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Background: Herpesvirus co-infection in HIV-infected individuals has been associated with increased immune activation in HIV infection. However, the issue of how it shapes and impacts immune system, or vice versa, has not been established yet.David Finegold, MD

THE GUT MICROBIOME AND SUBCLINICAL HERPESVIRUS COINFECTION 
IN HIV INFECTION

Juchul Hwang, MPH

University of Pittsburgh, 2018


Objective: To examine whether the alteration of microbial composition is associated with herpesvirus shedding in virally-suppressed HIV-infected individuals.
Methods: Blood, throat washing, semen, urine, and stool samples were obtained from virally-suppressed HIV-infected men who have sex with men (MSM) and 12 age-matched HIV-uninfected MSM from Multicenter AIDS Cohort Study (MACS). Herpesvirus shedding was measured by real-time PCR in all samples, and soluble markers of immune activation were measured by ELISA at four different time points over 24 weeks. Gut microbial profiles were evaluated by Illumina-based sequencing of the V4 hypervariable region of 16S rRNA gene using stool samples. PERMANOVA was performed to assess the association of microbial profiles with herpesvirus shedding rates at five body compartments and soluble immune markers.
Results: A trend was observed between the seminal herpesvirus shedding rate and gut microbial profiles although not significant. At the genus level, the seminal shedding rate positively correlated with the relative abundance of Blautia, and negatively correlated with Faecalibacterium. The relative abundance of Blautia positively correlated with plasma C-reactive protein level. No shedding rates from other body sites were associated with microbial profiles or immune markers.
Conclusion: We found a moderate evidence that gut microbial alteration is associated between herpesvirus shedding, but we did not find any evidence that it is associated with persistent immune activation. Therefore, future studies are needed to fully assess the role of microbiome in viral shedding and inflammation.
Public Health Significance: Despite the advent of effective combination of antiretroviral therapy, the overall life expectancy of HIV-infected individuals is shorter than the general population because of their high prevalence of non-communicable diseases. Thus, it is important to investigate the factors that impact the course of HIV disease and chronic immune activation. 


[bookmark: _Toc106717784][bookmark: _Toc520983221]TABLE OF CONTENTS
preface	ix
1.0	Introduction	1
1.1	MICROBIOTA IN HIV	2
1.2	MICROBIAL TRANSLOCATION IN HIV	3
1.3	HERPESVIRUS COINFECTION IN HIV	4
2.0	OBJECTIVE	6
3.0	METHODS	7
3.1	STUDY SUBJECTS	7
3.2	EXPERIMENTAL PROTOCOLS	7
3.2.1	MEASUREMENT OF T CELL ACTIVATION AND IMMUNE MARKERS	7
3.2.2	MEASUREMENT OF HERPESVIRUS SHEDDING RATES	8
3.2.3	DNA EXTRACTION, AMPLIFICATION OF 16S RNA GENE	8
3.2.4	DNA PURIFICATION, AND ILLUMINA-BASED SEQUENCING	9
3.3	STATISTICAL ANALYSIS	10
4.0	RESULTS	11
4.1	Comparison between HIV-INFECTED and HIV-UNINFECTED groups		11
4.2	CORRELATION of microbial profiles WITH SEMINAL SHEDDING RATE	13
4.3 CORRELATION of microbial profiles WITH immune markers	18
5.0	DISCUSSION	21
6.0	PUBLIC HEALTH SIGNIFICANCE	25
bibliography	26
LIST OF TABLES
Table 1. Clinical characteristics of study participants	11
Table 2. Association between microbial profiles and shedding rates at each body compartment	14
[bookmark: _Toc520983223]LIST OF FIGURES
Figure 1. Comparison between HIV-infected and HIV-uninfected groups in gut microbial profiles	12
Figure 2. Heatmap of correlation coefficients of each shedding rates	14
Figure 3. Comparison of gut microbial profiles according to herpesvirus shedding rate in semen	15
Figure 4. Abridged model consisting of top ten OTUs with herpesvirus shedding rate in semen	16
Figure 5. Heatmap of correlation coefficients between top ten OTUs and herpesvirus shedding rates at each body sites	17
Figure 6. Comparison of gut microbial profiles according to soluble sCD14 level	19
Figure 7. Heatmap of correlation coefficients between top ten OTUs and soluble immune markers	20
[bookmark: _Toc520983224][bookmark: _Toc521576595]preface

[bookmark: OLE_LINK9][bookmark: OLE_LINK10]This research is supported by Center for Medicine and the Microbiome, University of Pittsburgh, and Division of Infectious Diseases, Department of Medicine, University of Pittsburgh. I would like to thank Dr. Morris to support this research, and Dr. Macatangay for providing his data. I would also like to thank Adam Fitch, Joseph Huwe, Kelvin Li, and other colleagues from Center for Medicine and the Microbiome, it would be impossible without their expertise and insights that greatly helped this research. Finally, I would appreciate Dr. Finegold supporting this essay, as well as, guiding me to finish all my courses and to prepare my future career. 




	ix
1.0  [bookmark: _Toc106513527][bookmark: _Toc106717785][bookmark: _Toc520983225][bookmark: _Toc521576596]Introduction
[bookmark: _Toc106513528][bookmark: _Toc106717786]Since the advent of effective combination antiretroviral therapy (ART), the prognosis of human immunodeficiency virus (HIV) infection has dramatically improved.[1] Currently, HIV infection is considered as a non-fatal disease, because the plasma viral load can successfully be controlled by ART. Well-treated HIV-infected individuals often have undetectable plasma HIV RNA level with restoration of CD4+ T cell counts. Nonetheless, the virus is rarely eradicated from the host and remains latent in immune cells even after long-term treatment. Importantly, chronic HIV infection has been linked to increased risks of non-communicable diseases such as cardiovascular disease, diabetes, neurocognitive disorders, osteoporosis and malignancies,[2-7] as well as shorter life expectancy than general population,[8-10] which raises a serous public health concern. It has been proposed that the increased risk of non-AIDS-related diseases and the excess age-related mortality in treated HIV infection are attributed to persistent immune activation and prolonged inflammation measured by immune markers such as tumor necrosis factor alpha (TNFα), C-reactive protein (CRP), sCD163 and interleukin-6 (IL-6).[11-13] 
Although the etiology of such ongoing immune activation is yet to be determined, several possible mechanisms have been suggested. First, disrupted integrity of the gut mucosal barrier by progressive depletion of CD4+ T cells may allow bacterial translocation into the bloodstream in the early course of HIV infection, which is associated with systemic immune activation and disease progression.[14] Second, HIV-associated immune dysfunction may accelerate co-infected viral replication and reactivation, which trigger further activation of T cells and other immune cells.[15] Third, disruption of gut epithelial immunity due to HIV infection may induce the alteration of gut microbial composition, resulting in metabolic dysfunction performed by microbiome.[16] 
1.1 [bookmark: _Toc520983226][bookmark: _Toc521576597][bookmark: OLE_LINK3][bookmark: OLE_LINK4]MICROBIOTA IN HIV
[bookmark: _Toc106513529][bookmark: _Toc106717787][bookmark: OLE_LINK7][bookmark: OLE_LINK8]The human body carries trillions of microorganisms including bacteria, fungi, and viruses that commensally live with their human host.[17] This collection of microbial organisms from a defined environment is referred to as the microbiota. The totality of microbes, their genetic information, and the milieu in which they interact is referred to as the microbiome. The microorganisms living on humans can be classified into three categories: 1) symbionts, which promote human health), 2) commensals, which have no known effect on host, and 3) pathobionts, which have pathogenic potential to human health. It has long been recognized that some microorganisms could play an important role in absorption of certain nutrients such as vitamin B12 in human health. Also, by the traditional culture methods in which letting them reproduce in a specific environment to detect target microbes, we were able to identify certain pathogenic microorganisms that can cause acute infectious diseases or chronic disorders. However, the advent of next-generation sequencing techniques targeting the hypervariable 16S rRNA region of bacteria, which allow bacterial communities to be characterized, have revolutionized our understanding of the complexity of microbial ecology in a variety of human organs. Currently, it is a general consensus that the microbiome has a tremendous effect on human health, and the critical role of the microbiota in human health and diseases has been increasingly investigated.[18-21] A number of studies reported that decreased microbial diversity and richness has been linked to increased risk of obesity, metabolic syndrome, diabetes mellitus, inflammatory bowel disease, cardiovascular diseases, and certain types of cancer.[22] As one of the proposed mechanisms, microbial metabolites produced by commensal microbial communities may have a huge impact on human health. For example, short chain fatty acids (SCFAs), the end product of fermentation from dietary fiber by anaerobic gut bacteria, may play a key role in regulation of host metabolism and immune function.[23] 
Recently, HIV infection has been associated with decreased gut microbiome diversity and richness, loss of commensal bacteria, and increased pathogenic bacteria. and its association with chronic immune activation in HIV infection has also been reported.[24-26] Moreover, the HIV infection-related gut microbial dysbiosis, a condition of having seemingly abnormal microbial composition in the intestinal lumen, was associated with alteration of microbial metabolic pathways, such as increased kynurenine production, a tryptophan metabolite produced by commensal bacteria,[27] and decreased abundance of butyrate producing bacteria,[28] suggesting that reciprocal pathways between the gut microbiome and epithelial immune system may exist.
1.2 [bookmark: _Toc520983227][bookmark: _Toc521576598]MICROBIAL TRANSLOCATION IN HIV
[bookmark: _Toc106513530][bookmark: _Toc106717788]Microbial translocation from the intestine to the bloodstream has been known to cause systemic immune activation in HIV infection.[14] CD4+ T lymphocytes in the gut associated lymphoid tissue (GALT) are one of the primary targets of HIV, and thus the T cells are substantially depleted in concordance with rapid HIV replication in the early course of HIV infection.[19] After the period of acute HIV infection, HIV replication is reduced but not entirely suppressed despite ART,[29] because reservoirs of HIV provirus established in the early course of infection are unable to be eradicated.[30] During chronic HIV infection, CD4+ T lymphocytes are progressively depleted. Importantly, IL-17-secreting CD4+ T cells, which plays an important role in maintaining gut integrity and mucosal defense, are preferentially depleted during the course of infection.[27] As a result, a dysfunctional gut-blood barrier allows intestinal microbes to translocate from the intestinal lumen to the bloodstream, causing systemic low-grade inflammation and immune activation.[31, 32] This is evidenced by the fact that HIV patients often have increased plasma level of lipopolysaccharide (LPS), which is a major component of the outer membrane of Gram-negative bacteria. This chronic and persistent immune activation is thought to be a key feature to understand the non-AIDS-related comorbidities.
1.3 [bookmark: _Toc520983228][bookmark: _Toc521576599]HERPESVIRUS COINFECTION IN HIV
Over the last decade, the role of asymptomatic herpesvirus coinfection in persistent immune activation, and its association with higher risk of non-communicable diseases in HIV infection have increasingly been highlighted.[20, 33] Latent herpesvirus shedding is frequently observed in the general population, and is thought to be more common in HIV-infected individuals.[34] Reactivation of genital cytomegalovirus (CMV) and Epstein-Barr virus (EBV), which are members of herpesvirus family, has been associated with higher HIV shedding in semen,[35] and higher HIV viral loads in the blood,[36] as well as, poor immune reconstruction after ART.[37] Lurain et al. reported high levels of immune activation measured by sCD14, which is secreted mainly from monocyte, in HIV-infected women, suggesting that monocyte can be an interaction site for both CMV and HIV.[38] Importantly, valganciclovir treatment for herpes co-infection in HIV disease successfully reduces CD8+ T cell activation, suggesting that herpesvirus co-infection may drive immune activation in HIV infection.[15] This is supported by the recent study by Maidji et al. that CMV replication in the gut epithelium may independently impact gut integrity by damaging epithelial tight junctions, possibly leading to accelerated microbial translocation.[39] This finding may explain that the association of subclinical herpesvirus infection with chronic immune activation in HIV infection. However, these studies only examined CMV and EBV, and thus our colleagues previously investigated whether other members of herpesvirus family have a role in HIV infection.[40] In the study, we reported that while higher EBV shedding rate was, although not significantly, associated with greater level of sCD14, but CMV shedding was not associated with any immune markers. Interestingly, the CMV shedding rate was inversely associated with T cell activation in HIV-infected individuals at particular time points, and HHV-6 shedding rates negatively correlated with IP-10 and sCD163, suggesting that low-level inflammation may drive herpesvirus reactivation. This inconsistency is considered to be due to the different patient characteristics, and/or the duration of the anti-retroviral treatment. Therefore, further study is needed to identify the role of herpesvirus co-infection in persistent immune activation and inflammation in HIV infection.  

2.0  [bookmark: _Toc520983229][bookmark: _Toc521576600]OBJECTIVE
Several previous studies proposed that herpesvirus co-infection in HIV is associated with chronic inflammation and immune activation. However, our previous study targeted for well-treated MSM did not support this association. As a follow-up study, we hypothesized that the gut microbiome may play an important role in the association between herpesvirus co-infection and chronic immune activation. Using the same studied subjects as the previous study, we aimed to investigate whether the reported herpesvirus shedding rates and immune activation are associated with altered gut microbial communities. 

3.0  [bookmark: _Toc520983230][bookmark: _Toc521576601]METHODS
3.1 [bookmark: _Toc520983231][bookmark: _Toc521576602]STUDY SUBJECTS
[bookmark: _Toc106513534][bookmark: _Toc106717792]Participants were recruited from the MACS, a prospective cohort of HIV-infected men who have sex with men (MSM), and HIV-uninfected MSM from the Pittsburgh site, as described [41]. Briefly, virally suppressed men on ART for at least 48 weeks with CD4+ T cell counts ≥ 500 cells/mm3, CMV IgG antibody (+) individuals were enrolled. Age-matched CMV IgG Ab(+) HIV-1 negative individuals were also enrolled as a control group. Participants who received acyclovir, valacyclovir, ganciclovir or valganciclovir were excluded. Samples including blood, throat washing, urine, semen, and stool were taken from participants at four visits (0, 4, 8, and 24 weeks) using sterile containers and were immediately frozen at -80°C until analysis. Final samples included 15 HIV-infected MSM and 12 age-matched HIV-uninfected controls. Written informed consent was obtained from all participants and this study was approved by the University of Pittsburgh Institutional Review Board (IRB# PRO12030691).
3.2 [bookmark: _Toc520983232][bookmark: _Toc521576603]EXPERIMENTAL PROTOCOLS
3.2.1 [bookmark: _Toc520983233][bookmark: _Toc521576604]MEASUREMENT OF T CELL ACTIVATION AND IMMUNE MARKERS
Peripheral blood mononuclear cells (PBMCs) were used to evaluate the percentage of T cell activation previously by our colleagues, as described.[40] Monoclonal antibodies (mAbs) used to stain and fix the samples included: anti-CD3 allophycocyanin (APC)-H7, anti-CD4 phycoerythrin (PE), CF594, anto-CD8 Alexa Fluor 700, anti-human leukocyte antigen D-related (HLA-DR), PE, anti-CD38 APC, all BD biosciences, and then analyzed using a BD LSRFortessa (BD Biosciences), and FlowJo version 10.0.7 software (TreeStar, Ashland, Oregon, USA). The plasma levels of soluble immune markers including sCD14, sCD163, interferon γ-induced protein 10 (IP-10), interleukin-6 (IL-6), and C-reactive protein (CRP) were measured by commercially available ELISA kits, and analyzed by ELX808 ELISA reader (Biotek, Winooski, Vermont, USA).
3.2.2 [bookmark: _Toc520983234][bookmark: _Toc521576605]MEASUREMENT OF HERPESVIRUS SHEDDING RATES
A detailed protocol for detecting herpesvirus shedding performed by our colleagues was previously described.[40] Briefly, DNA extraction was performed for each sample using EasyMag (bioMerieux, Durham, North Carolina, USA). Then, real-time PCR was performed to quantify the extracted DNA. The master mix contained 5μL sample DNA or control, 10 μL of Taqman 2X Gene Expression Master Mix (Applied Biosystems, Foster City, California, USA), 1,2 μmol/L forward and reverse primers, and 0.3 μmol/L of probe. The thermal cycles were: 50ºC for 2 min, 95ºC for 10 min, followed by 45 cycles of PCR amplification, 95ºC for 15s and 60ºC for 1 min. 
3.2.3 [bookmark: _Toc520983235][bookmark: _Toc521576606]DNA EXTRACTION, AMPLIFICATION OF 16S RNA GENE
Sample handling was performed inside a UV hood to minimize contamination during DNA extraction and amplification. Stored fecal samples obtained from the study participants at each time-point were thawed at room temperature to remove a small portion from the top of a collection tube. DNA was extracted from the samples using Powersoil kit (MoBio, Carlsbad, CA) according to the manufacturer’s instructions as described [42]. We amplified the extracted DNA by polymerase chain reaction (PCR) targeting the hypervariable 16S V3 and V4 region using the following primers:
· 16S Amplicon PCR forward Primer = 5’, 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 
· 16S Amplicon PCR Reverse Primer = 5', 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC
The thermal cycles were: an initial denaturation at 98ºC for 5 min, followed by 30 cycles of 98ºC, 57ºC, and 72ºC for 30 seconds each, and a final extension at 72ºC for 5 min. The master mix per reaction contained 14.05μL of purified H2O, 5μL of buffer, 0.5μL of dNTPs, 0.6μL of forward (515F) and reverse (785R) primers, and 0.25μL of DNA polymerase (Q5 Hifi Hotstart), with 4μL of template DNA. PCRs were performed in duplicates, as 4μL per reaction of each sample with a single barcode was amplified in duplicate 25μL reactions.
3.2.4 [bookmark: _Toc520983236][bookmark: _Toc521576607]DNA PURIFICATION, AND ILLUMINA-BASED SEQUENCING
We combined duplicates and purified using the AMPure XP beads (Beckman) at a 0.8 : 1 ratio (beads : DNA) to remove primer-dimers. 5μL of remained PCR product from each barcoded amplicon was electrophoresed on 1.5% agarose gel to detect amplification success. The eluted DNAs were quantified using Qubit Fluorometer (Invitrogen). Then, all samples were pooled by combining 20ng of each purified band, then the pooled sample was purified with the MinElute PCR purification kit. The final sample pool was purified again with AMPure XP beads to remove all traces of primer dimers and finally cleaned using Purelink PCR Purification Kit (Life Technologies). We quantified the purified pool in triplicate on Qubit Fluorometer 2.0 (Invitrogen) prior to loading for the sequencing to evaluate DNA purity. The primers contain V3-specific priming sequences, sequences complementary to Illumina forward, reverse and multiplex sequencing primers. Pooled amplicons were quantified using Qubit Fluorometer 2.0 (Invitrogen). The pool was deluted to 15pM and spiked with 25% of the Illumina PhiX control DNA prior to loading the Miseq. Universal primers linked with indices and sequencing adaptors were used to amplify the V3-V4 regions of the 16S rRNA gene. The amplicons were sequenced on an illumine Miseq platform to obtain 300-bp paired-end reads. 
3.3 [bookmark: _Toc520983237][bookmark: _Toc521576608]STATISTICAL ANALYSIS
Descriptive statistics were calculated and comparisons in shedding rate and level of immune markers were performed using STATA/MP version 14 (StataCrop, College Station, TX). Data were tested for normality by Shapiro-Wilk test. For all skewed data, logarithmic transformation was performed. Raw 16S genomic data were processed using the R platform. Taxonomic classification was done with Silva database and the naïve Bayes classifier implemented in Mother based on similarity to phyla (80%) and genus (97%). Comparison in distance matrices between HIV-infected MSM and HIV-uninfected controls was conducted using the anosim method. Then, principal component analysis (PCA) and multidimensional scaling (MDS) were performed by using relative abundance data after additive log ratio (ALR) transformation to compare similarities among samples. The relationship between herpesvirus shedding rate and microbiota was assessed by Bray-Curtis distance-based permutational multivariate analysis of variance (PERMANOVA) with adonis in R. Statistical significance was defined using an alpha of P < 0.05 (two-sided).
4.0  [bookmark: _Toc520983238][bookmark: _Toc521576609]RESULTS
4.1 [bookmark: _Toc520983239][bookmark: _Toc521576610]Comparison between HIV-INFECTED and HIV-UNINFECTED groups 
Table 1 shows clinical characteristics of of the HIV-infected and HIV-uninfected groups of study participants. The median age was 43 (range 26 – 50) in both groups. In the HIV-infected group, the median years of HIV infection was 9 years (range: 3 – 19 years), and the median years of viral suppression by ART was 7 years (range: 1 – 10 years). All the HIV-infected participants had more than 500 CD4+ T cell counts with median CD4+ T cell percentage of 36%, indicating that they had been virally suppressed. In the PCA and MDS plots in which normalized microbial abundances were plotted in a two-dimensional graph, not significant differences in microbial profiles were detected (P = 0.141) (Figure 1). 

[bookmark: _Toc520381701]Table 1. Clinical characteristics of study participants
	
	HIV(+), N = 15
	HIV(–), N = 12

	Median age in years (range)
	43 (27 – 50)
	43 (26 – 50)

	Median years of HIV infection
	9 (3 – 19)
	

	Median years of ART suppression
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]7 (1 – 10)
	

	Median CD4+ T cell count (range)
	803 (533 – 1355) cells/µL
	

	Median CD4+/CD8+ T cell ratio
	1.0 (0.5 – 1.6)
	


*All studied patients are CMV and EBV IgG antibody (+) 




[image: ]
[bookmark: _Toc521576647]Figure 1. Comparison between HIV-infected and HIV-uninfected groups in gut microbial profiles
Comparison in distance matrices of microbiome between HIV-infected and HIV-uninfected MSM was performed. In the PCA plot, the first component (PC1) explains 33.5% of total variance, and the second component explains 19.0% of total variance. The numbers in the plots denote patients’ identification numbers. In the rotated MDS plot, centroids were created with red color for HIV-uninfected, and light blue color for HIV-infected MSM.
4.2 [bookmark: _Toc520983240][bookmark: _Toc521576611]CORRELATION of microbial profiles WITH SEMINAL SHEDDING RATE
The shedding rate was calculated as [total number of (+) herpesvirus DNA / total number of specimens] throughout the study visits. Among the shedding rates at each sites, shedding rate in blood and urine had the strongest correlation (ρ = 0.53). Shedding rate in semen moderately correlated with shedding rate in urine (ρ = 0.40), and had relatively low correlation with that in other body sites (Figure 2). Our colleagues previously reported that although the HIV-infected group tended to have higher shedding rate in all sties, only the seminal shedding rate was statistically different between the two groups (p = 0.048).[40] In the present study, we found that shedding rate in semen was borderline, but not significantly, associated with microbial profiles (p = 0.090), while shedding rates in other body compartments were not using PERMANOVA modelling (Table 2). To visualize the association between microbial profiles and seminal shedding rate, we created PCA and MDS plots, as well as rotated MDS plot plots at operational taxonomic unit (OTU) (97%) level (Figure 3). When comparing the centroids created in the rotated multidimensional scaling plots with various colors, we could identify a clustering of samples, although not significant, according to seminal shedding rate.







[image: ]
[bookmark: _Toc521576648]Figure 2. Heatmap of correlation coefficients of each shedding rates
[bookmark: _GoBack]Correlation coefficients are represented as color gradients.

[bookmark: _Toc520381702]Table 2. Association between microbial profiles and shedding rates at each body compartment
	Body Compartment
	R2
	P-value

	Throat
	0.03
	0.712

	Blood
	0.06
	0.126

	Semen
	0.07
	0.090

	Urine
	0.03
	0.737

	Stool
	0.01
	0.987




[image: ]
[bookmark: _Toc521576649]Figure 3. Comparison of gut microbial profiles according to herpesvirus shedding rate in semen
Comparison in distance matrices of microbiome according to the shedding rate in semen was performed. In the PCA plot, the first component (PC1) explains 33.5% of total variance, and the second component explains 19.0% of total variance. The numbers in the plots denote patients’ identification numbers. In the rotated MDS plot, centroids were created with various colors.

Next, we identified most abundant top ten Operational Taxonomic Units (OTUs): Prevotella, Bacteroides, Faecalibacterium, Blautia, Lachnoclostridium, Dialister, Ruminococcaceae, Lacnnospiraceae_unclassified, Subdoligranulum, and Eubacterium coprotanoligenes. The top two OTUs belong to Bacteroidetes phylum, and the rest of the OTUs belong to Firmicutes phylum. Then, we used these top ten genera as predictors of shedding rates as univariate responses. In the abridged model consisting of the top ten OTUs to assess the association with seminal shedding rate (Figure 4), a trend, although not significant, was identified (R2 = 0.31, P = 0.107). In our further analysis to examine which genus is responsible for the relationship, Faecalibacterium genus was negatively associated with seminal shedding rate (β = -2.10, p = 0.04), and Blautia genus was positively associated with the rate (β = 5.77, p = 0.05) (Figure 5), although the significances disappeared after controlling for false discovery rate.


[image: ]
[bookmark: _Toc521576650]Figure 4. Abridged model consisting of top ten OTUs with herpesvirus shedding rate in semen

[image: ]
[bookmark: _Toc521576651]Figure 5. Heatmap of correlation coefficients between top ten OTUs and herpesvirus shedding rates at each body sites
Correlation coefficients are represented as color gradients.

[bookmark: _Toc520983241][bookmark: _Toc521576612]4.3 CORRELATION of microbial profiles WITH immune markers
Our colleagues previously found that the log-transformed plasma level of sCD14 was borderline, but not significantly different between the groups (P = 0.087). In the present study, we compared the similarity matrix of microbial profiles with each immune marker. In the analysis of PERMANOVA, no significant difference in relative abundances of microbial communities according to the levels of sCD14 was found (Figure 6). We identified the top ten OTUs and tested if there was any association of relative abundance of each genus with different immunologic parameters (Figure 7). CRP was positively associated with abundance of Blautia (β = 0.42, p = 0.02), although it was no longer significant after controlling for false discovery rate.



















[image: ]
[image: ]
[bookmark: _Toc521576652]Figure 6. Comparison of gut microbial profiles according to soluble sCD14 level
Comparison in distance matrices of microbiome according to the plasma level of sCD14 was performed.








[image: ]
[bookmark: _Toc521576653]Figure 7. Heatmap of correlation coefficients between top ten OTUs and soluble immune markers
Correlation coefficients are represented as color gradients.

5.0  [bookmark: _Toc520983242][bookmark: _Toc521576613][bookmark: OLE_LINK5][bookmark: OLE_LINK6]DISCUSSION
In the present study, we aimed to determine whether the gut microbial composition of both HIV-infected and HIV-uninfected age-matched MSM was associated with co-infected herpesvirus shedding rate and immune markers. Over the decade, several large-scale studies examined the microbial characteristics in HIV-infected individuals compared to uninfected ones with different methods and found that there may be a significant difference in microbiome composition, and these differences have been associated with persistent immune activation in HIV infection.[24-26] In a study by Dillon et al. using gut mucosal samples, investigators found a greater abundance of Proteobacteria and a smaller abundance of Firmicutes in HIV-infected individuals at the phylum level, and an increased abundance of Prevotella and a decreased abundance of Bacteroides at the genus level, which were associated with disease-related immune activation.[43] Similarly, other studies also reported that HIV-infection was associated with increased abundance of Prevotella and decreased abundance of Bacteroides at the genus level. [16, 27, 44, 45] Interestingly, in a study by McHardy et al, HIV-infected, virally suppressed individuals by ART have microbiome composition closer to the uninfected individuals compared to HIV-infected, untreated individuals, although the restoration appeared to be incomplete.[46] This finding may in part explain the reason we observed non-significant difference in the microbial profiles between ART-treated HIV-infected and HIV-uninfected MSM. 
We report, for the first time, that, although not significant, there was a modest trend of the shedding rate in semen with gut microbial communities. In serial studies by Gianella et al., asymptomatic CMV shedding in semen was associated with a greater level of immune activation markers and higher HIV load in untreated,[47] and ART-treated[21] HIV-infected individuals. In addition to these observations, our finding suggests that microbial dysbiosis may be associated with seminal herpesvirus shedding in chronic HIV infection. Of note, we did not find any significant association between herpesvirus shedding rate in other body compartments and gut microbial profiles, except in semen. This is a conflicting result to previous study which reported that subclinical CMV reactivation in the gut epithelium may play a role in host immune activation in HIV-infected individuals through its capability to disrupt gut epithelial barrier.[39] Given that each body compartment has a different drug penetration rate with the lowest rate in the genital tract,[48] and seminal CMV shedding is highly prevalent in ART-received HIV-infected individuals,[35] it is possible that the associations of microbial profiles with shedding rates in other body sites were substantially attenuated by ART itself, different sample types, and/or tissue immunological characteristics. For example, throat washings and stool may have much higher bacterial load than viral load, possibly leading to experimental error to detect herpesvirus shedding in the laboratory setting. Moreover, in the blood, because of the active immune system, shedding rate in the blood can be underestimated. For another possibility, given that the male genital tract is a major shedding site for CMV in our participants,[40] CMV may be more capable to impact the host immune system and gut microbial profiles than other members of the herpesvirus family. Collectively, latent herpesvirus shedding in HIV infection may be associated with host immune system dependent on the shedding sites. Although our study does not support that gut microbiome communities may have a modulating effect on the association, further research targeted at untreated HIV-infected individuals with more comprehensive methodological approach is warranted to fully assess the effect of the gut microbiome on herpesvirus shedding and immune activation.

In the genus level, we found that Faecalibacterium was negatively associated with seminal shedding rate, and Blautia was positively associated with the seminal shedding rate. However, we did not observe any significant association between identified top ten genus and herpesvirus shedding rate in stool or other shedding sites. Faecalibacterium belongs to the Firmicutes phylum, and is one of the most abundant genera in human gut microbiome. Zhou et al. recently reported that the abundance of Faecalibacterium was markedly decreased in individuals with acquired immune deficiency syndrome (AIDS).[49] Also, Ling et al. reported that the abundance of Faecalibacterium was greater in ART-treated HIV-infected individuals than untreated patients.[25] In addition to these findings, our finding that Faecalibacterium genus was negatively associated with seminal shedding rate suggests that there may be a crosstalk between this genus and the host-immune system. In contrast, the association between the abundance of Blautia and the HIV appears controversial in the literature. In a study by San-Juan-Vergara et al, the abundance of Blautia was increased in HIV-infected individuals and correlated with disease severity. However, Dubourg et al. reported that several genera including Ruminococcus, Blautia, and Faecalibacterium were less abundant in HIV-infected individuals.[50] Regarding the association of the relative abundance of Blautia with other diseases, conflicting results have also been reported. In a study by Jenq et al., the increased abundance of Blautia was associated with reduced graft-versus-host disease (GVHD), and improved survival in patients received bone marrow transplantation. The authors suggested that Blautia may exert anti-inflammatory effect on intestinal mucosa. However, other authors reported that this genus was associated with increased intestinal permeability in patients with multiple sclerosis,[51] and Crohn’s disease.[52] Thus, future research is needed to clarify the role of Blautia in maintaining intestinal integrity and in interaction with mucosal immune system.

This study has several limitations. First, because of small sample size, we could not achieve a large statistical power when analyzing the data. Second, because of the study design, the casualty of the associations cannot be determined. Third, our study did not control for the factors that potentially impact gut microbial composition, such as diet. Last, due to limited data, we were not able to assess the relationship between microbial profiles and shedding rate of each members of herpesvirus, such as CMV. Nevertheless, our study has a number of strengths and adds to the current literature on HIV and the role of herpesvirus coinfection. First, our study is the first that we are aware of that focuses on the role of gut microbiome in the pathogenesis of chronic HIV infection in MSM. Additionally, we were able to examine the shedding rates of different body sites, and their relation to gut microbial characteristics. Finally, our comprehensive statistical approaches allowed us to better understand the association between herpesvirus shedding rates and gut microbial composition.
In conclusion, we first report that seminal herpesvirus shedding is associated with altered gut microbiome. However, our study does not support the hypothesis that the gut microbiome may play an important role in the association between herpesvirus co-infection and chronic immune activation. Therefore, future studies with large sample size with comprehensive methodological approaches are warranted to identify the role of microbiome in the pathogenesis of HIV infection.

6.0  [bookmark: _Toc520983243][bookmark: _Toc521576614]PUBLIC HEALTH SIGNIFICANCE
Despite the advent of the effective combination of antiretroviral therapy, the life expectancy in treated HIV-infected patients is shorter than general population because of their higher prevalence of non-AIDS related diseases. This is mainly attributed to chronic inflammation and immune activation in the disease. Although microbial translocation has become one of the major causes of the persistent immune activation, other factors, such as herpesvirus co-infection, may also impact the course of the disease. Despite the significant effect of herpesvirus co-infection on persistent immune activation in HIV infection, the issue of how it shapes and impacts immune system, or vice versa, has not been established yet. 
Over the decade, microbiome studies have generated increasing attention because of the potential role to impact human health. In HIV infection, a number of studies reported that there is an alteration of gut microbiome. Moreover, previous preclinical studies suggested that herpesvirus co-infection may accelerate microbial translocation and immune activation. However, our previous study reported that herpesvirus shedding negatively correlated with immune markers such as IP-10 and sCD163. Due to this controversy, we aimed to investigate whether altered microbial composition underlie the conflicting reports. It is important to understand the role of microbiome and the herpesvirus co-infection in HIV-associated persistent immune activation, which may become targets for therapeutic intervention in the future.
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