by FcgR-signalling, suggesting a possible role for EVs in altering the functionality of FcγRs (34).

Patent lymphatic filariasis, a chronic infection caused by B. malayi and the related parasite, Wuchereria bancrofti, is also characterized by defects in DC function and antigen-specific T-cell unresponsiveness (35). Previous research has shown that Mf exposure can reduce the expression of innate antiviral immune ligand receptors, such as TLR3 and TLR4 which can lead to a diminution of antigen-specific responses (36).

These alterations in the immune environment can have long-lasting consequences for vaccine and viral bystander memory. Our current study found that virus (SARS CoV-2 Membrane)-specific TCLs had lower frequencies of activated cells and fewer IFN-γ producing cells when cultured with EV-conditioned DC (Figure 5) This suppression of T-cell activation is consistent with the findings of previous studies, which have shown that chronic filarial infections are associated with lower levels of inflammatory cytokines such as IFN-γ, which is partially due to T-cell exhaustion. Helminth infections, including B. malayi infections, produce exhausted T cells with increased expression of inhibitory receptors (PD-1, LAG3, CTLA4) that are capable of downregulating T-cell proliferative responses and increasing the potential for apoptosis (2, 37–39).

In conclusion, our study provides further evidence of the potential of EVs as downmodulatory of host immune responses. These findings suggest that many of the modulatory effects seen in chronic filarial infection are mediated through the internalization of EVs on APCs. Further research will be needed to fully characterize the fine intracellular details of EV trafficking and immune modulation, as well as to investigate the therapeutic implications of these.





Data availability statement

The data presented in the study are deposited in the GEO repository and is publicly available under accession number GSE263690.





Ethics statement

The studies involving humans were approved by NIH Institutional Review Board. The studies were conducted in accordance with the local legislation and institutional requirements. The human samples used in this study were acquired from a by- product of routine care or industry. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and institutional requirements.





Author contributions

GS: Conceptualization, Formal analysis, Methodology, Visualization, Writing – original draft, Writing – review & editing. AR: Conceptualization, Data curation, Investigation, Methodology, Supervision, Visualization, Writing – original draft, Writing – review & editing. NR: Investigation, Methodology, Software, Writing – review & editing. PS: Investigation, Supervision, Writing – review & editing. JL: Methodology, Software, Supervision, Validation, Writing – review & editing. PG-G: Formal analysis, Methodology, Supervision, Validation, Writing – review & editing. TN: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Division of Intramural Research (DIR) National Institute of Allergy and Infectious Diseases.




Acknowledgments

We would also like to acknowledge the NIAID Integrated Data Science Section (IDDS) for their support in the analysis.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1436818/full#supplementary-material




References

1. Babu, S, and Nutman, TB. Immunology of lymphatic filariasis. Parasite Immunol. (2014) 36:338–46. doi: 10.1111/pim.12081

2. Babu, S, Blauvelt, CP, Kumaraswami, V, and Nutman, TB. Regulatory networks induced by live parasites impair both Th1 and Th2 pathways in patent lymphatic filariasis: implications for parasite persistence. J Immunol. (2006) 176:3248–56. doi: 10.4049/jimmunol.176.5.3248

3. Babu, S, Ganley, LM, Klei, TR, Shultz, LD, and Rajan, TV. Role of gamma interferon and interleukin-4 in host defense against the human filarial parasite Brugia malayi. Infect Immun. (2000) 68:3034–5. doi: 10.1128/IAI.68.5.3034-3035.2000

4. Hartmann, W, Brunn, M-L, Stetter, N, Gagliani, N, Muscate, F, Stanelle-Bertram, S, et al. Helminth infections suppress the efficacy of vaccination against seasonal influenza. Cell Rep. (2019) 29:2243–2256.e4. doi: 10.1016/j.celrep.2019.10.051

5. White, MPJ, McManus, CM, and Maizels, RM. Regulatory T-cells in helminth infection: induction, function and therapeutic potential. Immunology. (2020) 160:248–60. doi: 10.1111/imm.13190

6. Narasimhan, PB, Akabas, L, Tariq, S, Huda, N, Bennuru, S, Sabzevari, H, et al. Brugia malayi Microfilariae Induce Autophagy through an Interferon-γ Dependent Mechanism on Human Monocytes. Am J Trop Med Hyg. (2022) 106:1254–62. doi: 10.4269/ajtmh.21-1134

7. Weinkopff, T, Mackenzie, C, Eversole, R, and Lammie, PJ. Filarial excretory-secretory products induce human monocytes to produce lymphangiogenic mediators. PloS Negl Trop Dis. (2014) 8:e2893. doi: 10.1371/journal.pntd.0002893

8. Narasimhan, PB, Bennuru, S, Meng, Z, Cotton, RN, Elliott, KR, Ganesan, S, et al. Microfilariae of Brugia malayi Inhibit the mTOR Pathway and Induce Autophagy in Human Dendritic Cells. Infect Immun. (2016) 84:2463–72. doi: 10.1128/IAI.00174-16

9. Terrazas, CA, Sánchez-Muñoz, F, Mejía-Domínguez, AM, Amezcua-Guerra, LM, Terrazas, LI, Bojalil, R, et al. Cestode antigens induce a tolerogenic-like phenotype and inhibit LPS inflammatory responses in human dendritic cells. Int J Biol Sci. (2011) 7:1391–400. doi: 10.7150/ijbs.7.1391

10. Maldonado, RA, and von Andrian, UH. How tolerogenic dendritic cells induce regulatory T cells. Adv Immunol. (2010) 108:111–65. doi: 10.1016/B978-0-12-380995-7.00004-5

11. Sun, S, Wang, X, Wu, X, Zhao, Y, Wang, F, Liu, X, et al. Toll-like receptor activation by helminths or helminth products to alleviate inflammatory bowel disease. Parasit Vectors. (2011) 4:186. doi: 10.1186/1756-3305-4-186

12. Drurey, C, and Maizels, RM. Helminth extracellular vesicles: Interactions with the host immune system. Mol Immunol. (2021) 137:124–33. doi: 10.1016/j.molimm.2021.06.017

13. Harischandra, H, Yuan, W, Loghry, HJ, Zamanian, M, and Kimber, MJ. Profiling extracellular vesicle release by the filarial nematode Brugia malayi reveals sex-specific differences in cargo and a sensitivity to ivermectin. PloS Negl Trop Dis. (2018) 12:e0006438. doi: 10.1371/journal.pntd.0006438

14. Zamanian, M, Fraser, LM, Agbedanu, PN, Harischandra, H, Moorhead, AR, Day, TA, et al. Release of small RNA-containing exosome-like vesicles from the human filarial parasite brugia malayi. PloS Negl Trop Dis. (2015) 9:e0004069. doi: 10.1371/journal.pntd.0004069

15. Marshall, FA, Grierson, AM, Garside, P, Harnett, W, Harnett, MM, et al. ES-62, an immunomodulator secreted by filarial nematodes, suppresses clonal expansion and modifies effector function of heterologous antigen-specific T cells in vivo1. J Immunol. (2005) 175:5817–26. doi: 10.4049/jimmunol.175.9.5817

16. Buck, AH, Akabas, L, Tariq, S, Huda, N, Bennuru, S, Sabzevari, H, et al. Exosomes secreted by nematode parasites transfer small RNAs to mammalian cells and modulate innate immunity. Nat Commun. (2014) 5:5488. doi: 10.1038/ncomms6488

17. Ricciardi, A, Bennuru, S, Tariq, S, Kaur, S, Wu, W, Elkahloun, AG, et al. Extracellular vesicles released from the filarial parasite Brugia malayi downregulate the host mTOR pathway. PloS Negl Trop Dis. (2021) 15:e0008884. doi: 10.1371/journal.pntd.0008884

18. Coakley, G, Maizels, RM, and Buck, AH. Exosomes and other extracellular vesicles: the new communicators in parasite infections. Trends Parasitol. (2015) 31:477–89. doi: 10.1016/j.pt.2015.06.009

19. Gazzinelli-Guimaraes, PH, Sanku, G, Sette, A, Weiskopf, D, Schaughency, P, Lack, J, et al. Antigenic determinants of SARS-coV-2-specific CD4. Front Immunol. (2022) 13:883159. doi: 10.3389/fimmu.2022.883159

20. Robinson, MD, and Oshlack, A. A scaling normalization method for differential expression analysis of RNA-seq data. Genome Biol. (2010) 11:R25. doi: 10.1186/gb-2010-11-3-r25

21. Semnani, RT, Liu, AY, Sabzevari, H, Kubofcik, J, Zhou, J, Gilden, JK, et al. Brugia malayi microfilariae induce cell death in human dendritic cells, inhibit their ability to make IL-12 and IL-10, and reduce their capacity to activate CD4+ T cells. J Immunol. (2003) 171:1950–60. doi: 10.4049/jimmunol.171.4.1950

22. Narasimhan, PB, Akabas, L, Tariq, S, Huda, N, Bennuru, S, Sabzevari, H, et al. Similarities and differences between helminth parasites and cancer cell lines in shaping human monocytes: Insights into parallel mechanisms of immune evasion. PloS Negl Trop Dis. (2018) 12:e0006404. doi: 10.1371/journal.pntd.0006404

23. Yates, D, Maggio Di, LS, Rosa, BA, Sprung, RW, Erdmann-Gilmore, P, Townsend, RR, et al. Identification of biomarker candidates for filarial parasite infections by analysis of extracellular vesicles. Front Parasitol. (2023) 2. doi: 10.3389/fpara.2023.1281092

24. Cortes-Serra, N, Gualdron-Lopez, M, Pinazo, MJ, Torrecilhas, AC, Fernandez-Becerra, C, et al. Extracellular vesicles in. J Immunol Res. (2022) 2022:5230603. doi: 10.1155/2022/5230603

25. Wait, LF, Dobson, AP, and Graham, AL. Do parasite infections interfere with immunisation? A review and meta-analysis. Vaccine. (2020) 38:5582–90. doi: 10.1016/j.vaccine.2020.06.064

26. O’Regan, NL, Steinfelder, S, Venugopal, G, Rao, GB, Lucius, R, Srikantam, A, et al. Brugia malayi microfilariae induce a regulatory monocyte/macrophage phenotype that suppresses innate and adaptive immune responses. PloS Negl Trop Dis. (2014) 8:e3206. doi: 10.1371/journal.pntd.0003206

27. Loghry, HJ, Sondjaja, NA, Minkler, SJ, and Kimber, MJ. Secreted filarial nematode galectins modulate host immune cells. Front Immunol. (2022) 13:952104. doi: 10.3389/fimmu.2022.952104

28. Hertz, MI, Glaessner, PM, Rush, A, and Budge, PJ. Brugia malayi galectin 2 is a tandem-repeat type galectin capable of binding mammalian polysaccharides. Mol Biochem Parasitol. (2020) 235:111233. doi: 10.1016/j.molbiopara.2019.111233

29. Daniłowicz-Luebert, E, Oregan, NL, Steinfelder, S, and Hartmann, S. Modulation of specific and allergy-related immune responses by helminths. J BioMed Biotechnol 2011. (2011) p:821578. doi: 10.1155/2011/821578

30. Álvaro-Benito, M, Wieczorek, M, Sticht, J, Kipar, C, and Freund, C. HLA-DMA polymorphisms differentially affect MHC class II peptide loading. J Immunol. (2015) 194:803–16. doi: 10.4049/jimmunol.1401389

31. Murray, JS. How the MHC selects Th1/Th2 immunity. Immunol Today. (1998) 19:157–63. doi: 10.1016/S0167-5699(97)01237-1

32. Knight, JS, Baird, DB, Hein, WR, and Pernthaner, A. The gastrointestinal nematode Trichostrongylus colubriformis down-regulates immune gene expression in migratory cells in afferent lymph. BMC Immunol. (2010) 11:51. doi: 10.1186/1471-2172-11-51

33. Guilliams, M, Bruhns, P, Saeys, Y, Hammad, H, and Lambrecht, BN. The function of Fcγ receptors in dendritic cells and macrophages. Nat Rev Immunol. (2014) 14:94–108. doi: 10.1038/nri3582

34. Prodjinotho, UF, Horn von, C, Debrah, AY, Debrah Batsa, L, Albers, A, Layland, LE, et al. Pathological manifestations in lymphatic filariasis correlate with lack of inhibitory properties of IgG4 antibodies on IgE-activated granulocytes. PloS Negl Trop Dis. (2017) 11:e0005777. doi: 10.1371/journal.pntd.0005777

35. Talaat, KR, Bonawitz, RE, Domenech, P, and Nutman, TB. Preexposure to live Brugia malayi microfilariae alters the innate response of human dendritic cells to Mycobacterium tuberculosis. J Infect Dis. (2006) 193:196–204. doi: 10.1086/498912

36. Semnani, RT, Venugopal, PG, Leifer, CA, Mostbock, S, Sabzevari, H, and Nutman, TB. Inhibition of TLR3 and TLR4 function and expression in human dendritic cells by helminth parasites. Blood. (2008) 112:1290–8. doi: 10.1182/blood-2008-04-149856

37. Steel, C, and Nutman, TB. CTLA-4 in filarial infections: implications for a role in diminished T cell reactivity. J Immunol. (2003) 170:1930–8. doi: 10.4049/jimmunol.170.4.1930

38. Babu, S, Bhat, SQ, Kumar Pavan, N, Lipira, AB, Kumar, S, et al. Filarial lymphedema is characterized by antigen-specific Th1 and th17 proinflammatory responses and a lack of regulatory T cells. PloS Negl Trop Dis. (2009) 3:e420. doi: 10.1371/journal.pntd.0000420

39. Rajamanickam, A, Munisankar, S, Dolla, C, Nutman, TB, and Babu, S. Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)- and programmed death 1 (PD-1)-mediated regulation of monofunctional and dual functional CD4(+) and CD8(+) T-cell responses in a chronic helminth infection. Infect Immun. (2019) 87. doi: 10.1128/IAI.00469-19




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 © 2024 Sanku, Ricciardi, Redekar, Schaughency, Lack, Gazzinelli-Guimaraes and Nutman. 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-15-1436818-g004.jpg
|- Juswdojeneq 110D g

- BuireuBis snulje se1eqelq | odAL

e}

| JedjeH 1 ui BuieubIS 1SODI-SOD!

- Buireubis 6-1I

-Buiieubis 180 J8]Iy [eanyeN

Buieubig
aseasiqg ploJAY| sunwwiony

N Buieubis
9se8s|( }1SOH-SNSIOA-}BID)

-uonenusielq 1190 4edieH L

(eozerp )
uonepe.BaQ 81EJINS URIOIPUOYD

i SIHYMY ployewnayy ul
Bueubis [l20 g pue |[8D 1 Paiely

DC maturation by immune cells

Efoctons and taxs recephons,
Inchaing L4

Effactors and tawis recephors,

inchdng ¥ Ngamma

1
§





OEBPS/Images/fimmu-15-1436818-g002.jpg
A100000 ns B 00 — n° - C 1000 s ns 1

|_||_| e, @

®e -
£ oe @ = . g e °
a a (@) [
2 10000 N Q —_—— _e°o 2 100 ey
= A 2 o =
@

1000

D ns

-
?

100000 ns ns E ns 10000 —
— 10000 e T e £ o .
E . °° 5, 10000 2 o® S
(@) o O
2 ° 0 . a s . : © 100 = o
v o I by ®_o e e & S
= 1000 Y ° N ®e —-8 - ) o I A
«~ 1000 e o ®°® e® o i 10 o0
= = oe oo e oo
100 100
’ & &
& < < 2 ) &
\0 é \Gb
GOQ Q\@
& &






OEBPS/Images/fimmu-15-1436818-g001.jpg
A

IL-10 pg/mL

IL-8 pg/mL

100000

10000

-
(=3
(=3
o

100

10

100000

10000

1000

ns

Live Mf

p=.002

Live Mf

Condition

Condition

ns

EV

ns

1

© Media
@ Parasite Antigen
Stimulation

1000

100

IL-1a pg/mL

IL-12p40 pg/mL

0.1

10000

1000

=y
[=3
o

=
o

ns

Live Mf

Live Mf

Condition

Condition

ns

EV

EV

10000

1000

IL-1b pg/mL

10

100

IL-12p70 pg/mL

-

0.1

Live Mf

Live Mf

Condition

Condition

p=.018

EV

EV

O

H

TNFa pg/mL

RANTES pg/mL

10000

1000

-
(=
o

-
o

0.1

100000

10000

1000

p=.027

Live Mf

ns

Live Mf

Condition

Condition

p=.005

EV

ns

EV





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Brugia malayi filarial helminth-derived extracellular vesicles suppress antigen presenting cell function and antigen-specific CD4+ T cell responses

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Methods

        

          		

            2.1 Preparation of microfilariae, E/S products and EVs

          



          		

            2.2 Cell culture

          



          		

            2.3 Cytokine and chemokine measurements

          



          		

            2.4 Preparation and analysis of samples for mRNA-Seq

          



          		

            2.5 Sequencing data analysis

          



          		

            2.6 RNA isolation for RT-PCR

          



          		

            2.7 RT-PCR data handling

          



          		

            2.8 Conditions for filarial helminth exposed DC and SARS CoV-2-membrane specific T- cell lines

          



          		

            2.9 Flow cytometry conditions for filarial helminth exposed DC and CD4+ SARS CoV-2- membrane specific T- cell lines

          



          		

            2.10 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Microfilaria-derived EVs downregulate activated DC cytokine production

          



          		

            3.2 EVs downregulate IL-10 and IL-12p40 cytokine induction in DC

          



          		

            3.3 EVs are central drivers of gene function alterations in human DC

          



          		

            3.4 Mf-derived EVs alter DC activation and activity of antigen-specific T-cells

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2024.1436818_cover.jpg
& frontiers | Frontiers in Immunology

Brugia malayi filarial helminth-derived
extracellular vesicles suppress antigen
presenting cell function and antigen-specific
CDA4+ T cell responses





OEBPS/Images/fimmu-15-1436818-g005.jpg
>
]

8 SARS-CoV-2-Membrane specific TCL
o CD3+ CD4+ 154+
51 100
c

o

=

°

c

8 00
&

3

= fe

:

o ; 40
o
o

@
'5 20
=

c

8

o

i

CD154+

(9]
o

Membrane SEB

SARS-CoV-2-Membrane specific TCL
CD3+ CD4+ CD154+ IFN«+

100
=0.0001 p0.C0CE

Media-conditioned DC

% of CD3+ CD4+ Cells

EV-conditioned DC

CD154+

Mombrane seo [CRZ






OEBPS/Images/fimmu-15-1436818-g003.jpg
A Upregulated

EV vs Media . EVvsEV-depE/S

h EV vs Medi

\

Downregulated B EV vs Media EV vs EV dep E/S EVvsE/S

“\\EVvs EV-dep E/S

; \(56)

\

e

Media EV

EV vs Media EV vs EV-depleted E/S EV vs E/S
. - NotSig . - NotSig . - NotSig
* Up © - p L * Up
© Down * Down ® Do
©
© ©
<
-
1 3
2 e
E; R
°
9
8
i
1 4 <
b/ T T
5 ] 5 10 -5 [ 5 10 5 0 5 10
Average log-expression Average log-expressiol Average log-expression





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





