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CONFERENCE SUMMARY

A Summary of the Fifth Annual Virology Education
HIV Microbiome Workshop

Scott Sherrill-Mix,1 Kaleigh Connors,2 Grace M. Aldrovandi,3 Jason M. Brenchley,4 Charles Boucher,5

Frederic D. Bushman,1 Ronald G. Collman,6 Satya Dandekar,7 Nichole R. Klatt,8 Laurel A. Lagenaur,9

Roger Paredes,10 Gilda Tachedjian,11 Jim A. Turpin,12 Alan L. Landay,13 and Mimi Ghosh2

Abstract

In October of 2019, researchers and community members from around the world met at the NIH for the fifth
annual International Workshop on Microbiome in HIV. New research was presented on the role of the mi-
crobiome on chronic inflammation and vaccine design, interactions of genetics, environment, sexual practice
and HIV infection with the microbiome and the development and clinical trials of microbiome-based ther-
apeutic approaches intended to decrease the probability of HIV acquisition/transmission or ameliorate sequelae
of HIV. The keynote address by Dr. Jacques Ravel focused on his work on the vaginal microbiome and efforts
to improve the analysis and resolution of microbiome data.

Keywords: HIV/SIV, microbiome, pathogenesis, therapeutics, comorbidities, transmission

Introduction

This year marked the fifth meeting of the International
Workshop on Microbiome in HIV held at the NIH.1–4

In the past year, appreciation for the interplay between the
human microbiome and HIV infection has continued to
grow. New studies presented here help clarify the role of the
microbiome on chronic inflammation and vaccine design and
reveal the interaction between the effects of genetics, envi-
ronment, sexual practice, and HIV infection on the micro-
biome. Further, reports on the development and clinical trials
of microbiome-based therapeutic approaches investigate the
potential of microbiome alterations to decrease the proba-
bility of acquisition/transmission or ameliorate sequelae of
HIV.

Essential to all studies is the continued development and
standardization of best methods for data analysis and con-
sistency across studies and approaches. The keynote address

by Dr. Jacques Ravel focused on his work to improve the
analysis and resolution of microbiome data.

Keynote Address

The microbiome of the vagina appears to have significant
effects on the rate of HIV acquisition5–8 and efficacy of an-
tiretroviral prevention and treatment.9,10 The bacterial com-
munities of the vagina have been categorized into patterns of
abundance called Community State Types (CST) with most
CST dominated by species of Lactobacilli and a single CST
containing diverse communities with little representation
of Lactobacillus (often labeled ‘‘CST IV’’ from its initial
identification).11,12 This diverse CST is associated with
genital inflammation and persistent bacterial vaginosis.11,13

Dr. Jacques Ravel from the University of Maryland discussed
his seminal article from 2011, in which he used 16S se-
quencing to divide the microbial communities of the vagina
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into five main CST.11 The techniques used to group the
abundances into CST in this and similar articles result in
CST that can be difficult to compare between studies, sen-
sitive to the addition or removal of samples and challenging
to interpret. To address this issue, Dr. Ravel and his group
have developed a tool for improved CST classification called
VALENCIA (VAginaL community state typE Nearest Cen-
troId clAssifier). This classifier has improved resolution of
CST allowing the original five CST to be split into 13 hier-
archical CST.

Current research into the vaginal microbiome frequently
combines metagenomics, metatranscriptomics, and pro-
teomics. To enable analysis of these datasets, the Ravel group
collected over 400 urogenital bacteria genomes and 1,500
metagenomes to build a human vaginal nonredundant gene
catalog called VIRGO.14 This catalog contains 0.95 million
nonredundant genes compiled from 318 unique bacterial
species. To allow analysis of genes and proteins across bac-
terial species, these nonredundant genes are further clustered
into vaginal orthologous groups. Comparison to vaginal
metagenomes from North American, African,8 and Chinese15

women showed coverage of more than 95% vaginal bac-
terial gene content. Analyses of these metagenomes also
revealed the presence of distinct strains within each bacte-
rial species leading to the concept of a metagenomic sub-
species as the sum of unique genes belonging to a given
species shared within a group of samples. These metage-
nomic subspecies can then be clustered to derive metage-
nomic CST reflecting bacterial species, strains, and gene
content.

Application of these techniques to a longitudinal study of
3,620 reproductive-age women16 revealed associations be-
tween metagenomic CST and odds of incident sexually
transmitted infection (STI). The importance of subspecies
level assignments was highlighted when women whose me-
tagenomic CST were dominated with a particular metage-
nomic subspecies of Gardnerella vaginalis and showed
increased risk of STIs while CST dominated by another
G. vaginalis strain significantly decreased risk. Interestingly,
these two inferred subspecies have since been independently
suggested to be separate species.17

Finally, Dr. Ravel discussed work on the relationship
between Chlamydia trachomatis infection and lactic acid
produced by the vaginal microbiome. Previous studies have
shown that lactic acid produced by some but not other
Lactobacillus species appears to inhibit C. trachomatis in-
fection.18,19 Vaginal microbiota produce lactic acid in two
isomers, d(-) and l(+). Research in the Ravel laboratory
revealed that Lactobacillus differ in the ratio of d(-) or l(+)
lactic acid produced and that Lactobacillus species that
produce d(-) lactic acid were associated with protection.20

Transcriptomic analysis revealed that rather than a direct
impact of d(-) lactic acid on chlamydial infection, epigenetic
modifications involving histone deacetylase-controlled
pathways were responsible for modulating immune respon-
ses to the pathogen.20

Transmission and Prevention

Understanding the role of the vaginal microbiome and
inflammation in HIV transmission is critical to preventing

spread. Dr. Lindi Masson from the University of Capetown
discussed the use of metaproteomics to evaluate the vaginal
microenvironment and better understand how mucosal in-
flammation associates with HIV acquisition risk in young
women.13,21,22 Using data from the WISH (Women’s In-
itiative in Sexual Health) study, Dr. Masson’s team found
that bacterial abundances estimated by metaproteomics were
largely congruent with those found by 16S sequencing,
however, microbial function determined by proteomics
seemed to predict inflammation more accurately than micro-
bial species abundance. Particularly, cell wall and membrane
biological processes and components were underrepresented
in microbes from women with inflammation, whereas stress
response, energy metabolism, and cell division were over-
represented in microbes from women with inflammation. To
validate these results in vitro, 80 Lactobacillus species were
isolated from vaginal samples and assessed for metabolic
products and inflammation induction. Strains isolated from
women with dysbiosis were more inflammatory in vitro
and similar proteomic associations with inflammation were
observed.

With bacterial vaginosis associated with increased risk for
acquiring HIV,7,8 effective treatment is critical. However,
antibiotic treatment of bacterial vaginosis has low cure rates
and results in frequent recurrence.23–25 Dr. Craig Cohen from
the University of California San Francisco reported on trials
of the live biotherapeutic LACTIN-V, a formulation of nat-
urally occurring Lactobacillus crispatus strain CTV-05,26,27

to reduce recurrence of vaginal dysbiosis. Initial trials have
shown increased Lactobacillus colonization after antibiotic
and LACTIN-V treatment28 (NCT00635622), and a phase 2b
trial testing efficacy in the prevention of bacterial vaginosis
recurrence was recently completed29 (NCT02766023). In
addition, a phase 2 trial investigating the effects of
LACTIN-V on genital inflammation is beginning to enroll
women at high risk for HIV in South Africa.

Since there is a strong link between race and bacterial
vaginosis,11,30 it seems likely that there may be a genetic
predisposition to dysbiosis. Dr. Supriya Mehta from the
University of Illinois at Chicago reported on a genome wide
association study searching for a link between genetic poly-
morphisms and bacterial vaginosis in a cohort of 252
heterosexual females. Several polymorphisms showed asso-
ciations with bacterial vaginosis, community diversity, and
the abundances of several inflammation-associated taxa.
Promisingly, pathway analysis of these polymorphisms
showed an enrichment in genes annotated as related to the
urinal and genital tract.

The success of the ASPIRE (A Study to Prevent Infection
with a Ring for Extended Use) and Ring study phase III trials
of vaginal rings containing antiretrovirals31,32 has driven
research to provide improved vaginal ring delivery technol-
ogy. However, concerns remain regarding adverse effects
from inflammation or microbial dysbiosis. Dr. Marc Baum
from Oakcrest Institute of Science presented data from a
Phase 1 randomized, placebo-controlled clinical trial of pod-
intravaginal rings (IVR)33 used to deliver antiretroviral
drugs. This approach previously provided 100% protection
in macaques challenged with SHIV.34 For this safety trial,
healthy women used pod-IVR containing antiretroviral drugs
for 7 days.35 A single vaginal swab was used in a multiomic
approach to assess community composition (16S sequence),

THE FIFTH HIV MICROBIOME WORKSHOP 887



structure (imaging), and community function (metabolomics
and metaproteomics). Antiretrovirals were detected in vagi-
nal as well as rectal samples and no significant changes in
vaginal microbiomes were observed. Pod-IVR appears to
offer a promising delivery technology for the fields of HIV
and women’s health.

Other preliminary data in this category that were presented
in poster format included the effects of menstrual cup usage
on vaginal microbiome and STI in Kenyan school girls (Cups
and Community Health [CaCHe] study; Dr. Supriya Mehta
from the University of Illinois at Chicago); screening of
vaginal bacteria metabolites for effects on HIV replication
(Kaitlin Marquis from the University of Pennsylvania); a
meta-analysis on the effects of topical penile microbicide
(Dr. Venkateshwaran Sivaraj from Guys and St. Thomas
NHS Foundation Trust); associations between the bacteriome
and virome in the female reproductive tract (Ferralita Madere
from the University of Rochester); the protective effects of
lactic acid producing Lactobacilli against short-chain fatty
acid-induced cervicovaginal inflammation36 (Dr. Gilda Ta-
chedjian from the Burnet Institute) and interference with
tenofovir-mediated HIV inhibition in women with bacterial
vaginosis (Dr. Richard Hunte from the Albert Einstein College
of Medicine).

Pathogenesis

The oral mucosal barrier faces continuous challenge from
diverse microbes, antigens, and mechanical damage. In the
face of these challenges, the immune system must balance
between surveillance and inflammatory response.37 Dysbio-
sis of the microbiome of the oral mucosa can lead to peri-
odontitis, resulting in systemic microbial translocation
and tissue destruction.38 Dr. Niki Moutsopoulos from the
NIDCR/NIH discussed the role of proinflammatory Th17
cells39,40 in the maintenance of oral microbiome and peri-
odontal health.41 Using a murine model of periodontitis, her
group showed that in healthy mice, physiologic damage from
mastication is a trigger for accumulation of Th17.42 How-
ever, during disease, Th17 expansion appears to be dependent
on the microbiome since antibiotic treatment (particularly
those affecting the gram-negative anaerobic bacteria) redu-
ces Th17 accumulation.43 Small molecule inhibitors or
genetic knockout of Th17 cells reduced inflammation and
bone loss in a mouse model43 suggesting that Th17 cells
may represent both a driver of and therapeutic target for
periodontitis. In support of this theory, humans with genetic
defects in Th17 differentiation have reduced risk of period-
ontitis although they do suffer from increased risk of other
pathologies.43,44

The microbiome also plays a critical role in the develop-
ment and maintenance of host immune function.45,46 The
interplay between resident microbiota and viral pathogens
is being increasingly appreciated as an important factor
in pathogenesis.47–49 Dr. Megan Baldridge from the
Washington University School of Medicine, presented two
examples of these interactions in the regulation of intestinal
norovirus infection by microbiota using a murine model. She
found that persistent strains of murine norovirus, MNoV,
infect and maintain a reservoir in rare intestinal epithelial
cells called tuft cells.50–52 The abundance of these tuft cells
and replicative capacity of MNoV is greatly reduced by an-

tibiotic treatment,52 but is restored by fecal transplant or
supplementation of a single species Bacteroides ovatus. Why
B. ovatus? It appears that B. ovatus produces a succinate
metabolite that is known to stimulate tuft cell growth.53–55

When succinate production is knocked out, B. ovatus can no
longer restore MNoV replication. However, if succinate is
supplemented, MNoV replication is restored to antibiotics-
free levels. In another novel interaction, Dr. Baldridge re-
ported on an unknown factor that protects against MNoV
infection in immunodeficient mice. Immunodeficient Rag1-/-

Il2rg-/- mice are resistant to MNoV infection while Rag1-/-

are normally sensitive. However, Rag1-/- mice cohoused
with or receiving fecal transplants from Rag1-/- Il2rg-/- mice
were also resistant. Interestingly, even 0.2 lm filtered fecal
transplants transferred resistance, but the effect was lost
following heat, ultraviolet, or proteinase K treatment. Se-
quencing and further testing revealed that this factor was
likely a murine astrovirus present only in immunocompro-
mised mice and that this astrovirus appears to induce IFN-k
leading to reduced MNoV replication.56

Chronic HIV/SIV infection has been linked to transloca-
tion of microbes from the gut and chronic inflammation.57–59

Microvesicles released by the gastrointestinal epithelium
may contribute to antimicrobial defenses and immune regu-
lation in the gut.60–63 To determine whether the antimicro-
bial cargo in intestinal microvesicles is dysfunctional in SIV
infection, Dr. Alexandra Ortiz O’Sick from Dr. Jason
Brenchley’s group at the NIAID/NIH isolated fecal micro-
vesicles from infected macaques. Characterization of the
microRNA (miRNA) content of these microvesicles revealed
potential changes in miRNAs and beta-defensin abundance
in SIV-infected macaques. In addition, coculture of gut
bacteria Lactobacillus salivarius, a bacteria commonly iso-
lated in assays of translocation, with microvesicles from
SIV+/SIV- animals revealed potential effects on bacterial
growth.

Dr. Leila Giron from Dr. Mohamed Abdel-Mohsen’s lab-
oratory at the Wistar Institute discussed the glycomic deter-
minants of gut microbial dysbiosis and translocation during
suppressed HIV infection. An emerging model suggests that
gut glycosylation is a critical homeostatic mediator.64 In a
cohort of HIV suppressed individuals, glycomic profiles
of colonic biopsies showed evidence of higher levels of
sialidase-releasing microbes associated with gut hyposialy-
lation and a dysbiotic pattern of lower microbial diversity. On
the contrary, fucosylation appeared to be protective and as-
sociated with higher microbial diversity and lower dysbiosis.
RNA-Seq analysis revealed a connection between gut hypo-
sialylation and the activation of the inflammasome-mediator
eIF2 signaling, whereas fucosylation was linked to the inhi-
bition of this signaling. These data point to potential con-
nections between gut glycomic patterns in HIV-mediated
inflammation and bacterial translocation.65

Comorbidities

People living with HIV (PLHIV) often suffer from meta-
bolic derangements.66–68 Dr. Catherine Lozupone from the
University of Colorado opened this session with a presenta-
tion about metabolic syndromes associated with HIV, the
involvement of microbiome components and the possibility
of dietary interventions. Using a cohort of HIV+ and HIV-
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men who have sex with men (MSM) and men who have sex
with women (MSW), she generated a metabolic score from
each individual’s metabolic parameters and compared it to
their microbiome, diet, clinical data, and cytokine profiles.
Lipopolysaccharide (LPS)-binding protein was found to be
an important driver of metabolic score and also correlated
positively with Dorea and Oscillospira and negatively
with butyrate producers Coprococcus cactus and Butyr-
ivibrio. Metabolome analysis of humanized mice fed with
a high fat diet revealed further linkage between inflam-
matory cytokines, Dorea species and metabolic score. Diet
intervention studies are ongoing in MSM and MSW living
with HIV in hopes of creating personalized approaches to
metabolic health in these populations at high risk of met-
abolic disorders.

Dr. Jean-Pierre Routy from McGill University spoke
about metabolic endotoxemia in individuals living with HIV
focusing on the little known topic of fungal translocation.
Circulating (1–3) b-D-glucan (BDG) was found to be asso-
ciated with immune activation in HIV infection.69 Other
studies have also found associations between BDG and car-
diopulmonary and neurocognitive function in PLHIV.70,71

BDG was also positively associated with marker for bacterial
translocation (LPS), gut integrity (IFABP, IDO activity), and
immune activation (CD8, Treg).69 BDGs are constituents of
many foods such as oats, dates, and bananas. However, oral
intake did not modify BDG plasma levels. Increased micro-
bial translocation and increased levels of LPS and BDG
were also associated with cytomegalovirus seropositivity.72

Thus future therapeutic strategies may include dietary inter-
ventions, probiotics, and blockage of cytomegalovirus
replication.

Other notable data presented in poster format included
reports of the partial reversal of gut microbial dysbiosis in
rhesus macaques following antiretroviral therapy (Dr. Jo-
seph Mattapallil from the Uniformed Services University);
lower alpha-diversity in the rectal microbiome of MSM
living with HIV in Kenya irrespective of antiretroviral
treatment (Henok Gebrebrhan from the University of
Manitoba); the effects of SIV infection and antiretroviral
treatment on rhesus macaque gut microbiota (Dr. Sammer
Siddiqui from the Tulane National Primate Research Cen-
ter); the effects of vedolizumab on the gut microbiome (Dr.
Marissa Becker from the University of Manitoba); a
Streptococcus dominant dysbiotic gut microbiome in a
population of antiretroviral experienced individuals from
Ghana (Prince Parbie from Kumamoto University); the
bioinformatic packages Nephele and METAGENOME for
microbiome data analysis and deposition (Dr. Mariam
Quiñones from NIAID/NIH) and associations of gut mi-
crobial communities with CD4 counts in children living
with HIV in Cameroon (Baiye William Abange from the
University of Buea).

Microbial dysbiosis and related morbidities are common in
HIV+ individuals,73,74 however, sexual practices have also
been linked to microbiome alterations HIV.75–77 To begin
to distinguish sequelae of HIV from other causes, Jennifer
Schneider from the University of Colorado reported that both
HIV- and HIV+ MSM self-report gastrointestinal symptoms
at a higher rate and have higher average fecal calprotectin
levels than HIV- MSW in her cohort. Further, a wide assay of
cytokines, chemokines, growth factors, and other potential

biomarkers in fecal samples found that MSM clustered sep-
arately of MSW independently of HIV status.

Dr. Ivan Vujkovic-Cvijin from the NIAID/NIH also
worked to distinguish changes in the gut microbiome due to
HIV infection from those due to sex or sexual practices. In a
cohort of PLHIV and uninfected participants, HIV+ indi-
viduals clustered separately from HIV- even when broken
out by MSM, MSW, and females. Microbiota shifts in MSM
appeared distinct from microbial shifts associated with HIV
infection. The microbial communities also showed signs of
further shifts between MSM with and without recent recep-
tive anal intercourse. In addition, the microbiota of females
engaging in recent receptive anal intercourse shared simi-
larities with that of MSM. Thus, sexual practice appears to be
associated with specific microbiome shifts that are distinct
from those associated with HIV infection.

Preliminary data presented in poster format in this cate-
gory included a study describing an association of plasma
lipidomic profiles with markers of disease progression and
inflammation in SIV-infected pig-tailed macaques (Dr. Ivona
Vasile-Pandrea from the University of Pittsburgh) and a
study of intestinal parasitic infections among children living
with HIV in Ethiopia (Dr. Tsegaye Alemayehu from Hawassa
University).

Therapeutics

Microbial dysbioses in PLHIV have been linked to the
translocation of microbes from the gut and chronic in-
flammation.57–59 Therefore, modulation of the microbiome
offers a potential therapeutic approach. However, published
data to date are contradictory as to whether a ‘‘healthy’’
microbiome can be stably reconstituted and whether it can
reduce systemic inflammation,78–81 so further trials are es-
sential.

Dr. Stephane Isnard from McGill University discussed
the possibility of using metformin treatment as an anti-
inflammatory agent to shift gut microbiota. Metformin is a
first-line medication for the treatment of type 2 diabetes
mellitus.82 It appears to modulate the gut microbiome83,84

and has shown anti-inflammatory and antiaging effects in
animal models.85,86 In an open label, nonrandomized,
single-arm clinical trial (Lilac study), 22 virologically
suppressed individuals were treated with metformin for 12
weeks.87 Metformin was well tolerated, and there were no
significant changes in CD4 or CD8 counts, glycohemoglo-
bin, or fasting glucose levels. Analysis of stool samples
demonstrated potential increases in bacterial diversity and
slight changes in fungal microbiota following treatment.
This pilot study will inform the design of studies with longer
treatment durations.

Another potential approach is the fecal microbiota trans-
plant (FMT), which has been used to successfully treat
several diseases, including ulcerative colitis and recurrent
Clostridium difficile infection.88–92 Dr. Ma Somsouk from
University of California, San Francisco, discussed a clinical
trial conducted to test the effectiveness of FMT in reducing
microbial dysbiosis. Six virologically suppressed HIV+ in-
dividuals with low CD4 counts were transplanted with fecal
microbiota from donors with low Proteobacteria and low
Prevotella abundance (NCT02256592).93 Although the com-
munities of the recipients shifted to be slightly closer to
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those of the donor, the changes were relatively minor com-
pared to the initial differences between donors and recipients.
In comparison, FMT into C. difficile patients displayed much
larger shifts of gut communities toward those of fecal donors.
Since C. difficile patients display much less pretreatment
diversity and are antibiotic-treated, the study was repeated
with a pretreatment of antibiotics. Again little to no com-
munity engraftment was observed. Based on previous studies
in HIV-uninfected individuals with larger degrees of en-
graftment, future studies may wish to consider the use of
‘‘superdonors,’’94,95 anaerobic stool processing,92 pooled
donors,92 repeat dosing,90,92,94 or probiotics.96–99

Dr. Sergio Serrano-Villar from Hospital Universitario
Ramón y Cajal also described an ongoing phase I/II ran-
domized, double-blind, placebo-controlled study of FMT in
HIV+ individuals (REFRESH, REpeated low-dose Fecal
microbiota REStoration in Hiv; NCT0300894). Fecal do-
nors were selected from OpenBiomes’s Universal Stool
Bank based on high abundance of Faecalibacterium
prausnitzii, Bacteroides species and butyrate producers
with a low abundance of Prevotella species. Oral capsules
were administered weekly for 7 weeks to 47 individuals
living with HIV well suppressed by antiretroviral treat-
ment. The product was well-tolerated. At the end of 48
weeks, there were modest signs of engraftment, but little
change was observed in CD4/CD8 profiles and plasma in-
flammatory biomarkers. Engraftment may have been fa-
cilitated by recent antibiotic use in some patients. Future
steps include larger studies with higher doses for longer
period, careful evaluation of donors, and recommendations
for antibiotic preconditioning.

Dr. Netenya Utay from University of Texas Health Science
Center at Houston described another FMT approach using
PRIM-DJ2727, an oral encapsulated lyophilized fecal mi-
crobiota product derived from healthy human donors with
a high efficacy rate in refractory C. difficile infection. Six
weekly doses in six virologically suppressed, HIV+ MSM
individuals were well tolerated. Modest but transitory chan-
ges in microbiota were observed and biomarkers of inflam-
mation and gut damage did not change significantly. Further
studies are required to optimize donor and recipient charac-
teristics as well as dosage, antibiotic pretreatment, and pre-
biotic dietary supplementation.

Although FMT provide an effective treatment for several
diseases, the use of fecal material brings difficulties in
standardization, safety testing, and administration. This is
highlighted by the recent transfer of drug-resistant Es-
cherichia coli into two FMT recipients and subsequent
death of one of the recipients100 and a previous FMT-
related death due to aspiration of fecal material.101 Several
pharmaceutical companies are working to develop defined
communities of bacterial strains to provide a standardized
alternative to FMT. For example, Dr. Scott Plevy provided
an insider’s view of the work at Janssen and Synlogic to
bring live biotherapeutic products (LBP) into the clinic. Dr.
Plevy described the work required to bring a LBP consist-
ing of 11 or 16 Clostridial strains102–104 called VE202 to
market. From acquisition of the strains in 2015, the Janssen
team was able to bring the LBP to a first-in-human trial by
2018. As another example, Dr. Plevy described the work at
Synlogic to develop genetically modified strains of E. coli
Nissle105 suitable for use in humans. After modifying the

bacteria to be dependent on exogenous amino acids, the team
has engineered a strain capable of breaking down phenylala-
nine that has shown promise in the treatment of patients with
phenyl ketone urea.106

Vaccines

The targeted development of broadly neutralizing anti-
bodies to HIV-1 remains one of the great challenges in the
field.107–110 Dr. Wilton Williams, from Duke University,
discussed mechanisms by which B cell response to vaccine
antigens may be misled by cross-reactivity with intestinal
microbiota. In acute infection, the initial ineffective anti-
body response to HIV largely develops from B cells poly-
reactive to both intestinal microbiota and HIV Env
gp41.97,111–113 Similar polyreactive antibodies develop
after immunization with a DNA prime-recombinant ade-
novirus type 5 boost (DNA/rAd5) vaccination,114 perhaps
helping to explain the vaccine’s lack of efficacy.115 Poly-
reactive gp41 antibodies also develop in a macaque model,
even in neonatal macaques vaccinated shortly after birth
concurrent with initial gut colonization.116 Thus, future
vaccine designs may need to avoid antigens cross-reactive
with host microbiome.

Recent studies have indicated that microbiome perturba-
tions can increase inflammation and negatively impact vac-
cine responsiveness.117–120 Mouse studies in Dr. Daria
Hazuda’s laboratory at Merck demonstrated differential ef-
fects of classes of antibiotics on response to OVA antigen and
hepatitis B vaccine, with the most significant hyporespon-
siveness observed in vancomycin-treated mice. Vancomycin-
treated rhesus macaques also demonstrated reduced flu
vaccine outcomes. However, IgG titers recovered when a flu
booster vaccine was administered in the absence of vanco-
mycin. Poor vaccine response was also observed in germ-free
mice, however, titers to the vaccine returned to normal levels
after fecal microbial transplant from untreated mice but not
from mice treated with vancomycin. Finally, just as aging
humans have reduced vaccine responses,121 an aging mouse
model demonstrated hyporesponsiveness to OVA, flu vac-
cine, and HepA/B vaccine.

Discussion

The fifth year of this meeting ended with a discussion
regarding ‘‘what have we learned in the last five years and
what is the way forward?’’ The field was excited to see live
therapeutic products, such as Lactin V, move forward in
clinical trials. There was agreement regarding the importance
of developing the concept of microbiome to include not only
the commonly studied bacteriome but also the virome and the
mycobiome. The probiotics studies have produced mixed
messages so far and there is an overall need for consistent
study design as well as consistent and standardized defini-
tions and nomenclature. Choosing the appropriate in vitro,
ex vivo, and in vivo models are critical, especially when in-
terpolating the findings for humans. For example, micro-
biome in mice and rats are so different that the findings in
such models may not translate well into humans. Important
clarification has come from the recognition that behavioral
factors may impact the microbiome and obscure the effects
of HIV status. While a role for the vaginal microbiome in
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transmission seems likely, cause versus consequence in the
relationship between gut dysbiosis and HIV pathogenesis still
needs to be established. Scientific guidance on which prod-
ucts should move into clinical trials is currently lacking.
Also, lacking is consistent incorporation of critical variables
such as race, ethnicity, gender, and age when designing
studies. As the population living with HIV is aging, age-
associated comorbidities and risk factors become particularly
important. To begin addressing these concerns, greater in-
volvement of community members in research should be
encouraged, particularly increased participation at the stage
of study design.

Perspectives from the Community

The conference was strengthened by the participation of
community representative David Crawford whose role as
Treatments Officer at Positive Life NSW, is to explore and
inform the members of his community in Australia re-
garding recent research on current and emerging health
issues that translate into education and service develop-
ment for PLHIV. Mr. Crawford has been attending this
conference since 2015 and noted that his community al-
ways appreciates the information he brings back, long be-
fore they hear about it from their physicians. From his
community perspective, Mr. Crawford was disheartened by
the lack of progress in studies regarding the role of diet on
the microbiome (noting that the 2017 workshop presented
data from animal studies on high fat diets, and the impact of
neurological and mental health HIV in relationship to
the gut–brain axis). This reflects a gap between scien-
tific research agendas and expectations of community.
Mr. Crawford reports that many members of his community
took information he presented from earlier workshops and
modified their own diets, such as using cruciferous vege-
tables for potential mental health improvement, lowering
red meat intake, and other ways of trying to address the
impacts of ongoing inflammation. These initiatives can
be vastly improved if supported by translational research.
Therefore, from a community perspective, scientific studies
that will translate into recommended dietary guidelines for
PLHIV is a critical gap. Another important direction of
research may be behavior. While some presentations ex-
plored the microbiome and behavioral correlates, potential
confounders were overlooked in these studies that detracted
from the findings. It would be advantageous to have PLHIV
more involved in all stages of research from design through
to publication. This would, in part, address misaligned
expectations and lead to better informed research design
when exploring the relationship between behavior and
impacts on the ‘‘biomes’’, which would lead to a richer
outcome in findings. Finally, acknowledging that research
participants are important and create an inclusive atmo-
sphere and drive collaboration between the researcher and
the community. If the intended research does not meet the
expectations of both sides, there will be an imbalance in the
outcome.

Conclusion

Overall, the broad range of topics discussed in this meeting
shows that research detailing the interplay between the mi-

crobiome and HIV infection is driving diverse approaches to
therapeutically modulate the microbiome and potentially
decrease transmission and comorbidities. HIV microbiome
research has rapidly expanded from observational studies
into treatments in various stages of human trials. Further
discoveries of the roles of microbiome in HIV disease and the
development of better models, diagnostics, and treatments
will require continuing collaboration from a broad coalition
of researchers with expertise spanning many fields in coop-
eration with the diverse communities of people living with or
at risk from HIV.
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