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A new concept: the human virome

Leading Edge
Cell

Redefining Chronic Viral Infection

Herbert W. Virgin,'* E. John Wherry,>* and Rafi Ahmed**

'Department of Pathology and Immunology, Department of Molecular Microbiology, and the Midwest Regional Center for Excellence in
Biodefense and Emerging Infectious Diseases, Washington University School of Medicine, St. Louis, MO 63110, USA

2Immunology Program, The Wistar Institute, Philadelphia, PA 19104, USA

2Emory Vaccine Center and Department of Microbiology and Immunology, Emory University School of Medicine, Atlanta, GA 30322, USA
*Correspondence: virgin@wustl.edu (H.W.V.), jwherry@wistar.org (E.J.W.), ra@microbio.emory.edu (R.A.)

DOI 10.1016/j.cell.2009.06.036

Viruses that cause chronic infection constitute a stable but little-recognized part of our meta-
genome: our virome. Ongoing immune responses hold these chronic viruses at bay while
avoiding immunopathologic damage to persistently infected tissues. The immunologic imprint
generated by these responses to our virome defines the normal immune system. The resulting
dynamic but metastable equilibrium between the virome and the host can be dangerous,
benign, or even symbiotic. These concepts require that we reformulate how we assign etiolo-
gies for diseases, especially those with a chronic inflammatory component, as well as how
we design and interpret genome-wide association studies, and how we vaccinate to limit or
control our virome.
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Limitations of human virome studying

Feature

Genome

Gene
conservation

Culture

Clinical
specimens

Methylation
patterns

Bacteria
dsDNA

Highly conserved,
essential genes (for
example, 16s rRNA)
enabling broad
microbiome studies
and surveys of taxa

Often straightforward
to culture and obtain
pure, highly enriched
bacterial DNA and
RNA

Hardy bacterial cells
with cell walls can
often be separated
from human cells in
clinical specimens
using differential
lysis methods or flow
cytometry'* prior to
extraction

Bacteria use different
methylation patterns
from eukaryotes; host
DNA can be depleted
post-extraction

using restriction
endonucleases that
are directed against
CpG methylation'**

Viruses

dsDNA, ssDNA, partially
dsDNA, ssRNA or dsRNA

No homologous genes
between viruses of
different phyla

Challenging to culture,
and require a host cell for
replication

Viruses are intracellular
pathogens, and although
separation from the

host is possible (for
example, by filtration

or antibody pull-down),
viruses cannot easily

be separated from
clinical samples prior to
extraction

DNA viruses are often
methylated by the host
intracellular machinery,
and may have similar
methylation patterns

Challenges

Different extraction
protocols for different
viruses. RNA viruses require
cDNA synthesis and ssDNA
second strand synthesis

Lack of conserved
homology between viral
phyla prevents universal
primer-based surveys of
viromes

Cultured viruses are heavily
contaminated with host
cell nucleic acids, which
decreases viral sequencing
output

Clinical specimens are
heavily contaminated with
host nucleic acids, which
decreases viral sequencing
output

DNA digestion according
to methylation patterns is
less effective as a means
of host depletion for viral
sequencing
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Handley, Genome Med 2016; Houldcroft et al. Nat Rev 2017

inadeguate bioinformatic tools for
virome analysis

lack of robust virome database

of the US$ 920 million invested in
microbiome research from 2012 to
2014, only 3% of research was
dedicated to studies of virome




Definition

> all the nucleic acids (ssDNA, dsDNA, ssRNA, dsRNA) belonging to the virus-
like particles associated with a particular habitat, defined over a range of
scales from the entire body to a specific organ or tissue

Eukaryotic
virome

Virome | (' T q
I?S%} End;gér:mus
viral elements
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f' Mycobiome 4
Microbiome (2%) /A\ phad

Prokaryotic
virome
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Composition

3 Nervous system
DNA viruses | RNA viruses Teguments
Herpesviridae | Bornaviridae DNA viruses
Blood Flaviviridae Herpesviridae
DNA viruses RNA viruses Myoviridae
Adenoviridae Hepeviridae Paprlfqrr_mvmdae
Baculoviridae Flaviviridae POdDV'f'd!?E:
Herpesviridae Bunyaviridae PO’VQ'?"W”' idae
Marseilleviridae | Paramyxoviridae P‘_JWH' "ljf_?e
1 8 Myoviridae Retroviridae Sfphal""_fq'ﬂe
Polyomaviridae Unclassliﬁed phages
Papillomaviridae Anelloviridae
Poxviridae Circoviridae
Siphoviridae :\r;t?virfdraz
Unassigned icroviridae
Anelloviridae Parvoviridae
Inoviridae
Microviridae Respiratory tract
Parvoviridae DNA viruses RNA viruses
Adenoviridae Coronaviridae
Digestive tract Iridoviridae Picornaviridae
DNA viruses RNA viruses Herpesviridae Orthomyxoviridae
g Mimiviridae Paramyxoviridae
Herpesviridae aviridae Myoviridae
Marseilleviridae vinaa pay s
P e el Phpcodnavfridae
1 8 Papillomaviridae | Astrovirdae P0:’oviri 455
Podoviridae Vfrgawnq@ 8
o Picornaviridae Poxviridae
Polyomaviridae Shhiovindias
:?;w:;?; Unclassified phages
el R .ae Anelloviridae
Unclassified phages pabniieciin
Anelloviridae
Hrcoviriage Genito/urinary tract
Inoviridae -
Microviridae E(TA V"j"f:es
lenoviridae
Herpesviridae 5
Papillomaviridae
Polyomaviridae
. Anelloviridae
Viral Groups
[l double stranded DNA viruses
n. viral . single stranded DNA viruses 9 H I g ( x )
n. viral o P 10° particles / gram (gut, oropharynx, skin

B (¢ singe stranded RNA viuses 10° - 107 particles / ml (blood, urine)

[ (-) single stranded RNA viruses
[B] Retroviruses
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Variable

host lifestyle host genetic
(diet)

—— | Core —
host environment host pathobiology
(disease status)

host drug therapy

host physiology
(immune system)
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Wylie et al. Transl Res 2012; Virgin, Cell 2014; Zou et al. Microbiome 2016; Freer et al. Curr Med Chem 2018



Virome structure is affected by immune

modulation and antiviral therapy

Antiviral drugs (Valganciclovir) (mg)
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The healthy virome

GUT

Bacteriophages

in ~ 50% of individuals:
» Caudovirales
* Microviridae

BLOOD

8,240 individuals ) )
Eukaryotic viruses

* Anelloviridae

* Herpesviridae

* Papillomaviridae
 Adenoviridae

Human herpesvirus 7 -
Human herpesvirus 4 -
Anellovirus -

Human herpesvirus 6B -
Human herpesvirus 6A -
Merkel cell polyomavirus -

Human herpesvirus 5 -

Prevalence

e
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The complete virome

The "known" virome

The "dark"™ virome

60%
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v’ "Mega" virome

v "Low-level" virome

Highly divergent Knowns
A

Unknowns
1

A
T I 1

high <—— threshold —  low

= -

High

Abundance

Low Similarity to database sequences

The most sequence reads by metagenomic
analyses has features of viral genetic material
but no taxonomic classification

Eberl, Mucosal Immunol 2010; Rosario and Breitbart, Curr Op Virol 2011; Mokili et al. Curr Op Virol 2012




The implications for clinical practice:

viruses

the "expanding '

» The expanding tissue tropism
of known viruses

The "Astrovirus story”

MLB1 (2008)

MLB1 (2008) # MLB2 (2011)

MLB2 (2011) "q” VA1 (2009)
VAT (2009) ¥~ nasopharyngeal
blood ’ swab

# MLB1 (2008)
MLB2 (2011)
VA1 (2009)

Classic HAstV

rin
(1975)* urine

# MLB1 (2008)

* Year of first identification
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Vu et al. J Clin Virol 2016; Lau et al. Transfusion 2017

» The expanding viral
landscape in clinical samples

The " Blood products story"”

> 600 blood products
(300 red blood cell and 300 fresh-
+ frozen plasma units) eligible for
transfusion

* Astrovirus MLB2 - HPgV

 Bannavirus « MCPyV
« CMV - PB19

« HHV6 - TTV
HHV7 - TTMV

« HPV 27 - TTMDV




Phages and fecal microbial transplantation

Pts. with Clostridium

difficile infection (CDI)

(e

Microbial
Transplantation |

(FMT)

w

Relative abundance

- Caudovirales Microviridae Anelloviridae
. * * 0.5+
0.75-
0.75- 04+
0.50 0.34
0.50-
0.2+
0.25-
0.25- 0.1
7& 7% I 0.00- 0.0- é

pte—i=MT post-'FMT

)3

—

CDI recipients with Caudovirales:

. higher richness in donor
. higher colonisation level of donor-derived taxa

pre—i=MT pcst—'FMT

preFMT  postFMT

FMT

responders

v The restoration of virome community is as important as that of bacterial microbiome in FMT

v'Donor selection based on virome characteristics should be considered in FMT practice
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Zuo et al. Gut 2017
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Virome in transplant recipients:
novel virus-disease associations

Virus

Specimen Type

Transplant

Clinical Presentation

Astrovirus VA1/ HMO-
C-UK1

Brain, CSF, plasma, and stool

HCT

42 year old man presenting with encephalitis and bilateral
hearing loss; 18 month old boy presenting with
encephalopathy

Tick-borne Encephalitis
Virus

Brain, CSF from the recipients

Kidney, Liver

Donor-derived virus resulting in fatal febrile illness and
encephalopathy among 3 organ transplant recipients from
a deceased organ donor.

Dandenong virus

Transplanted organ tissue
(kidney, liver), blood, and CSF

Kidney, Liver

Donor-derived virus resulting in fatal febrile illness and
encephalopathy among 3 organ transplant recipients from
a deceased organ donor.

New Jersey
Polyomavirus

Muscle, skin

Pancreas

33 year old woman presenting with weakness, retinal
blindness, and skin plaques

Novel Poxvirus

Kidney

45 year old man with ulcerative skin lesions across flank.

Human Mastoadenovirus
type 70

HCT

62 year old man with presenting with diarrhea.

The Perils of Pathogen Discovery

é/ @‘\) « Xenotropic murine leukemia virus-related virus (XMRV)
Parvovirus-like hybrid virus (PHV)

S -
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Erlwein et al. PLoS One 2011; Naccache et al. J Virol 2013; Mishna et al. J Infect Dis 2014;
Brown et al. Clin Infect Dis 2015; Lipowski et al. J Infect Dis 2017; Tan et al. J Clin Microbiol 2017




Virome changes in post-transplantation

Blood Virome Gut Virome

95 heart and lung transplant recipients recruited Pre-HSCT

* 44 patients
Fi*’ﬂ_j w » 201 stools samples collected
across 6 weeks post-tx
| . { b
b | b |

Abundance (%)

_52_ 656 blocd samples

collected longitudinally

B Herpesvirales B Folyomaviridae
| Caudovirales =Poxviridae HSCT
Adenoviridae Retroviridae i@
| Anelloviridae Other %f@
100 - @}-ﬁ-* ﬁ DNA viruses
ﬁ ﬁé Other verlebrate
Gut virome :ﬁf :m:g brate
L #r‘-a' Phages
50 - *‘*
0 -
0 3 6 9 12 14 >15
Time period post transplant (months)
= )
70% +«— Anellovirus TTV — 40%
(:g:‘a Pisa Virology Division

De Vlaminck et al. Cell 2013; Legoff et al. Nat Med 2017




TTV DNA

TTV kinetics in transplantation

TOTAL n. 377
9 - 8 -
£ 87 7 - 3rd
~ 7 - 6-
g 6 - 9 5 - 2nd 4th
o 5
o 4-
© 4 - 1st
5 3 - i
o 2 L] L] L] L] L] L] L] L] L] L] L}
- 2
= ONUOOOO OO O O
0 1 3 6 12 24 T®MOoqn oA
Months post-tx Days post-tx

Lung (n.31), Pancreas (n.26), Kidney (n.146)
Liver (n.144), Healthy donors (n.30)

£ Pisa Virology Division Focosi et al. J Infect Dis 2014; 2015; Maggi et al. Cell 2014; Sci Rep 2018



TTV viremia and post-transplant complications

-ect'-\ng.
c \’\O“Je‘ (e\edmg —
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Immunocompetence e
—€—— Immunosuppression
® 10 - p=0011 CMV pos
g 0| 1 8 - (n. 69)
£ 87 3 p = 0.0002 z 74
§ 64 8 p=003% <3
N — w 6 -
© o] 0 Z o
4 o D2 ;5.
s (o]
o | g > o
= -
| 2 - ! —_ B8 - 2 4-
0E> - o CMV neg
S0+ [ —— S 3. (n. 136)
| | [ - p < 0.001
Non-rejecting Mild Severe 2 cCcocococococooO0OCOOGO
rejection rejection TNOSwoOer0cod223

Days post - transplant
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De Vlaminck et al. Cell 2013; Maggi et al. Sci Rep 2018



Predictive levels of TTV viremia

Parameter
(higher risk)

Transplant
type (no. pts.)

Plasma TTV viremia

Phase

Predictive level
(log DNA copies/ml)

Reference

Viral reactivation

Graft rejection

.§ Pisa Virology Division

HSCT (23)
Lung (31)

Liver (39)

Lung (57)

Lung (20)

Heart / Lung (96)
Kidney (715)

2" (at day 30)
3rd

1%t (at day 0)
1%t (at day 14)
3rd
All
All

>8.4
>9.3

<13
<4.0
<7.0
<4.0
<4.8

Gilles et al. 2017
Gorzeretal. 2014

Simonetta et al. 2017
Blatter et al. 2017
Gorzeret al. 2017

De Viaminck et al. 2014

Schiemann et al. 2017




TTV viremia predicts CMV reactivation

x O 5 1
< o n. 69 Total
Z v
o (o)
E E n. 136 * measured between 0 and
[ 3 4 }: 10 days post-transplant
c o
® o
s 2 205; p = 0.001
(o) n. , P = U.
= S 3] pl
+ -
« G 5 n. 39 ) )
< - Liver n. 30 Kidney
Z b
(] (2]
S E n. 27 n. 109
o 4
= 2
. t
© ©O
Q
= j" 3 | . 66,p=0033 | n.139;p=0.038
+ - + -

CMV detection across 4 months post-tx
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Maggi et al. Sci Rep 2018



TTV index in liver / kidney transplant

recipients

> 3.45 log,, copies/ml

higher probability of CMV

< 3.45 log,, copies/ml reactivations

lower probability of CMV
reactivations

TAKE-HOME MESSAGE :

TTYV viremia above 3.45 log DNA copies/ml within the first 10 days post-
transplant correlates with higher propensity to CMYV reactivation
following liver/kidney transplantation

&
Maggi et al. Sci Rep 2018
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Biomarker assays useful in predicting

post-transplant complications

Assay

Test Specifications

Availability

Torgue teno virus
Epstein-Barr virus DNAemia

Cylex Immunoknow

TSPOT.PRT

QuantiFERON MONITOR

T-Track ImmunoScan

Immunobiogram

Measures level of viral DNA in body fluid
Measures level of viral DNA in body fluid

Nonspecific cell-mediated immunity assay
measuring adenosine triphosphate
release from CD4* T cells

Global cell-mediated immunity assay using
common donor antigens

Global cell-mediated immunity assay
involving proprietary antigens that stim-
ulate both innate and adaptive immunity

Cell-mediated immunity assay involving a
mixture of antigens derived from differ
ent viruses and bacteria

Bioassay of cellular immmune response to
panel of immunosuppressant drugs

Research setting only

Commercially available, multiple labs

Commercially available, ViracorIBT
Laboratories

Oxford Immunotec

Qiagen

Lophius

Research setting only, BIOHOPE
Scientific

e

3 2%
& o . L
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Cotton, J Infect Dis 2018




Virome and immunosenescence

Increased susceptibility
to Infections

Numbers and function of
APC reduced

Naive T cells vanish More inflammation

T cell repertoires
shrink

More inhibitory
receptors on T-cells

More memory T cells with

Red UCEd reduced diversity
Immune surveillance
5,00 .
N. total subjects: 370
<0.001 o °

8- ! n.s nls ! 5,00
5 r 1 I _l_
@
g- 6 4,004

-

E | m :
© 1 ?
E 44 3004
]
a .
<
E 2 2,00
-]
-
[

0 I 1 || 1,007

20a-30a 50a-60a >80a T T T T T T T
(n=73) (n=77) (n=67) a0 60 70 80 a0 100 110
Age in years

‘éj Pisa Virology Division Haloschan et al. 2014; Giacconi et al. Exp Gerontol 2018



TTV and mortality in elderly subjects

100 — TTV <10% The proportion of pts died after 3 yrs
%ﬁi—‘ of follow-up:
« 22% for pts with TTV copies = 4.0
0957 « 5% for pts with TTV copies < 4.0
3 102=TTV < 104
& 0.90-
E
3
0.5+ / Independent Dependent variable "Death"
S 104 variable S
TTV=210 B p
*copies / ug DNA
0807 . . . . . Age - 0.095 0.004
00 10,00 20,00 30,00 40,00
Difference date (month; between recruitment and end Triglycerides 0.001 0.789
of 3rd year
HDL -0.003 0.848
Cu/Zn ratio -0.749 0.058
Gender 0.409 0.466
TTV load 1.386 0.009

if.} Pisa Virology Division Giacconi et al. Exp Gerontol 2018




v" Our understanding of the human virome is still fragmented and
standardized methods are required for providing a more accurate
study of the virome

v Assessing the human virome as a whole will be of interest in
medical diagnosis and give highly valuable information to
monitor the patient management

v" By now, novel associations and routinely unemployed kinetics
of viruses within the virome have important clinical implications
for the relationships between transplantation, graft rejection and
viral reactivation

i,_§‘,= Pisa Virology Division
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