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The	human	microbiota	and	microbiome

The	human	microbiota	is	the	collection	of	all	the	microorganisms	living	in	association	with	the	human	
body,	including	eukaryotes,	archaea,	bacteria	and	viruses	

The	human	microbiome	refers	to	their	genomes	

The	human	microbiome

Delsuc	et	al.	2005	Nat	Rev	Gen



The	Human	Microbiome	Project

2008	
Characterization	of	the	microorganisms	associated	to	healthy	and	

diseased	humans

Samples	from	different	parts	of	the	
human	body	

Unprecedented	information	about	the	
complexity	of	human	microbial	

communities	

3,000	microbial	genome	sequences
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The	human	microbiome

“All	diseases	begin	in	the	gut”	
(Epidemias)	Hippocrates	

460	–	370	BC

Gut	microbiota

The	Phisiology	of	defecation	
The	examination	of	the	stool	(alvine	discharge)	yields	the	most	
information	about	the	nature,	temperament	and	overall	quality	

of	the	initial	First	Digestion	of	food	and	drink	in	the	
gastrointestinal	tract

Anton	Van	Leeuwenhoek	&	
Robert	Hooke	
1665-1683	

Microscopy,	first	description	of	
bacteria

neous generation’, which was a popular concept at the time (and not decisively disproven
as a phenomenon until the mid-nineteenth century, by Pasteur).

IDENTITY OF HOOKE’S MOULD

In Micrographia, Hooke provided the first illustrations of microfungi (Scheme XII, Fig.
1). From the diagram and the detailed description, microbiologists10 have concluded that
his specimen can be identified as the widely distributed microfungus Mucor. There are
many species of Mucor, frequently referred to as ‘bread moulds’, which occur commonly

Discovery of microorganisms by Hooke and Leeuwenhoek 191

Figure 1. Microscopic view of a ‘hairy mould’ colony described by Robert Hooke in 1665 (in Micrographia). This
image was the first published depiction of a microorganism. The reproductive structures (sporangia) are characteris-
tic of the microfungus Mucor. Sporangia in different stages are identified by the letters A, B, C, and D. Hooke
included a scale reference; the length of the bar under the diagram represents 1/32 inch. (Reproduced courtesy of The
Lilly Library, Indiana University, Bloomington, Indiana.)
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Leeuwenhoek’s microscope First published depiction of a microorganism 
(R. Hooke, Micrographia, 1665)



The	human	gut	microbiota

“Organ”	of	~1014	microorganisms	~2kg	responsible	for	multiple	
physiological	functions

Immune	
system

Nutrition	&	
metabolism

• Mucosal	
development	

• GALT	maduration	
• Maintainance	

homeostasis	
• Regeneration	

intestinal	epithelium

Production	essential	
metabolites

The	human	microbiome



The	human	gut	enterotypes

Intestinal	microbiota	variation	is	generally	
stratified	in	three	clusters	or	enterotypes,	

driven	by	genus	composition

Prevotella	sp. Bacteroides	sp.

Ruminococcus	sp.

The	human	microbiome

Arumugam	et	al.	2011	Nature

Europeans	
Americans	

Asians	
N=33	

Sanger

Danish	
N=85	

Illumina

US	
N=145	

Illumina

Bacteria	that	drive	the	
different	enterotypes	
tend	to	be	mutually	

excluding



Gut	dysbiosis
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Gut	dam
age

Ecosystem	imbalance	

The	human	microbiome

The	pathogenesis	of	intestinal	disorders	including	inflammatory	bowel	disease,	irritable	bowel	
disease	(IBD)	and	coeliac	disease,	as	well	as	extra-intestinal	disorders	such	as	allergy,	asthma	or	

obesity,	is	associated	with	gut	dysbiosis	



HIV	infection	and	gut	damage

The	gut	microbiome	and	HIV

Brenchley	et	al.	2004	J	Exp	Med



HIV	infection	and	gut	damage

The	gut	microbiome	and	HIV

Brenchley	et	al.	2004	J	Exp	Med

HIV	- HIV	+

Depletion	of	
CD4+	T	cells

Lymphoid	
aggregates

Absence	of	lymphoid	
aggregates



Influence of the gut microbiota on 
HIV-1 infection

Chronic infection



Exploring	the	gut	microbial	communities

HIV-1 specific gut dysbiosis?



Random	shotgunTarget	gene	survey	
(16S	rRNA)

Microbial	Genomics

Metagenomics	
Determine	the	abundance	and	identity	of	microbes	in	a	sample	

Single	targets	are	amplified	using	
PCR	and	then	the	products	are	

sequenced

Total	DNA	is	isolated	from	
samples	and	then	sequenced

Classical	Genomics	
Cultivable	organisms

Exploring	the	gut	microbial	communities

Only	a	restricted	set	of	
microbial	communities	are	

cultivable

Tringe	&	Rubin	2005	Nat	Rev	Gen



1.049.116 codes

~400 
different 
codes per 
sample

Exploring	the	gut	microbial	communities

16S	rRNA	sequencing



~400	different	
codes	per	
sample

Exploring	the	gut	microbial	communities

16S	rRNA	sequencing
Genus	level

Bacteria	and	archaea



Random	shotgun	sequencing

Exploring	the	gut	microbial	communities

Species	level

Bacteria,	archaea,	viruses,	eukaryotes



Exploring	the	gut	microbial	communities

Gene	content	and	functional	profile



The	MetaHIV	Project

HIV-1 specific gut dysbiosis?

Part	I

Part	II



16S	rRNA	sequencing

The	MetaHIV	Project

Noguera-Julian	et	al.	2016	eBioMedicine



The	Barcelona	MetaHIV	Project

The	MetaHIV	Project



Microbial	diversity	and	richness

Results	I

MSM	individuals	had	the	
highest	microbial	

diversity	and	richness	
compared	to	HTS	and	
PWID	in	both	cohorts

After	stratifying	for	
sexual	preference	HIV-1	
infection	consistently	

associated	with	
significant	reduction	in	
microbial	richness		



Microbial	diversity	and	richness

Results	I

The	lowest	microbial	richness	is	observed	in	subjects	with	a	virological-immune	discordant	response	to	ART



Microbial	enterotypes	and	risk	group

Results	I

MSM	individuals	tend	to	
cluster	together	in	terms	
of	genus	composition,	

nonMSM	have	a	
different	composition

MSM	microbiota	of	
individuals	from	Bcn	and	
Stk	has	an	enrichment	of	
Prevotella	and	nonMSM	

an	enrichment	of	
Bacteroides



Diet	influence

Results	I

Short term recall questionnaire

presence of at least 2 clusters of fecal microbiomes in both cities
(Fig. 4c). Such clusters were enriched either in Bacteroides or
Prevotella, and had a similar bacterial composition to the corresponding
previously described enterotypes (Arumugam et al., 2011; Koren et al.,
2013) (Supplementary Fig. 3). As expected from previous work on gut
enterotypes, there were strong positive correlations between the genus
Bacteroides and Parabacteroides, Barnesiella, Alistipes and Odoribacter,
as well as between Prevotella and Alloprevotella, Catenibacterium,
Mitsuokella and Intestinimonas, among others (Fig. 3), highlighting that
differences between the groups extended beyond a single genus. The

genera correlating with Prevotella were negatively correlated with
Bacteroides and vice versa. Moreover, themicrobiomes of the Bacteroides
and Prevotella clusters showed remarkably different functional profiles
(Supplementary Figs. 4 and 5), also in agreement with previous
enterotype descriptions (Arumugam et al., 2011).

3.4. Factors Associated With the Fecal Microbiota Composition

Weexplored variables potentially influencing the composition of the
fecal microbiomes, according to a univariate ADONIS test of ecological

Fig. 6. Limited effect of diet on the composition of the microbiome. a) Subjects belonging to the Prevotella cluster and men who had sex with men (MSM) had significantly higher total
energy intake. Therefore, all subsequent nutritional analyses were normalized for this factor. b) Main associations between bacterial genera, normalized amounts of nutrients (left)
and food portions (right), according to a Dirichlet multinomial regression model. Positive and negative associations are shown in red and blue, respectively. Line thickness is
proportional to the strength of the association. c) Of all links identified by the Dirichlet approach, the only significant differences between groups after adjusting for multiple
comparisons (Benjamini–Hochberg FDR b 0.1) were increased consumption of meat in the cluster Bacteroides and increased intake of dietary water in MSM. d) Spearman correlations
between normalized amounts of nutrients and Bray–Curtis distance to the furthest subject in the opposite cluster. Negative correlations imply increased amounts of nutrient with
shorter distance to each cluster. Therefore, values in red and blue represent increased and decreased amounts of nutrients within each cluster, respectively. Although, in general,
the direction of the correlations was concordant with previous publications, note the small effect sizes (R2 below the color key). None of the comparisons were statistically significant
after correction for multiple comparisons (Benjamini–Hochberg FDR b 0.1); Permanova p = 0.20 for overall differences between clusters. e, f) Mean and 95% confidence intervals for
the differences between clusters in consumption of nutrients (e) and portions of food (f). Comparisons were significant if the 95 confidence interval did not cross 0 (dashed red line).
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Long-term	dietary	patterns	have	been	linked	to	alternative	enterotype	states,	but	limited	effect	of	diet	on	the	
composition	of	the	microbiota	was	found	in	our	setting



Take-home	message	Part	I

Conclusions	I

• Factors	 related	 with	 sexual	 preference	 might	 also	 affect	 the	 gut	
microbiota	composition	by	unknown	mechanisms		

• HIV-1	 infection	 is	 consistently	 associated	 with	 reduced	 bacterial	
richness	 (hallmark	 of	 HIV-1	 infection)	 independently	 of	 sexual	
orientation	

• Early	ART	initiation	might	help	to	preserve	gut	microbial	richness

Research Paper

Gut Microbiota Linked to Sexual Preference and HIV Infection
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The precise effects of HIV-1 on the gut microbiome are unclear. Initial cross-sectional studies provided
contradictory associations between microbial richness and HIV serostatus and suggested shifts from Bacteroides
to Prevotella predominance following HIV-1 infection, which have not been found in animal models or in studies
matched for HIV-1 transmission groups. In two independent cohorts of HIV-1-infected subjects and HIV-1-
negative controls in Barcelona (n=156) and Stockholm (n=84),menwho have sexwithmen (MSM) predom-
inantly belonged to the Prevotella-rich enterotypewhereasmost non-MSMsubjectswere enriched in Bacteroides,
independently of HIV-1 status, and with only a limited contribution of diet effects. Moreover, MSM had a signif-
icantly richer and more diverse fecal microbiota than non-MSM individuals. After stratifying for sexual orienta-
tion, there was no solid evidence of an HIV-specific dysbiosis. However, HIV-1 infection remained consistently
associated with reduced bacterial richness, the lowest bacterial richness being observed in subjects with a
virological-immune discordant response to antiretroviral therapy. Our findings indicate that HIV gutmicrobiome
studies must control for HIV risk factors and suggest interventions on gut bacterial richness as possible novel
avenues to improve HIV-1-associated immune dysfunction.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The main clinical problems of people living with HIV (PLWH)
in areas with adequate healthcare standards and continued antire-
troviral therapy (ART) supply are increasingly related to premature
aging (Paiardini and Müller-Trutwin, 2013). That is, a precocious

development of type 2 diabetes, dislipidemia, cardiovascular diseases,
osteoporosis and frailty syndrome. Such diseases have been related to
structural or metabolic perturbations in the gut microbiota of non-
HIV-infected subjects (Claesson et al., 2012; Koeth et al., 2013; Le
Chatelier et al., 2013; Tang et al., 2013) whereas, in PLWH, have been
linked to chronic inflammation, immune activation and endotoxemia
(Brenchley et al., 2006; Douek, 2003; Sandler and Douek, 2012). Thus
there is considerable interest in understanding the role of the human
gut microbiome in HIV pathogenesis and, in particular, its ability to
perpetuate chronic inflammation and foster immune senescence. This
has immediate clinical implications because, in theory, it might be
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• Downsampling 1M à 70,865 – 313,572 
• Downsampling 10M à 163,558 – 904,589 
• All sequences à 226,219 – 1,373,562

N = 103 N = 53 

Threshold 621.808 

Gene	richness	in	Bcn	cohort
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HIV + 92 37

HIV - 11 16

• Chi-square p < 0.001 
• Other factors linked to LGC: HIV risk group, older age, female 

gender, caucasian ethnicity, HIV phenotype (viremic controller and HIV-
negative higher in HGC), Nadir CD4+, creatinin, FA, fibrinogen and 
platelets

LGC HGC

HIV + 46 31

HIV - 8 15

• Chi-square p < 0.055

Two	populations	according	to	gene	richness

Results	II



0e+00

1e�06

2e�06

250000 500000 750000

0.00000

0.00025

0.00050

0.00075

0.00100

3500 4000 4500 5000 5500

0

25

50

75

100

lat
e p

re
se

nte
r

dis
co

rd
an

t

co
nc

ord
an

t

ea
rly

-tr
ea

ted

ART na
ive

vir
em

ic 
co

ntr
oll

er

eli
te 

co
ntr

oll
er

HIV
-1

 ne
ga

tiv
e

F
re

qu
en

cy
 (

%
)

0e+00

1e�06

2e�06

3e�06

250000 500000 750000

Gene richness, all subjects

HIV-1 
negative

HIV-1
 positive

0e+00

1e�06

2e�06

3e�06

4e�06

Gene richness, MSM

400000 800000600000

2

9

3

15

11

42

5

8

7

8

6

5

3

5

16

11

a b

c d

e
D

en
si

ty
D

en
si

ty

LGC HGC

HIV-1
 positive

HIV-1 
negative

Gene counts (10 M) KEGG counts (10 M)

Gene counts (10 M) Gene counts (10 M)

2
p-value = 0.001

2
p-value = 0.009

2
p-value = 0.055

Gene richness KEGG richness

Gene richness by HIV-1 phenotype

HGC

LGC

f Gene richness by nadir CD4+ T-cell counts 

< 
10

0

10
0 -

 20
0

20
0 -

 50
0

> 
50

0

0

25

50

75

100

18

1

18

4

34

16

21

15

11

16

2
p-value = 0.002

HIV
-1

 ne
ga

tiv
e

CD4+ T cells  / mm3

Gene	richness	correlates	with	immune	discordance
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Subjects with LGC were gradually more 

abundant in lower nadir CD4+ T-cell count 

categories

Nadir	CD4+	T	cell	
Lowest	CD4+	T	cell	counts	recorded	

Marker	for	immune	recovery:	low	nadir	CD4	=	poor	immune	recovery

Results	II



Increased risk of being LGC when nadir CD4+ T cell were < 500

Dose-effect	relationship	between	nadir	CD4+	T-cell	counts	and	
microbial	gene	richness	in	multivariate	regression	model

Results	II



Positive correlation between 
gene richness and intake of 

monounsaturated fats, 
carotenoids, iron, fiber and 

Vitamin A

Dirichlet multinomial regression 
Association between iron intake 

and P. copri, E. eligens and 
Ruminococcus spp.

Diet questionnaire 
Moderate influence of diet on gene 

richness

Results	II
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More	different	microbial	configurations	in	subjects	with	
LGCs	than	in	HGCs	in	non-metric	multidimensional	scaling
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Results	II

Anna Karenina principle 

“Happy families are all alike; every unhappy family is unhappy in its own way” (Tolstoy) 

Successful ecological risk assessments (HGC) are all alike; every unsuccessful ecological risk 
assessment (LGC) fails in its own way (Moore)
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Microbial	species	and	gene	richness
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43 metabolic pathways 
correlated with gene richness

Results	II



Reactive Oxygen Species (ROS) 
production during the host inflammatory 

response

Antioxidants, such as glutathione 
peroxidase and catalase could 

catalyze the decomposition of ROS 
into non-toxic compounds such as 

oxygen and water.

Results	II

HIV,	Inflammation	and	Oxidative	Stress

Wittmann et al. 2012. Advances in Hematology
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Gene copies were significantly more abundant as nadir CD4 decreased

Results	II

ROS	Metabolism	enzymes	enriched	in	LGC
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ROS	Metabolism	enzymes	enriched	in	LGC

Results	II



Increased butyrate and 
propionate levels in LGCs

Results	II

Fecal	short	chain	fatty	acid	(SCFA)	levels

Increase in butyrate production 
by acetate consuming 
butyrogenic bacteria like 
Roseburia spp. in LGCs



Results	II

Bacterial	virulence	factors	and	antimicrobial	resistance

Microbial shifts associated 
with immune deficiency 

implied increases in 
bacterial virulence factors 

and changes in the gut 
microbial resistome.



Discussion

Hypothesis



• HIV-1-induced immune deficiency is strongly linked to reduced microbial richness 
and results in significant shifts in the composition and function of the gut 
microbiome. 

• Gut microbiome shifts observed in HIV-1 are not necessarily unique to the 
infection, but instead, share important characteristics with those seen in other 
diseases featuring gut inflammation

Conclusions	II

Take-home	message	Part	II



HIV-1	eradication

Influence of the gut microbiota on 
HIV-1 eradication



HIV-1	eradication

Williams et al. Curr Op HIV 2017

Why	should	we	care	about	microbiota	in	HIV	eradication?

1. Microbiota priming of CD4 T 
and B cell repertories. Cross 
reactivity of HIV-1 vaccine 
responses (HVTN 505)

2.  “Good bacteria” help fight 
cancer in mice. Antibiotic 
consumption associated with 
poor response to 
immunotherapeutic PD-1 
blockade. Oral 
supplementation of 
Akkermansia muciniphila 
restores tumor-specific CTL 
responses.

3. Epigenetic modulation of 
the reservoir and virus 
production. Butyrate is and 
HDAC inhibitor.

Matson et al. Science 2018
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Cases	of	post-treatment	control	and	cure

Deeks et al. Iat Med. International aids Society: Global Scientific Strategy Towards an HIV Cure 2016
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Cases	of	post-treatment	control	and	cure

Deeks et al. Iat Med. International aids Society: Global Scientific Strategy Towards an HIV Cure 2016

HIV	hides	in	reservoirs	that	are	not	sensitive	
to	current	therapies



HIV-1	eradication

What	is	viral	latency?

1. Virus is able to persist by 
integrating its genome into the 
host cell DNA. It remains hidden 
from immune responses.

2. Virus is present but not active in 
a cell.

3. Reservoirs are cells where HIV is 
able to persist in the latent phase, 
even while on antiretroviral 
therapy (ART).

4. Cellular reservoirs are widely 
dispersed throughout the body.

Avettland-Fènoël et al. Clin Micr Rev 2016 
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HIV-1	eradication

“Kick	and	kill”	and	gut	microbiota

1. Asses the influence of the gut microbiota in a 
“kick-&-kill” based strategy by characterizing:

a. Microbial composition
b. Fecal metabolites
c. Immune response
d. Viral reservoir

2. Assess the effect on the microbial composition 
through the assay of:

a. Romidepsin and vaccination.
b. ART stop and restart.
c. Potential probiotics for future interventions 

targeting HIV eradication.
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