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A pilot study to show that asymptomatic sexually transmitted infections alter the foreskin epithelial proteome
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There is limited data on the role of asymptomatic STIs (aSTIs) on the risk of human immunodeficiency virus (HIV) acquisition in the male genital tract (MGT). The impact of foreskin removal on lowering HIV acquisition is well described, but molecular events leading to HIV acquisition are unclear. Here, in this pilot study, we show that asymptomatic urethral infection with Chlamydia trachomatis (CT) significantly impacts the foreskin proteome composition. We developed and optimized a shotgun liquid chromatography coupled tandem mass spectrometry (MS)-based proteomics approach and utilized this on foreskins collected at medical male circumcision (MMC) from 16 aSTI+ men and 10 age-matched STI- controls. We used a novel bioinformatic metaproteomic pipeline to detect differentially expressed (DE) proteins. Gene enrichment ontology analysis revealed proteins associated with inflammatory and immune activation function in both inner and outer foreskin from men with an aSTI. Neutrophil activation/degranulation and viral-evasion proteins were significantly enriched in foreskins from men with aSTI, whereas homotypic cell–cell adhesion proteins were enriched in foreskin tissue from men without an aSTI. Collectively, our data show that asymptomatic urethral sexually transmitted infections result in profound alterations in epithelial tissue that are associated with depletion of barrier integrity and immune activation.

KEYWORDS
asymptomatic sexually transmitted infection, foreskin, foreskin proteome, HIV susceptibility, gene ontology enrichment analysis


Introduction

Globally, up to 75% of the human immunodeficiency virus (HIV)-infected men acquire HIV across the penis (Hladik and McElrath, 2008). Whilst HIV acquisition leading to infection has been extensively studied in the female genital tract (FGT), much less is known about the viral acquisition events in the male genitalia. Understanding the biological factors that increase the risk of acquiring HIV infection in the male genital tract (MGT) is important, so that alternatives to medical male circumcision (MMC) can be offered. The entry of infectious agents, such as HIV into the MGT, first involves penetration of the epithelial barrier, making up part of the shaft, glans, urethra, or foreskin, and consequent infection of host target cells. Various studies have shown that the surface area of the foreskin is directly related to the risk of HIV acquisition, (Kigozi et al., 2009) and its complete removal after MMC results in 54–61% risk reduction in HIV acquisition (Auvert et al., 2005; Bailey et al., 2007; Gray et al., 2007). Despite these findings, the biological mechanisms underlying reduced HIV acquisition after MMC are unclear. Several factors have been shown to play a role, including that the foreskin harbors HIV target cells (Hirbod et al., 2010), with reports of the inner foreskin containing a higher density of HIV target cells compared to the outer foreskin (Ganor et al., 2010; Lemos et al., 2014), and an inflammatory anaerobic microbiome which is reduced during MMC (Liu et al., 2013). The inner foreskin, being the foreskin compartment that is adjacent and covers the glans in uncircumcised men, has been reported to have a thinner stratum corneum (keratin layer) than the outer and an increased density of HIV target cells (Lemos et al., 2014), although this is controversial (Glynn et al., 2009; Dinh et al., 2010; Ganor et al., 2010). The ability to measure molecular differences in the foreskin compartments in individuals at risk for HIV acquisition would provide insight into potential mechanisms of HIV risk reduction afforded by MMC.

Symptomatic sexually transmitted infections (STIs), such as syphilis and Herpes simplex virus type 2 (HSV-2), are known to increase the risk of HIV acquisition and transmission due to the high levels of inflammation and the formation of lesions in men and women (Stamm et al., 1988; Boily and Anderson, 1996; Anzala et al., 2000; Glynn et al., 2009). Chlamydia trachomatis (CT) and Neisseria gonorrhoeae (NG), which are common asymptomatic STIs (aSTIs), can cause other reproductive health problems (Kohl et al., 2003; LeFevre and U.S Preventive Services Task Force, 2014). In the FGT, aSTIs have been shown to increase local inflammation (Bogaerts et al., 1999; Wiesenfeld et al., 2002), which appears to increase the risk of HIV acquisition (Mlisana et al., 2012; Masson et al., 2016). Inflammation has been shown to be associated with the influx of HIV target cells into the FGT of HIV-uninfected women (Arnold et al., 2016), and CD4 lymphocytes have been shown to be increased in the FGT of women with aSTI (Levine et al., 1998). Supportive evidence from in vitro data has shown that CT enhances HIV replication in co-culture (Ho et al., 1995; Buckner et al., 2016). We have also previously shown that CD4 + T cells, being HIV target cells, can migrate into the inner foreskin in response to inflammatory chemokines (Gray et al., 2019). However, there is a paucity of direct evidence regarding the effect of aSTIs on the molecular events in the foreskin that might predispose this tissue to become vulnerable to HIV infection. The impact of these urethral infections on the foreskin in the MGT is largely unknown. Here, we developed a novel metaproteome approach to analyze foreskin tissue and applied it to foreskins collected from adolescents undergoing MMC in a region of South Africa with high HIV prevalence (Ramjee et al., 2019). The aim was to understand how asymptomatic urethral STIs alter the foreskin proteome to create an environment conducive to HIV acquisition and replication. We hypothesized that proteins associated with barrier integrity and immune quiescence are disrupted upon a sub-clinical sexually transmitted infection (other than HIV). To test this, we interrogated the effect of an in vivo acquired asymptomatic STI on the inner and outer foreskin proteome using MS -based proteomics and compared the protein profiles with foreskins from age-matched men who were negative for the tested STIs. This approach allowed us to identify in an unbiased quantitative manner aSTI -associated alterations in proteomic profiles and protein interactions.



Materials and methods


Study cohort and detection of asymptomatic STIs

In this study, foreskin tissue was collected after MMC from men living in a region with high HIV prevalence in Kwa-Zulu Natal, South Africa, which we have previously reported (Gray et al., 2019). A full description of tissue procurement, laboratory processing, and freezing is detailed in the study (Gray et al., 2019). For the purposes of this study, fresh tissue was separated into inner and outer foreskin, and then portions were dissected into 0.5 cm × 0.5 cm pieces with a scalpel. These tissue samples were stored immediately after sample processing in vials and stored in liquid nitrogen until further use. Sixteen men (age 15–24 years) with aSTIs (eight with CT only infection or CT and/or other aSTI, detailed in Table 1) were age-matched to 10 control samples without any detectable aSTI as previously described (Gray et al., 2019) and was done retrospectively from the stored tissue archive. Men with symptomatic STIs were excluded from the study, and the presence of aSTI in urine samples was detected using real-time multiplex PCR (M-PCR) assays that qualitatively detect Neisseria gonorrhoeae (NG), Mycoplasma genitalium (MG), Trichomonas vaginalis (TV), CT, and herpes simplex virus types 1 and 2 (HSV 1 and 2).


TABLE 1    Description of the number of samples used for proteomic analysis.

[image: Table 1]



Tissue lysis, protein extraction, and peptide generation

The tissue was thawed on ice in 4 volumes of extraction buffer [4M Guanidine HCl, 100 mM NaCl, 5 mM TCEP (tris-carboxyethyl phosphine), 2 mM EDTA, 1% OGP (octylglucopyranoside) in 100 mM TEAB (triythelammonium bicarbonate)], together with glass beads. Once thawed, the samples were vortexed for 1 min before being placed back on ice. The sample was sonicated three times for 30 s, centrifuged for 10 min at 12,000 × g, and the supernatant was removed and stored on ice. This process was repeated three times, and the total protein was precipitated from the pooled supernatants with ice-cold acetone overnight at –20°C.

Different tissue disruption and protein solubilization techniques were investigated. Sonication to aid tissue disruption in RIPA buffer (high SDS) was performed. Protein quantities of the extracts were measured using the bicinchoninic acid (BCA) assay suitable for proteins in high SDS solutions. Two methods of peptide preparation for mass spectrometry (MS) were utilized, namely, filter-aided sample preparation (FASP), which is an on-column proteolysis method, and in-solution trypsin (IS) digestion. For the FASP protocol, 200 μg of protein was used and peptides were prepared for label-free quantitative mass spectrometry by trypsinization (Promega) on a filter as previously described in Nel et al. (2015). Briefly, protein extract was placed in an Ultracel 30 kDa molecular cut-off centrifugal unit (Amicon Ultra, Merck) and washed in 8 M urea buffer to remove the detergent. Disulfide bonds were reduced and alkylated in 0.05 mM iodoacetamide (IAA), and the excess IAA was washed off by 50 mM ammonium bicarbonate buffer. Trypsin proteolysis (1:50 sequencing grade trypsin to protein extract) (Promega) was performed at 37°C for 18 h in a humidified chamber.

For in-solution (IS) digestion, 200-μg protein pellets were dissolved in 100 mM TEAB containing 4 M guanidine-hydrochloride. Samples were reduced by adding 50 mM triscarboxyethyl phosphine (TCEP; Fluka) in 100 mM TEAB (final concentration 5 mM TCEP) and incubated for 30 min in a room at a temperature of 60°C. Following the reduction of cysteine, residues were modified to methylthiols using 200 mM methane methylthiosulfonate (MMTS; Sigma) in 100 mM TEAB (final concentration 20 mM) for 30 min. After modification, the samples were diluted to 98 μL with 100 mM TEAB. Proteins were digested by adding 5 μL of trypsin (New England Biolabs) solution (1 μg/ μL) and incubating for 18 h at 37°C. The samples were dried down and resuspended in 100 μL of 2% acetonitrile (Fluka): water and 0.1% formic acid (formic acid; Sigma). Residual digest reagents were removed using an in-house manufactured C18 stage tip (Empore Octadecyl C18 extraction discs; Supelco). The 20-μL sample was loaded onto the stage tip after activating the C18 membrane with 30 μL of methanol (Sigma) and equilibration with 30 μL of 2% acetonitrile: water and 0.05% TFA. The bound sample was washed with 30 μL of 2% acetonitrile: water and 0.1% FA before elution with 30 μL of 50% acetonitrile: water and 0.1% FA. The eluate was evaporated to dryness. The dried peptides were dissolved in 20 μL of 2% acetonitrile: water and 0.1% FA for LC-MS analysis.



Gel-based separation and digestion

A total of 100 μg of protein lysate from an individual’s outer foreskin tissue lysate was separated using polyacrylamide gel electrophoresis using the Invitrogen NuPAGE mini gel system. The lysate was mixed with 2x sample loading buffer and distributed into seven wells (15 μg in each) of a gradient gel. Precast NuPAGE 4–12% Bis-Tris mini gels (1.0 mm × 12 wells) were used. Lysates were separated (400 V, about 40 min) with a NuPage 4–12% Bis-Tris gel 1.0 mm × 12 holes (Invitrogen). The gel was stained using Coomassie blue and five zones (A-E) were divided and processed into sections according to the in-gel trypsin protein digestion method described by Shevchenko et al. (2006). A summary of the methods followed for sample preparation is shown in Figure 1A.
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FIGURE 1
LC-MS-based proteomics of foreskin samples and data analysis methods used to assess the impact of aSTI on the foreskin proteome. (A) Equal mass of inner and outer foreskin samples were dissected, and proteins were solubilized and digested with trypsin enzyme to create peptides that were analyzed by LC-MS. In-gel digestion method, FASP, and in-solution digestion methods were performed to determine the appropriate method for foreskin peptide generation. (B) Data analysis method after the acquisition of peptide mass spectra composed of database optimization using the MetaNovo pipeline which was used to optimize sequence assignment. Subsequent label-free quantification of identified protein groups was performed using MaxQuant, and differential protein expression was analyzed using the MSSTATS protein analysis pipeline for relative quantification of proteins from aSTI foreskins compared to age-matched controls. GO enrichment analysis of differentially expressed proteins was conducted in FGNet using the TopGO function. This figure was generated using BioRender.com.




Liquid chromatography-mass spectrometry analysis

The peptides generated from the gel-based preparation and FASP methods were desalted in preparation for MS analysis on homemade columns made of Empore Octadecyl C18 solid-phase extraction disk (Supelco). Activation of the C18 column was performed by 80% acetonitrile and equilibrated by 2% acetonitrile. Desalting of peptides and subsequent elution were performed as above, after which peptides were dried under vacuum and resuspended in 2% ACN and 0.1% formic acid at 250 ng/μL. All the washes and rinses were performed in triplicate using HPLC-grade solvents. Peptide identification and quantification were then performed by ultra-high-performance liquid chromatography coupled in line with a Q Exactive hybrid quadrupole Orbitrap mass spectrometer (Thermo). Briefly, separation of the peptides was done on a laboratory packed 100 μM ID × 20 mm pre-column connected to a 75 μM, 5 μM × 500 mm 100 Å pore size C18 analytical column from Phenomenex. This was conducted on a Dionex Ultimate 3,500 RS nano UPLC. The flow rate used was 300 μL/min at a pressure of less than 350 bars. The mobile phase for loading 1 μg of desalted peptides was composed of 2% acetonitrile and 0.1% formic acid. A gradient was used to elute the peptides with 10 min of the previously mentioned mobile phase, then increased to 25% acetonitrile for 115 min, then to 35% acetonitrile for 5 min, and finally to 80% acetonitrile.

Mass spectra were acquired in a data-dependent manner, with automatic switching between MS and MS/MS scans using a “Top-10” method. MS1 spectra were acquired at a resolution of 70,000 with a target value of 3 × 106 ions or a maximum integration time of 250 ms. The scan range was limited from 300 to 1,750 m/z. Peptide fragmentation was performed via higher energy collision dissociation (HCD) with the energy set at 25 NCE. The intensity threshold for ion selection was set at 1.7 × e4 with charge exclusion of z = 1 and z > 5. The MS/MS spectra were acquired at a resolution of 17,500, with a target value of 2 × 105 ions or a maximum integration time of 120 ms, and the isolation window was set at 4.0 m/z.

The method of analysis for the peptides prepared by IS digestion was performed on a Thermo Scientific Ultimate 3,000 RSLC equipped with a 0.5 cm × 300 μm C18 trap column and a 35 cm × 75 μm in-house manufactured C18 analytical column (Aeris C18, 3.6 μm; Phenomenex). The solvent system employed for loading was as follows: 2% acetonitrile: water, 0.1% FA, Solvent A: 2% acetonitrile: water and 0.1% FA, and Solvent B: 100% acetonitrile: water. The samples were loaded onto the trap column using loading solvent at a flow rate of 15 μL/min from a temperature-controlled autosampler set at 7°C. Loading was performed for 5 min before the sample was eluted onto the analytical column. Flow rate was set to 400 nL/min and the gradient generated was as follows: 2.0 –10% B over 5 min; 5-25% B from 5 to 50 min using Chromeleon non-linear gradient 6, and 25–45% from 50 to 65 min. Chromatography was performed at 50°C, and the outflow was delivered to the mass spectrometer through a stainless-steel nano-bore emitter.

MS was performed using a Thermo Scientific Fusion mass spectrometer equipped with a Nanospray Flex ionization source with a stainless-steel emitter. Data were collected in positive mode with the spray voltage set to 1.9 kV and ion transfer capillary set to 275°C. Spectra were internally calibrated using polysiloxane ions at m/z = 445.12003 and 371.10024. MS1 scans were performed using the orbitrap detector set at 120,000 resolutions over the scan range 350–1,650 with AGC target at 3 × 105 and a maximum injection time of 40 ms. Data were acquired in profile mode.

The MS2 acquisitions were performed using monoisotopic precursor selection for the ion with charges + 2 to + 6 with error tolerance set to ± 10 ppm. Precursor ions were excluded from fragmentation once for a period of 30 s. Precursor ions were selected for fragmentation in HCD mode using the quadrupole mass analyzer with stepped HCD energy set to 32% ± 8%. Fragment ions were detected in the orbitrap mass analyzer set to 50,000 resolution. The AGC target was set to 1 × 104 and the maximum injection time to 120 ms. The data were acquired in centroid mode.



Bioinformatic analysis

Maxquant software package version 1.5.0.3 with integrated Andromeda search engine was used to analyze the raw MS spectra (Cox and Mann, 2008) search against a UniProt human and microbial protein database (ca. 65 million entries; July 2017 release) filtered using the MetaNovo pipeline1 and concatenated with the human reference proteome to create a database of 146,885 entries, as previously described (Potgieter et al., 2019; Alisoltani et al., 2020). Briefly, the MS/MS database search was performed using default settings, with a 20 ppm mass tolerance for the main search. Cysteine carbamidomethylation was selected as a fixed modification. Trypsin was selected as the protease, with up to two missed cleavages allowed. Results were filtered by a 0.01 false discovery rate at both protein and peptide levels. The minimum length of acceptable identified peptides was set at seven amino acids. Log2-transformed label-free quantitation (LFQ) values were used to identify dysregulated human and microbial proteins significantly.



Protein quantification and statistical analysis

Statistical testing and relative quantification of proteins were performed using MSstats in R (Choi et al., 2014). Protein significance analysis was carried out based on a linear mixed-effects model to calculate fold changes and p-values. Relative quantification of proteins was performed, and the differential abundance was defined using a Student t-test measuring differences in the log2 fold change of protein expression between aSTI participant samples and controls. P-values were adjusted among all the proteins in the specific comparison using the approach by Benjamini and Hochberg (adj. p-value), and a cut-off of 0.05 was applied.



Hierarchical clustering and dimensional reduction

Multidimensional scaling (MDS) of protein expression and PERMANOVA were determined using the vegan R package (Dixon, 2003), and the unsupervised hierarchical clustering of protein levels identified from the foreskin samples was used to visualize variation in the relative protein quantification in each sample using QlucoreOmics Explorer, Sweden. FDR for protein expression was set at q = 0.05.



Functional enrichment analysis and gene ontology analysis

For the gene ontology (GO) analysis, we utilized the TopGO package as part of the FGNet R framework (Alexa and Rahnenführer, 2020). The analysis was completed with the classic algorithm and a Fisher’s exact test, with a p-value threshold of 0.01. The logFC values and GO terms were exported and visualized using bubble plots with the GOplot R package. For the bubble plots, the GOplot packages separate the GO terms by biological processes (BP), molecular function (MF), and cellular compartment (CC). The size of the bubble represents the number of proteins in the GO, and the y-axis represents the negative log of the adjusted p-value. The z-score represents the difference in the number of proteins in the GO term with positive and negative logFC values, normalized to the total count. A summary of the bioinfomatic analysis and data analysis methods followed is shown in Figure 1B.



Flow cytometric analysis of human immunodeficiency virus susceptible from foreskin epidermal sheets

The method used for isolating HIV target cells expressing CD45, CD4, and CCR5 has been described previously (Gray et al., 2019). We performed these experiments on fresh inner and outer foreskin tissue obtained from a different cohort in Cape Town HREC 568/2020 (University of Cape Town). Isolated cells were stained with the following antibodies against CD45 (BV785 clone HI30), CD3 (APC-Cy7 clone UCHT-1), CD4 (AF700 clone RPA-T4), and CCR5 (BV711 clone J418F1) from men with and without aSTI.




Results


Optimization of foreskin processing for shot-gun LC-MS/MS analysis

IS digestion in a Guanidine/TCEP-based buffer was chosen over the FASP or chloroform/methanol IS digestion protocols, as it yielded a better-quality peptide spectrum by LC-MS/MS (Supplementary Figure 1) with the least amount of background and better resolution of peptide peaks. We found that this approach yielded higher peptide concentrations from the pilot samples tested (n = 2) when compared to the others (Supplementary Figure 1, I–III).



Distinct clustering of aSTI + and age-matched asymptomatic STIs control foreskin proteomes

We identified 11,497 non-redundant peptides from 294,793 assigned spectra (out of 2,386,055 spectra submitted, with a 12.4% identification rate). From these peptides, 2,108 protein groups were identified and quantified using label-free quantification in MaxQuant (Potgieter et al., 2019). Protein groups are protein identities that cannot be unambiguously identified by identified peptides in the mass spectrometer. Using MDS, the identified foreskin peptides clustered distinctly by STI status (PERMANOVA p = 0.001; Figure 2A). We next determined the relative quantification of proteins using MSstats R proteomics package and found that 400 of 2,108 protein groups were significantly differentially expressed (DE) between the STI + and STI- groups (Figure 2B; adj. p ≤0.05). Two hundred and sixty-three protein groups were upregulated in aSTI compared to no STI group, and 137 were downregulated (Supplementary Datasheet 1). The top 10 upregulated protein groups identified in no STI group included parathymosin (P20962), clathrin light chain B (P09497), 60S ribosomal protein L13a (P40429), a component of the gamma interferon-activated inhibitor of translation (GAIT), and an unreviewed bacterial glycosyl transferase family protein (M0GAG6). Upregulated proteins in the presence of an aSTI included a bacterial putative 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate synthase (A0A094JCH3), protein S100-A11 (P31949), peroxiredoxin 4 (Q13162), extracellular superoxide dismutase (P08294), and ferritin (P02794). Proteins significantly enriched in the presence of an aSTI compared to no STI were visualized using unsupervised hierarchical clustering (Figure 2C; FDR q = 0.01). Protein group clustering, however, was not significantly different between inner and outer foreskin. Overall, these data show that the proteomic profile of foreskin tissue is affected by aSTIs with both inner and outer foreskin uniformly affected.
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FIGURE 2
Distinct proteomes of inner and outer foreskins from men with aSTI compared to age-matched controls without aSTI. (A) MDS plot showing dissimilarity of proteomes in aSTI foreskins compared to controls, (B) volcano plot showing 400 significantly up- or downregulated proteins (adjusted p = 0.05) comparing differences in log2 fold changes between control (STI) and aSTI foreskin protein expression. Gray dots indicate non-significant protein fold changes, blue dots represent proteins with a negative log2 fold change (higher expression in STI samples), and red dots depict those with a positive log2 fold change (higher expression in aSTI samples). (C) Unsupervised hierarchical clustering showing differential protein expression of fold changes in the expression of the foreskin proteins in control samples and aSTI foreskins (q = 0.01).




Enriched molecular functions and biological processes in inner and outer foreskins from men infected with an aSTI

We next interrogated functional differences between foreskins derived from aSTI + and aSTI- males. Using GO enrichment analysis, we assigned holistic biological functions to all DE human proteins, as shown in Supplementary Datasheet 2. Supplementary Figure 2 shows the GOFacet bubble plot of TopGo (Alexa and Rahnenführer, 2020) enriched functions from the significantly differentiated proteins and were categorized as follows: (a) biological process, (b) CC, and (c) MF. The bubble plot depicts each GO as a bubble with the size of the bubble correlating to the number of proteins represented in each ontology. It can be seen that certain GOs with corresponding negative fold change (x-axis, z-score) were enriched in control proteomes and others with positive fold changes were enriched from aSTI + proteomes. A total of 433 GOs were identified and plotted in the figure with the most significant (Supplementary Figure 2) being annotated. The full list of GOs with the corresponding proteins and adjusted p-values are listed in Supplementary Sheet 2 (negative and positive FC tabs). This unbiased approach revealed a rich array of differentially enriched GOs, with some common between the groups, such as GO: 0005912: Adherens junctions, some being only significantly enriched in aSTI- proteomes (GO: 2001271: Negative regulation of cysteine-type endopeptidase activity involved in the execution phase of apoptosis), and some enriched in aSTI + proteomes (GO: 0043280: Positive regulation of cysteine-type endopeptidase activity involved in the apoptotic process).

We selected a total of 100 GO terms, with 63 enriched in aSTI+ foreskins and 55 in aSTI- foreskins, with 18 GO terms being common to both groups based on the top significant immune-related functions (Supplementary Datasheet 2, Selected GO tab). Figure 3A depicts 49 of the 100 GO terms that were related to direct immunological functions to show which immune pathway themes were up- and/or downregulated in the presence of any aSTI. The GO terms used are those provided by the GO Consortium.2 Granulocyte activation (adj. p-value = 4.0 × 10–4, –log10 = 3.39), establishment of T-cell polarity (p = 4.0 × 10–3, –log10 = 2.38), regulation of protein processing in phagocytotic vesicle (adj. p-value = 1.2 × 10–4, –log10 = 3.92) were all upregulated in foreskins obtained from aSTI+ males, as shown in Figure 3A. Conversely, several functions related to innate immunity, such as innate immune response-activating signal transduction and positive regulation of innate immune response, were upregulated in aSTI- control samples (adj. p-value = 2.0 × 10–3 and 4.0 × 10–3, respectively, –log10 = –2.70 and –2.43) (Figure 3A, blue curly arrow). Two functions, that is, interspecies interaction between organisms and cadherin binding, were enriched in foreskins obtained from both STI + and STI– men but were elicited by different proteins and to different extents (e.g., Interspecies interaction between organisms: adj. p-value of 1.0 × 10–4 in aSTI samples and 6.0 × 10–3 in control samples (Supplementary Datasheets 1, 2 and Figure 3B).
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FIGURE 3
Distinct functions enriched from proteins upregulated in aSTI foreskins and age-matched controls. (A) Significance of immune-related GO term enrichment in aSTI + (red bars) and aSTI- (blue bars) foreskin proteomes. A classical enrichment analysis tested (Fischer’s test) the significance of enrichment of the GO terms in the respective proteomes and is expressed as logarithms. (B) Multiparameter flow cytometry gating strategy applied to phenotype-isolated primary inner and outer foreskin leukocytes expressing CD3. Live cells were selected which expressed CD45 and CD3 as shown. (C) A representative bivariate flow cytometry plot showing single- and double-positive CD4 + CCR5 + cells gated from CD45 + CD3 + T cells. The boxed gate shows the percentage of double-positive T cells. (D) Percentage of CD45 + CD3 + CD4 + CCR5 + cells from combined outer and inner foreskins in STI- controls and STI + men. Error bars represent the standard deviation from the mean. The cells were gated from the grandparent (CD45 + CD3 + cells).




Enrichment of gene ontologies associated with the recruitment of HIV target cells and inflammatory pathways from proteins enriched in the foreskin of men with asymptomatic STIs

Interleukin (IL)-12 secretion by myeloid cells causes differentiation of naïve T cells into HIV-1 susceptible Th1 cells (Bottomly, 1988; Hsieh et al., 1993). The GO functions are as follows: cellular responses to IL-12 (GO: 0071349, adj. p-value = 1.6 × 10–4), IL-12-mediated signaling pathway (GO: 0035722, adj. p-value = 1.4 × 10–4) (Figure 3A in red curly arrow), myeloid leukocyte-mediated immunity (GO: 0002444, adj. p-value = 1.8 × 10–4), myeloid cell activation involved in immune response (GO: 0002275 adj. p-value = 1.6 × 10–4) amongst others (Figure 3A) were enriched in the proteomes of men with an aSTI. We validated the findings by investigating the presence of these HIV-susceptible cells (CD45+ CD3+ CD4+ CCR5+ cells, Figures 3B–D) in the inner and outer foreskins of new recruits with and without an aSTI. The frequency of these HIV target cells was markedly higher in men with an aSTI (Figure 3D), as previously shown by us and others (Masson et al., 2016, 2019; Gray et al., 2019).

Protein intensities of peroxiredoxin-6 (PRDX6, P30041), PYCARD (Q9ULZ3), and both ferritin light and heavy chains (FTL and FTH) were higher in aSTI foreskin compared to the control foreskin (red area compared to the blue area in the radar plot Figure 4A). These proteins interact with one another in vivo and are responsible for the enrichment of the biological process of neutrophil degranulation (GO: 0043312 adj. p-value = 3.7 × 10–4, Figure 3B). Neutrophil degranulation is a part of myeloid leukocyte activation a GO observed here to also be enriched in aSTI (GO: 0002274 adj. p-value = 6.5 × 10–4). PYCARD is a key component of one of the NLPS inflammasomes and is also involved in macrophage pyroptosis and inflammation (Agostini et al., 2004; Fernandes-Alnemri et al., 2007). S100A8, which plays a critical role in inflammation (Wang et al., 2018), was also significantly more expressed (adj. p-value of 5.0 × 10–3) at > 2-fold higher in aSTI foreskin compared to control samples (Supplementary Datasheet 1). The increased expression of proteins involved in myeloid activation in the foreskin of men with aSTI suggests an increased proinflammatory state within the foreskin.


[image: image]

FIGURE 4
Enriched immunological functions showing the impact of aSTI on protein functions enriched in aSTI proteomes compared to age-matched controls. (A) Radar plot showing the intensity of proteins in aSTI + foreskins (red area) and control foreskins (aSTI-) (blue) with related myeloid cell activation functions. Protein names are depicted by UNIPROT numbers for ease of annotation. (B) Radar plot showing protein intensity of proteins enriched in GOs related to viral immune response. (C) Box and whisker plots showing expression intensities of protein eliciting homotypic cell-cell adhesion protein function and their names. (D) Enriched GOs with barrier integrity function enriched in foreskin samples aSTI + (red) and aSTI-(blue) with their corresponding adjusted p-values of enrichment shown. GO flow diagram from https://www.ebi.ac.uk/QuickGO/annotations.




Significantly higher expression of proteins involved in host–viral interaction in proteomes from men with asymptomatic STIs

We observed significantly higher expression of cellular proteins that are known to support viral immune acquisition in aSTI+ foreskin compared to men without aSTI. These include host cell co-factor proteins that facilitate HIV-1 infection, such as BANF1 (O75531), importin (O95373), NPM1 (P06748), SNW domain-containing protein 1 (Q13573), and PCBP1 (Q15365). Their expression in different foreskin samples is shown in Figure 4B. Barrier to auto-integration factor BANF1 (O75531 in Figure 4B) is a host protein that is appropriated by retroviruses, including HIV-1, to promote viral DNA integration into the host genome (Harris and Engelman, 2000). Other proteins involved in HIV-1 replication were also elevated in aSTI foreskins; Importin IPO7 has been shown in vitro to mediate the nuclear import of HIV-1 reverse transcription complex integrase and HIV-1 rev during infection (Szklarczyk et al., 2019). NPM1 (P06748 in Figure 4B) is also an important protein in the nucleolar localization of the HIV-1 protein Tat (Li, 1997). In addition to this, SNW domain-containing protein 1 (Q13573 in Supplementary Datasheet 1) is also recruited by HIV-1 Tat and is involved in Tat transcription (Brès et al., 2005). Another co-factor used by HIV that is DE in the foreskin of men with aSTI is PCBP1, the Y-box binding protein 1 which supports early and late steps in HIV replication in the host, and was also significantly higher in men with aSTI (Weydert et al., 2018).

The protein SKP1 (P63208), which was also higher in aSTI proteome, is an important factor in the degradation of CD4 promoted by HIV-1 Vpu. It is recruited in the CD4 ubiquitination and subsequent proteasomal degradation of the receptor (Li, 1997). This interaction positively modulates HIV-1 infection (Levesque et al., 2003). It is noteworthy that GO: 0046596, which regulates viral entry into the host cell, was enriched in the aSTI proteomes [adj. p = 0.008 (Supplementary Datasheet 2)].

Furthermore, the foreskin proteomic profile of men with aSTI was enriched in proteins involved in suppressing innate viral response mechanisms, such as valosin-containing protein (VCP)/P55072 (Figure 4C). Together with its co-factor NPL4-UDF1, it reduces antiviral innate immune responses by suppressing antiviral signaling via degradation of RIG-I. VCP also suppresses the production of the innate antiviral type 1 interferon through its interaction with RIG-I (Hao et al., 2015).



Ontologies related to barrier function enriched in control proteomes

Multiple ontologies related to maintenance of tissue barrier function were significantly enriched in foreskin proteomes of men without detectable STIs compared to men with aSTI. The biological process homotypic cell adhesion GO: 0034109 the attachment of a cell to a second cell of the identical type via adhesion molecules (QuickGO, 2022) was enriched (adj. p-value 3.5 × 10–5) in the proteomes of men without any detectable aSTI (shown in Figure 3B highlighted with a blue star). The proteins radixin (P35241), myosin regulatory light chain (J3QRS3), and fibrinogen beta chain were the proteins with higher expression in the aSTI- foreskin responsible for the enrichment and whose expression is shown in Figure 4C. Cell to cell adhesion (GO: 0098609) was also enriched in control proteomes (adj. p-value 2.0 × 10–5). Cadherin binding GO: 0045296 was significantly enriched in aSTI proteomes (Figure 3B). There was significant enrichment of cell adhesion molecules (GO: 0050839: Cell adhesion molecule binding) in aSTI+ proteomes (Supplementary Datasheet 2), such as cell–substrate junction proteins (GO: 0030055, Adherens GO: 0005912, and Anchoring junctions GO: 0070161). Altered barrier function during aSTI allows the influx of cells, such as dendritic or other immune cells into tissue (McEver and Zhu, 2010). Figure 4D shows the relatedness of the barrier function of GO terms enriched in the different proteomes.



Ontologies related to humoral immunity enriched in control proteomes

The MF of Toll-like receptor 4 binding (GO: 0035662, Figure 3A and Supplementary Datasheet 2) was enriched in control proteomes (adjusted p-value 2.3 × 10–3), as well as the BP related to the Toll-like receptor signaling pathway (GO: 0002224, adjusted p-value 6.6 × 10–3). This term is a subclass of innate immune response-activating signal transduction (GO: 0002758, adjusted p-value 2.0 × 10–3), a subclass of GO: 0002218, Activation of innate immune response (adjusted p-value 2,4 × 10–3) also a subclass of GO: 0045089 Positive regulation of innate immune response (adjusted p-value 3,7 × 10–3), which is involved in the regulation of innate immune response (GO: 0045088, adjusted p-value 6.1 × 10–3). All of these are part of the innate immune response (GO: 0045087, adjusted p-value 4.9 × 10–3) related to the activation of immune response GO: 0002253 (p-value 1.2 × 10–3). All of these are shown in Figure 3A and listed in Supplementary Datasheet 2 Negative FC and Selected GO tabs. These contrasted with the cellular-based immune activation seen to be enriched in aSTI proteomes described above. In addition to this innate immunity-related GO enrichment in control proteomes, components of the humoral immune system, antimicrobial humoral response (GO: 0019730 adj. p-value 1.7 × 10–3), and induction of bacterial agglutination (GO: 0043152 adj. p-value = 3.2 × 10–3) were also enriched in control proteomes.




Discussion

To our knowledge, foreskin proteomics has not yet been successfully performed. We developed a novel proteomic workflow for the analysis of foreskin tissue. LC-MS-based proteomics, which harnesses the analytical power of MS to analyze whole protein contents of biological systems, is a popular tool for investigating host–pathogen effects and interactions in disease settings (Hanash, 2003). The bioinformatic capabilities of analyzing proteomics data specifically in functional enrichment analysis can provide biological insight into perturbations to host systems caused by diseases. This information can be used in designing clinical tools for the diagnosis or discovery of therapeutic agents against pathogen effects. We show here an optimized method for the LC/MS-based proteomic analysis, including sample processing methods for analyzing clinical skin samples which are notoriously difficult. We were able to apply this to differentiate clinical samples and to provide biological insights into the effects of aSTIs in men living in a high HIV prevalence area of South Africa.

Symptomatic and aSTIs are known to induce an acute inflammatory response in women (Masson et al., 2015, 2016). Our data provide insight into the mechanisms by which aSTIs increase HIV risk in men, many of which overlap with known mechanisms in women. The association between inflammation and impaired barrier integrity has been shown to be linked to the FGT (Birse et al., 2016; Berard et al., 2018). Furthermore, asymptomatic infections of CT and NG were shown to dysregulate the CD4+ /CD8+ balance in anogenital epithelia resident T cells. This STI-induced T-cell dysfunction resulted in a significant increase in the expression of immune activation, T-cell exhaustion, and senescence markers in CD8+ T cells (Vieira et al., 2017). Our data here show a shift in the abundance of proteins associated with immune regulation toward an inflammatory response. We also observed enrichment of GO terms associated with myeloid activation, with neutrophil degranulation being enriched in aSTI proteins. Proteins upregulated in aSTI samples had an enriched Interleukin-12-mediated signaling pathway. The expression of interleukin 12 has been shown to increase during CT infection (Hook et al., 2005; Wang et al., 2005) in the FGT and in vitro infection studies. Here, we show that in a cis male cohort, where Chlamydia trichomonas was the most abundant STI, there was a similar impact on epithelial tissue. We regard this as an important finding, since it extends our previous work (Gray et al., 2019) that CT infection in the male urethra, a mucosal surface, has an impact on the underlying inner foreskin. It possibly may be due to minimal urethral discharge not visible to the naked eye and thereby making its way to the foreskin. Further studies would be needed to verify this.

Interleukin 12 induces differentiation of Th1 cells via several steps, including myeloid cell-leukocyte interactions (Bottomly, 1988; Hsieh et al., 1993). Myeloid-derived dendritic cells, including Langerhans cells, stimulate naïve CD4 T cells to mature into Th1 cells which express high levels of the receptor CCR5 (Abbas et al., 1996; Loetscher et al., 1998), potentially rendering them more susceptible to HIV-1 infection due to the HIV-1 co-receptor expression (Bleul et al., 1997; Kawamura et al., 2003; McClure et al., 2005; McKinnon and Kaul, 2012; Prodger et al., 2012; Lemos et al., 2014). We have previously shown that there was an increased presence of CD4+ CCR5+ cells and the dendritic/macrophage-like Langerhans cells in men infected with CT (Gray et al., 2019), and our proteomic data lead to more insight into immune events giving rise to this finding.

The foreskin epithelial proteome has not previously been characterized to our knowledge but is likely an important mediator of susceptibility or protection from HIV, given that circumcision greatly reduces men’s risk of HIV acquisition (Auvert et al., 2005; Bailey et al., 2007; Gray et al., 2007). Our study, however, does have some limitations. The number of aSTIs in our study is small, and a larger cohort would have allowed us to stratify by the type of aSTI and to know whether other STIs, apart from CT, show similar regulation of the epithelial proteome. We also know that the penile microbiome may play an important role in susceptibility to HIV infection (Liu et al., 2017), and future studies investigating the interplay between urethral microbial dysbiosis and epithelial inflammation would provide additional insight. We did find the presence of bacterial proteins that would suggest this link; however, this topic was not further investigated in this study, as we focused on human protein interactions. It has been established that inflammation at other surfaces weakens the epithelial barrier integrity leading to increased leakiness (O’Hara and Buret, 2008; Rao, 2008). The type of inflammation and mechanisms leading to weakened barrier integrity are diverse (Wu et al., 1998; Rao et al., 2002; Bruewer et al., 2003; Gonzalez-Mariscal et al., 2009). At a molecular level, epithelial barrier integrity is controlled by cell adhesion structures, namely, tight junctions, adherens junctions, desmosomes, and gap junctions (Röper and Brown, 2003; Niessen, 2007; Chiba et al., 2008; Hartsock and Nelson, 2008). The apical tight junctions and adherens junctions are integral to the formation and maintenance of epithelial barrier function (Tsukita et al., 2001; Hartsock and Nelson, 2008). We hypothesize based on our data described here that inflammation-induced dysfunction induced by aSTIs possibly weakens the epithelial barrier function, probably by downregulating the expression of homotypic cell-to-cell adhesion. This aSTI-associated decreased barrier function could be a mechanism by which subsequent STI infections, such as HIV, gain easier entry into the mucosa of the MGT. We have seen the increased expression of HIV co-factors involved in infection and immune evasion in the foreskin of men with aSTI. This provides evidence for the syndromic treatment of aSTI to prevent HIV infection. However, previous clinical studies that aimed to reduce the risk of HIV acquisition and transmission by treating STIs had variable success at reducing HIV incidence; this was ascribed to confounders, such as reinfection of STIs by untreated partners, and weak exposure contact (Stillwaggon and Sawers, 2015). In summary, we developed a novel approach to characterizing the foreskin proteome and applied it to successfully distinguish men with and without aSTI. Furthermore, we identify possible mechanisms by which aSTIs and inflammation may possibly increase the risk for HIV acquisition.
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SUPPLEMENTARY FIGURE 1
LC-MS2 of peptides isolated from a foreskin protein lysate digestion analysis prepared using two digestion methods: (i) IS digestion with subsequent methanol/chloroform extraction of peptides (filter aided sample preparation, FASP) or (ii) protein lysate digestion analysis prepared using IS digestion after protein precipitation using acetone. Top panel shows the ion chromatogram of the MS1, middle panel the total ion current (TIC) of the MS2, and the consecutive MS/MS spectrum.

SUPPLEMENTARY FIGURE 2
GOBubble facet plot showing bubbles representing all gene ontology terms enriched in the three gene ontology categories (biological process (green), cellular component (red), and MF (blue). The z-score depicting the fold changes is presented on the x-axis. The negative logarithm of the adjusted p-value is shown on the Y-axis. Functions with an adjusted p-value of 0.01 or less are plotted, and only those with a minimum z-score of ∓ 2 are taken. The size of the bubble is proportional to the number of proteins eliciting the function.

SUPPLEMENTARY DATASHEET 1
An Excel spreadsheet with a List of proteins identified that were significantly differentially expressed between aSTI proteomes and age-matched controls.

SUPPLEMENTARY DATASHEET 2
Negative FC GOs: List of enriched gene ontologies from differentially expressed proteins higher in aSTI- foreskins. Positive FC GOs: List of enriched gene ontologies from differentially expressed proteins higher in aSTI + foreskins. Selected GOs: List of enriched gene ontologies from differentially expressed proteins from aSTI foreskins (in red) and age-matched controls (blue).


Footnotes

1     https://anaconda.org/bioconda/metanovo

2     http://geneontology.org/
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