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a b s t r a c t 

The virome has been recently studied in hematology and mostly in the setting of allogeneic hematopoi- 

etic stem cell transplantation. However, in hematology (as in the setting of nonhematological disorders) 

the study of the microbiome (that indeed includes the virome) is a growing field. The overall field is 

moving beyond species catalogue to the understanding of the complex ecological relationship that mi- 

crobes have with each other and with their host. Here we review the existing literature on the virome 

in transplant recipients and in other settings, and discuss potential applications of the virome study in 

hematology. 

© 2020 Elsevier Inc. All rights reserved. 
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Advances in molecular biology have provided an unprecedented

pportunity to study the human virome. Transplant recipients and

ther immunocompromised hosts are at particular risk for viral

eactivation, viral infection, and virus-related pathology (reviewed

n [1 , 2] ). After allogeneic transplantation, immunosuppression

sed to prevent and treat graft-versus-host disease (GvHD) results

n a heightened and prolonged risk for opportunistic viral infec-

ions. Furthermore, in hematopoietic cell transplantation (HCT), 

onditioning regimens, delayed immune recovery, Human leuko- 

yte antigen (HLA)-mismatch, among other factors contribute to

usceptibility to virus-related disease. Pretransplant donor and re-

ipient infection-related immune status, in the setting of prior im-

unosuppressive therapy for underlying diseases that prompt the

eed for transplantation, add to the risk in transplant recipients

reviewed in [3-5] ). After a short summary of viruses in allogeneic

CT, we summarize herein advances in the study of the human

irome, review the existing literature on the virome in transplant

ecipients, and discuss potential applications of the virome and

ext generation sequencing (NGS)-based findings in hematology. 
∗ Corresponding author. Gérard Socie, Head Hematology and transplantation, AP- 

P, Saint Louis Hospital, Professor of Hematology University Paris 7, 1 avenue 

laude Vellefaux, 75010 Paris, France. 

E-mail address: gerard.socie@aphp.fr (G. Socie). 
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iruses and allogeneic stem cell transplantation 

The recipient’s susceptibility to viral infection is correlated di-

ectly with levels of immune deficiency (induced by GvHD and its

reatment) and with immune reconstitution, and with previous im-

unization of the recipients and of the donor against viral agents.

he immune deficiency after HCT is extremely complex and only

artially decrypted in human; main cellular subsets involved in vi-

al clearance include T, B, and NK cells ( Fig. 1 ) (reviewed in [6 , 7] ).

he immune reconstitution against viruses is also influenced by

he stem cell source (delayed reconstitution after cord-blood cell

ransplantation), T-cell depletion of the graft (and use of antithy-

ocyte globulins or Campath) and might be influenced by the in-

ensity of the conditioning regimen. Table 1 summarizes the main

irus families and species associated with infection, or infectious

isease post allogeneic HCT. However, the interaction of viruses

ith the transplanted host cannot be summarized only by infec-

ion/reactivation; there is compelling evidence that some virus’s

roteins may act through molecular mimicry or epitope spread-

ng in the initiation or the amplification of the allogeneic reaction

eading to GvHD. 

Major advances have been made in the past 25 years in the di-

gnosis of viral infection. Initially based on culture, current meth-

ds for virus testing now rely on single target nucleic acid amplifi-

ation tests by Polymerase chain reaction (PCR). PCR tools are rapid

nd more sensitive than viral culture and antigen tests and are the

tandard of care for screening, diagnosing, and monitoring viral in-

ections in transplant recipients. While transplant recipients are at

isk for multiple opportunistic viral infections, transplant-specific

ultiplexed syndromic panels are not currently available and a
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Time post-transplant (months)

Di
ve

rs
ity

1 2 3

Microbiome

Loca�on Virus strains Comment
Skin Herpes Zoster

Herpes Viruses type 1 & 2
HHV6

Late reac�va�on a�er 
prophylaxis withdrawal
Skin rash associated with 
HHV6 can mimic GVHD

Respiratory 
viruses

Paramyxoviruses
Parainfluenza
Metapneumovirus
Respiratory Syncy�al virus (RSV)
Influenza viruses
CMV

Could trigger the 
development of 
bronchioli�s obliterans   

Gut Adenovirus
HHV6
CMV
Noroviruses
Picobirnaviruses

Differen�al diagnosis of 
enteric GvHD
Could trigger the 
development of GI-
GVHD

Gut

naive T

Central 
memory T

Tem/TEMRA

0 1 year

Phages

Persistent DNA viruses
• Herpesviridae
• Polyomaviridae
• Anelloviridae

RNA viruses
• Gut – Picobirnavirus
• Blood – Pegivirus
• Lung – Respiratory viruses

B-cell recons�tu�on

T-cell recons�tu�on

Transi�onal B cells

Memory B cells

Naive B cells

A

B

Fig. 1. (A) schematic representation of the microbiome and virome diversity over time post-transplantation The gut microbiota diversity decrease post-transplant while there 

is a bloom of eukaryotic virus reactivation /infection early post-transplant. (B) The bloom of viruses must be put within the context of the immune reconstitution; T-cell 

reconstitution is characterized by early TEMRA expansion with latter reconstitution of the naïve and memory cell subsets. The B-cell reconstitution is even slower with naïve 

and memory cell subsets reconstitution taking years. 

Table 1 

Main virus strains associated with infection and diseases post-transplantation according to main clinical sites. 

Location Virus strains Comment 

Skin Herpes Zoster 

Herpes Viruses type 1 & 2 

HHV6 

Late reactivation after prophylaxis withdrawal 

Skin rash associated with HHV6 can mimic GVHD 

Respiratory viruses Paramyxoviruses 

Parainfluenza 

Metapneumovirus 

Respiratory Syncytial virus (RSV) 

Influenza viruses 

CMV 

Could trigger the development of bronchiolitis obliterans 

Gut Adenovirus 

HHV6 

CMV 

Noroviruses 

Picobirnaviruses 

Differential diagnosis of enteric GvHD 

Could trigger the development of GI-GVHD 
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arge number of potentially disease-causing viruses remain un-

haracterized [8] . Multiplexed real-time PCR assays are restricted

o a limited number of viruses per assay, due to fluorescent re-

orter molecule availability, the complexity involved with optimiz-

ng primer and probe concentrations, and the difficulty with quan-

itating multiple targets in a single reaction [8] . 

Viruses lack a common gene that can be easily targeted for

equencing and differentiation among virus species. To overcome

his, metagenomic approaches are employed to sequence the

readth of nucleic acid content in a sample. However, clinical sam-

les are heavily dominated by nucleic acids of human origin and

iral genomes represent a minute proportion of the total nucleic

cids (see infra). Sequencing at higher depth can overcome some

f these challenges, but at higher costs. Despite this, metagenomic

GS approaches can still fail to detect viral nucleic acids that have

een demonstrated to be present by a targeted molecular assay [8] .

he advent of the virome study 

In his seminal review in the Journal Cell, Virgin stated that;

The virome contains the most abundant and fastest mutating genetic

lements on Earth. The mammalian virome is constituted of viruses

hat infect host cells, virus-derived elements in our chromosomes, and

iruses that infect the broad array of other types of organisms that

nhabit us. Virome interactions with the host cannot be encompassed

y a monotheistic view of viruses as pathogens. ”

The mammalian virome [9] includes viruses that infect eukary-

tic cells; bacteriophages that infect bacteria; and virus-derived ge-

omic segments integrated into the human genome (endogenous

etroviruses, endogenous viral elements) [9 , 10] . Eukaryotic viruses

nd bacterial viruses both have lytic life cycles in which the host

ell is destroyed during viral replication and latent life cycles in

hich the virus stably resides within a living cell. During latency

he viral genome is either integrated into the host chromosome

eg, prophages) or as an episome (eg, herpesviruses) until the need

rises to reactivate and become infectious. 

In mammals, the virome inhabits all mucosal surfaces. After

learance of acute viral infection, viruses can also persist in sys-

emic niches especially in neurons, hematopoietic cells, stem cells,

ascular endothelial cells. This is a significant difference between

he virome and the bacterial microbiome, members of which are

ot known to persist systemically. The size of the mammalian

irome is not known. Although our own cells are outnumbered

bout 10-fold by our bacterial microbiome, the number of viruses

ay be still 10-fold higher [11] . Human feces alone contain ca. 108

o 109 viruses per gram [11 , 12] . Additionally, the mammalian vi-

ome is continuously ‘‘updated’’ through rapid evolution of viruses

13] and through exposure to viruses [9 , 10] . The gastrointestinal

ract is characterized by the apposition of the mucosal immune

ystem with myriad of viruses and other microorganisms. Most

f these viral particles correspond to phages with extreme inter-

ndividual variation [14 , 15] . Humans and other mammals harbor

nimal viruses in the intestine that remain to be characterized

1 , 2 , 16] . Metagenomics studies of the intestine and other anatomi-

al sites thus represent attractive tools to detect new viruses. 

The virome is far more than a source of disease. Asymptomatic

osts carry multiple viruses, and interactions between the virome

nd the host do not always involve the death of virus-infected

ells. This concept has led to the emerging paradigm that the

irome can influence the host in profound ways independent of

lassical viral disease [10] . Furthermore, viruses are frequently

nherited from parents very early in life by transmission soon

fter birth, [9] . The immune system is in dynamic equilibrium

ith all components of the microbiome, including the virome, in

he asymptomatic state. Many components of the mucosal mi-

robiome stimulate low-level immune responses in asymptomatic
ndividuals. Including the virome that continuously stimulates 

he immune system. We are constantly re-infected by viruses

hat repeatedly stimulate mucosal host responses, with potential

onsequences for host resistance to other infections. Increasingly,

hese viruses are recognized to persistently infect a proportion

f our population. This chronic carrier state for viruses has likely

een underestimated due to the lack of tools to detect and quan-

ify extremely diverse members of the virome [10] . In addition to

hese mucosal components of the virome, the immune system is

ontinuously stimulated by chronic systemic viruses. This aspect

f host-microbiome interactions appears specific to the virome. It

s estimated that healthy humans harbors > 10 permanent chronic

ystemic viral infections [9] . Viruses that fall into the categories

f commensal and opportunistic pathogen include many that

re detected in the majority of the adult human population,

uch as members of the herpesvirus, polyomavirus, adenovirus,

ircovirus, and anellovirus families [9 , 17-19] . These infections drive

ontinuous activation of the immune system as they reactivate

rom latency or continuously replicate. The role of such active

mmune surveillance in control of these systemic additions to

ur individual genetic identities is clear from the fact that these

iruses often cause disease when immuno-surveillance fails as, in

he setting of transplant-associated immunodeficiency [10] . 

ethods for deciphering virome 

As there is no common gene across all the different virus fam-

lies, unbiased strategy with random amplification is mandatory to

etect any kind of virus in different com partments and body flu-

ds. As virus genome size is hundred to ten thousand times smaller

han bacteria or eukaryote genomes, sensitivity to detect viruses in

oly-microbial human samples is much lower than that for bacte-

ia. Therefore, particular attention in sample preparation, next gen-

ration sequencing library generation and sequencing depth has to

e given to get a representative picture of inhabiting viruses. 

To enhance sensitivity several approaches may be considered.

ne strategy is to increase the proportion of viral particles, either

ith density gradient ultra-centrifugation or by using filtration to

emove bacteria and human cells. Another, and complementary,

pproach is to degrade free contaminating bacterial and human

NA with nuclease digestion that leaves viral genomes protected

y the viral capsids. The stability of capsid was also used to specif-

cally degrade phospholipid membranes of bacteria and eukaryotic

ells by cycles of freezing and thawing before nuclease digestion.

hose strategies may be combined to increase rates of both viral

ike particles and viral nucleic acids. 

As virome includes both phages and eukaryotic viruses, ampli-

cation methods have to target different nucleic acids types such

s single strand or double strand, linear or circular, RNA or DNA

enomes. Some studies claiming to analyze virome used meth-

ds that preferentially amplified circular DNAs. Especially, as most

hages are DNA viruses, some studies did not attempt to am-

lify RNA genomes [14 , 20] . To overcome cellular DNA and ribo-

omal RNA contamination and to amplify either DNA or RNA vi-

al genome, specific RNA and DNA preparation may be consid-

red: (i) removal of cellular DNA by specific binding of methy-

ated DNA followed by DNA library amplification for DNA viruses,

ii) DNAse treatment and ribosomal RNA depletion followed by

andom cDNA synthesis and DNA library amplification for RNA

iruses. Some studies have compared different methods of virus

urification to assess efficacy to remove cells and reproducibility

or qualitative and quantitative detection of the intestinal virome.

he results suggest that density gradient centrifugation with ce-

ium chloride while efficient for cell depletion was not the most

eliable technique to provide representative virome description and

eproducible quantitative results [21] . 
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Despite dramatic increase in the rate of viruses detected with 

hese strategies, human and bacteria DNA remain the most rep- 

esentative reads sequenced in samples such as feces. Although 

he yield of viruses exceeds 10 9 particles per gram of stools, vi-

al sequences may remain as low as one percent of total reads

equenced. In stool samples eukaryotic viruses may represent less 

han 1% of viral sequences. Therefore, the depth of sequencing is a

ritical issue to be able to detect eukaryotic viruses. With the cur-

ent methods, a minimum depth of ten millions of reads should be

onsidered to analyze the gut virome. 

To overcome the poor sensitivity to detect viruses by metage-

omics, a technique using ∼2 million of specific probes targeting 

iral nucleic amplicons has shown a 100- to 10,0 0 0-fold increase

n eukaryotic viral reads from blood and tissue homogenates com- 

ared to previously mentioned virus enrichment strategies [22] . If

uch an approach is powerful to decipher eukaryotic viruses, this 

isses the main part of the virome and likely the understanding of

nteractions with bacterial microbiota. In addition, the probe set is 

esigned with available sequences of known viruses. Even though, 

t was reported to detect divergent viruses, it seems unlikely to

apture and thus to report unknown families or species. 

Last but not the least critical point is the bio-informatics

ipelines used to decipher viral taxa. Virome characterization and 

ynamics require algorithms that exclude misidentified reads [23] . 

everal pipelines for virome analysis or viral discovery have been 

ublished. They differ from one to each other according to their

peed, their ability to identify divergent strains and integrate up- 

ated databases. The choice of a pipeline has a clear impact on the

nal data output [24-26] . 

Even with the use of tools enabling the identification of diver-

ent viruses, a significant proportion of sequences remain unclas- 

ified, especially in stool samples [27] . Depending on the sample,

iral dark matter can make up from anywhere between 40 and

0% of sequences [16] . Thus according to the sample tested and

he question raised, a special attention has to be drawn to reduce

he extent of viral dark matter. 

he virome after allogeneic HCT 

ut virome 

Very few studies have reported results of virome analysis with 

 metagenomic approach after Hematopoietic stem Cell Transplan- 

ation (HSCT). We previously reported a longitudinal analysis of 

he gut virome after HSCT in 44 patients [23] . The results showed

ignificant differences in the gut virome between patients with or 

ithout graft versus host disease. In this study a median of 29 mil-

ion reads were sequenced per stool sample. Despite several steps 

o remove cell and bacteria DNA, the median percentage of vi-

al reads overall was 0.22%. Eukaryotic viruses accounted for 1.76 

 of total viral reads with a wide range between 0 and 99.9%.

revious reports in population of patients with specific disease, 

ncluding diarrhea and flaccid paralysis already showed that eu- 

aryotic viruses could dominate the gut virome [28 , 29] . In our se-

ies, eukaryotic viruses exceeded phages in 15% of samples. Phage 

nalysis showed that individuals with enteric GvHD had both de- 

reased richness and a higher abundance of Microviridae , a single

trand DNA family, prior to and during the first few weeks follow-

ng transplantation. Conversely, the abundance of Microviridae de- 

reased significantly over time in patients with enteric GvHD. 

Among vertebrate viruses, a total of 20 families, 52 genera,

nd 347 species were identified. The most frequent viral fami- 

ies observed in stool samples were Anelloviridae (37.8% of sam- 

les), Polyomaviridae (14.9%), Picobirnaviridae (13.9%), and Herpes 

iridae (10.9%). Persistent DNA viruses (Anelloviridae, Herpes viri- 

ae, Papilloma viridae, and Polyomaviridae) were detected in half 
f samples (49.8%). Exogenous viruses were less frequently de- 

ected (35.8% of samples). Overall, persistent viruses yielded higher 

ead numbers than exogenous viruses. The proportion of verte- 

rate viruses in stool samples increased progressively during the 

eeks following transplantation in patients with or without en- 

eric GVHD. 

Interestingly, the rates of detection and the number of reads of

ersistent DNA viruses in stool samples, especially those of Her- 

es viridae family, were increased after week 3 following HSCT 

n patients with enteric GVHD. In addition, more frequent detec- 

ion of cytomegalovirus (viral load > 3.5 log10 IU/ml) and human

erpesvirus 6 (HHV-6) was seen in blood from individuals with 

nteric GVHD. However these observations were not predictive of 

ubsequent development of enteric GvHD. 

Persistent viruses might have been reactivated by GVHD- 

ssociated inflammation and/or immunosuppression. In contrast, 

he reactivation of persistent DNA viruses in the gut during weeks

 to 3 after transplantation was seen mainly in individuals with-

ut enteric GVHD. This could suggest a potential protective role for

ersistent DNA viral replication in the regulation of gut inflamma- 

ion predisposing to enteric GVHD, as previously postulated in a 

ouse model of IBD [30] . Further investigation is needed to un-

erstand the role of persistent virus in immune gut homeostasis. 

The most surprising finding of this work was the association 

f picobirnavirus infection with subsequent development of GVHD. 

he detection of PBV was predictive of the occurrence of both en-

eric and of any type of GvHD. In all patients who eventually de-

eloped enteric GVHD, the detection of PBV occurred before dis- 

ase onset. Higher levels of fecal calprotectin and α1-antitrypsin, 

 biomarkers associated with severity and response to corticos- 

eroids in individuals with GvHD [31-33] , were observed in stool

amples positive for PBV suggesting an association between PBV 

nd gut inflammation. Repeated detection of PBV in successive 

amples was observed in 12 patients. 

Data on the pathogenicity of Picobirnaviridae remain limited 

nd inconclusive. PBV have been poorly reported in the literature 

s their detection has been hampered by the high genetic variabil-

ty of the virus. Previous reports relied mainly on the visualization

n polyacrylamide gel of the 2 double strand RNA segments. At-

empts of generic PCRs failed to detect a broad range of diverse

BV. The advent of NGS has recently unveiled their frequent detec-

ion in feces of various vertebrate animals [22 , 34 , 35] . These results

onfirm some previous reports showing that PBV may persist in 

he gut over time, as in HIV patients experiencing diarrhea [36] .

hether persistent replication of PBV may promote gut inflamma- 

ion or trigger dysregulated immune response from the mucosa or 

onor T cells needs further work. 

lood virome 

Vu et al [37] analyzed the plasma virome of 40 allogeneic HSCT

atients 1 month after transplantation. In plasma specimens col- 

ected at a median of 33 days after transplantation, three sam-

les were negative for any virus sequences. Thirty-2 (80%) and 19

47.5%) had at least 1 detectable DNA and RNA virus sequence,

espectively. Among the 37 positive patients, the number of de- 

ected viruses per sample ranged from 1 to 5 viruses. The most fre-

uent DNA viruses were polyomaviruses (50% of samples positive), 

nelloviruses (40%), herpesviruses (35%), human papillomaviruses 

27.5%), and adenoviruses (5%). The authors do not report (whether 

r not) differences of DNA virus detection was detected according 

o GvHD status or other clinical outcomes. The DNA viruses found

n blood are similar to those reported in stool and confirmed the

igh rate of reactivation of persistent DNA viruses after HSCT in

ifferent com partments. 
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The authors also report the detection of RNA viruses. The most

requent was pegivirus (HPgV; 35%). Sequences of hepatitis C virus

5%) and Rubella virus (2.5%) were also reported. Because HPgV

as highly prevalent, the authors completed their study by a 1

ear screening of 122 patients by a specific real-time PCR assay.

ifty-one patients had plasma positive for HPgV with persistent

etection up to 1 year after transplantation. Most of the patients

47) were positive before transplant. HPgV was detected only af-

er HCST in 7 patients. Median viral loads ranged between 1.7 10 4 

nd 5.2 10 5 copies/mL of plasma. The comparison between patients

ith or without HPgV infection at time of transplantation did not

how any significant difference regarding infections, engraftment,

urvival, GvHD, relapse, or immune reconstitution. HPgV detection

as associated 12 months after transplantation, with lower num-

ers of CD4 and CD8 and higher NK cell counts and with lower

roportions of CD8 TEMRA T cells. However, these differences did

ot persist after multivariable analysis. 

These two studies highlight frequent reactivation of persis-

ent DNA viruses after HSCT. Although well designed, the limited

umber of patients tested warrant independent validation before

rawing any definitive conclusion. The 2 studies also raise unex-

ected high frequency of RNA viruses. Human pegivirus and pico-

irnavirus are not associated with organ disease. PBV have been

eported in patients with diarrhea but they are also detected in

tool of asymptomatic patients. Detection of HPgV in blood was

ound also in healthy blood donors (1%-5%) in developed coun-

ries and transmission through blood transfusion is known [38 , 39] .

ven though HPgV primarily infects hematopoietic stem cells and

s found in T, B, and NK cells and in monocytes and that an im-

unomodulatory impact is suspected, HPgV has not been associ-

ted with any defined hematological or immunological disorder. In

he 2 aforementioned studies persistence was reported over weeks

n stool for PBV and months in blood for HPgV. 

These observations underline the need to consider both DNA

nd RNA viruses and the use of unbiased approaches to unravel

he complex interplay between viruses, microbiota, and the host

nd to understand their potent impact on clinical outcomes after

SCT. 

irome in CSF 

Pou et al explored [40] the virome in cerebrospinal fluid (CSF)

f 35 HSCT patients with neurological complications by using also

nbiased NGS. HSCT patients had mainly headache or seizures and

ine of them presented with a raised white cell count in the CSF at

ime of symptoms. Thirty controls subjects were also tested. Con-

rols were nontransplanted children, aged 0 to 17 years, who had

 lumbar puncture because of suspected CNS infection but with-

ut any etiological agents found among enterovirus, HSV, VZV, TBE,

nd Borrelia Burgdorferi. Approximately, 23 and 40 million paired-

nd reads were generated from the control and patient pools re-

pectively. This resulted in a set of 3 million nonhuman reads from

he control subjects and 10 million reads from NC patients. Pa-

ients with NC harbored higher number of viral reads matching

nelloviruses. No link between viral detection and symptoms could

e determined. These results are in agreement with the blood

nd gut virome studies after HSCT where frequent detection of

nelloviruses has been reported. The CSF study thus confirms that

eplication of anelloviruses in a context of deep immunosuppres-

ion occurs in every body compartment. 

he virome beyond allogeneic HCT 

Beyond HSCT, the virome has been investigated in solid organ

ransplant recipients. De Vlaminck analyzed the virome in blood
f Heart and Lung transplant patients. In this study, 656 sam-

les from 96 patients (41 adult heart transplants, 24 pediatric

eart transplants, 31 adult lung transplants) were tested up to

4 months after transplantation [41] . Overall nonhuman sequences

ere mainly viruses (73%) followed by bacteria (25%) and fungi

2%). Among viruses, the predominant family was Anelloviridae,

ccounting for 68% of the total population. As observed in HSCT

ther blood viruses were mainly persistent DNA viruses, Herpes

iridae (13%), and Polyomaviridae (5%). Phages represented a minor

opulation, with the clade Caudovirales being the most prevalent

5%). The virome composition and dynamics was closely related to

mmunosuppressive and antiviral treatments. The total viral load

ncreases with immunosuppression, whereas the bacterial compo- 

ition and load remained relatively stable over time. Herpesviruses

nd Caudovirales dominated the virome when patients received a

ow dose of valganciclovir and tacrolimus. In contrast, Anelloviri-

ae became the main component of the plasma virome when pa-

ients receive high dose of immunosuppressants and antivirals. Fi-

ally the anellovirus loads were inversely correlated with the risk

f acute organ rejection. The authors suggest that total burden of

nelloviruses could be used as a surrogate marker of the overall

tate of immunosuppression and to predict the risk of graft rejec-

ion in solid organ transplant recipients. This study did not suggest

hat the virome per se could modulate pathogen specific or allore-

ctive immune responses. 

Another study conducted in lung transplant patients showed

 bloom of anelloviruses in upper and lower respiratory secre-

ions compared to healthy controls and HIV infected individuals

ithout lung disease or respiratory symptoms [42] . The raise of

nelloviruses in lung transplant patients was associated with bac-

erial dysbiosis. Of sequences assigned to viruses, a large major-

ty ( > 68%) belonged to the Anelloviridae family. Other eukaryotic

iruses included Epstein-Barr virus, Human Herpesvirus 7 and Hu-

an Papillomavirus, all with low viral loads. No correlation was

ound between respiratory virome, anellovirus increase and any

linical outcome or graft rejection. 

Similar results were reported in the urine of kidney transplant

atients [43] . The virome in the urine of 7 patients with positive

BK + ) and 15 with negative BK virus PCR (BK-) were analyzed by

etagenomic shotgun sequencing. Sequences-matching with the 

K virus was found in the 2 groups. BK virus was the predominant

irus in the BKV + group. Other viruses were detected, including

he human polyomavirus JC (JCV) and anelloviruses. A higher ge-

etic diversity among BK virus strains was seen in the BK + group.

ther virus families detected were Herpes viridae, Adenoviridae,

apilloma viridae. 

Altogether after transplant of either hematopoietic stem cell

r solid organ, there is a dramatic expansion of persistent DNA

iruses, dominated by anelloviruses. If high levels of replications of

erpesviruses and polyomaviruses have been associated with spe-

ific end-organ disease, the true impact of changes in virome com-

osition and dynamics remains elusive. The number of studies re-

ains limited and, in most of reports, population sizes were quite

mall. Further investigations need to confirm these first observa-

ions and attempt to go beyond just temporal associations between

iruses and clinical or biological changes. 

he virome in immune disorders and inflammatory diseases 

The analysis of the gut virome in HSCT patients revealed links

etween the virome composition and the occurrence of GvHD.

revious virome analyses in inflammatory bowel diseases showed

lso significant alteration in the gut virome. In three indepen-

ent cohorts of patients with ulcerative colitis (UC) or Crohn’s dis-

ase (CD) and household controls without inflammatory bowel dis-

ase in UK and USA, Norman et al showed an inverse correlation
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etween the Caudovirales and Microviridae [20] . A significant ex- 

ansion of Caudovirales was observed in patients with CD and UC

ompared to household controls. The virome of CD and UC patients

ere disease-, and cohort-specific. Virome alterations did not seem 

o be secondary to changes in bacterial populations. Of note, meth-

ds for sample preparation and sequencing depth did not enable to

nvestigate eukaryotic viruses. 

In a mouse model of colitis induced by dextran sulfate sodium

ang et al [30] found that a cocktail of antiviral drugs (ribavirine,

amvidune, acyclovir) worsened colitis. Antivirals altered the abun- 

ance and composition of gut viral and bacterial communities. The 

ontrol of viruses by antivirals actually disrupted TLR3 and TLR7 

ctivation induced by viruses. The use of Toll Like Receptors (TLR)

 (TLR3)(Poly I:C) and TLR7 (Imiquimod) agonists ameliorated gut 

nflammation. In a cohort of patients CD or UC a combination of

enetic variants of TLR3 and TLR7 had a higher cumulative rate of

ospitalization [30] . Overall, the results suggested that gut resident

iruses induce TLR3 and TLR7 signaling pathways which played a 

ignificant role in the regulation of intestinal inflammation. The vi- 

al families mainly impacted by antiviral drugs were not detailed 

nd most of viral sequences remained unclassified. Thus differ- 

nces in virome communities before and after antiviral treatments 

emain to be elucidated. 

Experimental design and methods significantly differ between 

he 2 studies and results seem opposite. Actually, both depict com-

lex interactions between gut viruses and host immunity and sug- 

est that enteric viruses are, as bacteria, a key component of im-

une homoeostasis. Recent studies on asymptomatic reoviruses 

ndicate that gut infection in predisposed genetic settings could 

rigger gluten intolerance, by upregulating Th1 inflammatory re- 

ponse and inhibiting proliferation of Treg cells [44] . Therefore,

oth resident viruses and exogenous viruses need to be considered. 

The field of virome is in fast and wide expansion. Many unclas-

ified sequences, especially in the intestine environment, required 

o be characterized and assigned. Recently, a new family named

edondoviridae was discovered [45] . Those viruses were mainly 

dentified in upper respiratory tract samples and less frequently 

n feces. Redondoviridae detection was associated with periodontal 

isease, and patients admitted in a medical intensive care had high

n respiratory samples. This new virus family need to be investi-

ated in transplant patients and virome analyses in such settings 

hould be run again with databases integrating Redondoviridae. 

Viruses may present direct toxicity into tissues and their de- 

ection may be contemporary to tissue damages. However they 

ay also trigger delayed impacts and may have disappeared at the

ime of disease occurrence. In the field of HSCT, lung dysfunctions,

ncluding bronchiolitis obliterans syndrome, may be induced by 

iral infections [46-48] . Respiratory function declines may occur 

 long time after infection and one may hypothesize that viruses

riggered a dysregulated immune response. To circumvent such 

ssues, longitudinal studies of virome would be needed along with 

he investigation of host immune response profiles by the use of

ranscriptomics or metabolomics [49] . 

onclusion & perspectives 

Alterations of the human microbiome, the virome and probably 

f the fungome have generated huge interest in the scientific 

ommunity in the past 10 years [50] . In the setting of Hematology,

tudies have mainly focused on the role of the microbiota after

ematopoietic HCT [51 , 52] and few attention have been paid to the

ole of the virome. Host-microbiome/virome have both localized 

nd systemic effect. The interplay between viruses/bacteria/host 

issues/acquired and innate immunity is highly complex ( Fig. 

 B) and only very recently integrative studies aiming integrating 

ifferent “omics” tools have been published [53] . Such integrative 
pproaches and search for new pathogenic agents will most prob- 

bly be developed in Hematology, not only in the field of HCT,

ut far beyond in non-malignant and malignant hematopoietic 

isorders. 
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