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SUMMARY Viral primary infections and reactivations are common complications in
patients after solid organ transplantation (SOT) and hematopoietic stem cell trans-
plantation (HSCT) and are associated with high morbidity and mortality. Among
these patients, viral infections are frequently associated with viremia. Beyond the
usual well-known viruses that are part of the routine clinical management of trans-
plant recipients, numerous other viral signatures or genomes can be identified in
the blood of these patients. The identification of novel viral species and variants by
metagenomic next-generation sequencing has opened up a new field of investiga-
tion and new paradigms. Thus, there is a need to thoroughly describe the state of
knowledge in this field with a review of all viral infections that should be scrutinized
in high-risk populations. Here, we review the eukaryotic DNA and RNA viruses identi-
fied in blood, plasma, or serum samples of pediatric and adult SOT/HSCT recipients
and the prevalence of their detection, with a particular focus on recently identified
viruses and those for which their potential association with disease remains to be in-
vestigated, such as members of the Polyomaviridae, Anelloviridae, Flaviviridae, and
Astroviridae families. Current knowledge of the clinical significance of these viral in-
fections with associated viremia among transplant recipients is also discussed. To
ensure a comprehensive description in these two populations, individuals described
as healthy (mostly blood donors) are considered for comparative purposes. The list
of viruses that should be on the clinicians’ radar is certainly incomplete and will ex-
pand, but the challenge is to identify those of possible clinical significance.

KEYWORDS blood, blood donors, bone marrow transplantation, diagnostics, solid
organ transplantation, transplantation, virus

INTRODUCTION

Humans are infected by numerous DNA and RNA viruses during their lifetime. Some
of these viral infections can be completely eliminated after an acute phase, but

others may lead to latent phases (at risk of reactivations later in life) or to chronic and
persistent infections, according to the type of virus. The associated clinical manifesta-
tions range from asymptomatic infections to fatal disease. These clinical features are
determined not only by the intrinsic virulence and tropism of the virus but also, and
very importantly, by the interactions with the host immune system and the state of its
immunity.

The human virome refers to the viral component of the human microbiome found
on the body surface, in blood (plasma, serum, or blood cells), or inside any bodily fluid
or tissue, including eukaryotic and prokaryotic DNA and RNA viruses and endogenous
viral elements integrated into host chromosomes, with or without clinical manifesta-
tions (1–4). It is characterized by dynamic intrapersonal changes that evolve during
early life and later by intrapersonal mid- and long-term stability (5–8), with a specific
composition according to the different body sites (2, 5, 7, 9–20). These viruses poten-
tially interact with other members of the microbiome as part of “transkingdom inter-
actions,” as well as the host immune system, leading to the dynamic building of an
individual immunophenotype and virotype (4, 21).

Until the last decade, most data regarding the blood virome composition originated
from the detection of DNA and RNA virus genomes using specific molecular assays.
Metagenomic next-generation sequencing (mNGS) broadened the vision of the blood
virome due to its unbiased and exhaustive approach. It also raised new issues, partic-
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ularly regarding the risk of contamination, spurious bioinformatic findings, or the
difficulties fulfilling Koch’s postulates (22, 23). Despite these limitations, mNGS opened
the door to the identification of unexpected infections and new commensal viruses,
leading to novel paradigms regarding viral infections and/or reactivations. In this
regard, viral infections with detectable viremia deserve a systematic and comprehen-
sive description, especially in highly immunocompromised populations. Two popula-
tions are of special interest. The first population is solid organ transplant (SOT) and
hematopoietic stem cell transplant (HSCT) recipients, which represent the most immu-
nocompromised patients in whom unrecognized infections can lead to serious com-
plications. Viral primary infections and reactivations, which are frequently associated
with viremia, are among the most common complications after transplantation and are
associated with high morbidity and mortality (24–26). The graft itself and the multiple
blood product transfusions represent potential sources of virus transmission. Recent
studies have described the blood virome of SOT and HSCT recipients and the clinical
impact of some DNA virus infections with detectable viremia (27–29). The second
population concerns individuals described as healthy, such as blood donors, in whom
the detection of viral genomes in blood without any symptoms is not a rare event (30).
In their case, a description of the blood virome is of special importance, as these
individuals can be considered a control population, including in the context of opti-
mizing blood product safety (31).

The identification and understanding of the pathogenic role posttransplantation of
cytomegalovirus (CMV) and BK virus, among other viruses, over the past decades have
proven to be of paramount importance to transplant recipients and have contributed
to the reduction of posttransplantation morbidity and mortality, as well as improve-
ments in their clinical management. The identification of multiple novel viral species
and variants due to mNGS has opened up a new field of investigation and new
paradigms that deserve clinicians’ attention. There is a pressing need to precisely
describe the state of knowledge in this field, with a systematic review of the landscape
of all viral infections that should be under scrutiny in high-risk populations. This article
reviews the eukaryotic DNA and RNA viruses identified in human blood, plasma, or
serum samples of SOT and HSCT recipients, with a special focus on recently identified
viruses and those for which their potential association with disease remains to be
investigated. Clinicians involved in the clinical management of SOT and HSCT recipients
need to be aware of these viral species and their potential clinical impacts. To provide
a comprehensive description of these viral infections with detectable blood viremia in
these two populations, we also compare these populations with nontransplanted
individuals, which consist mostly of blood donors and individuals described as healthy.

DNA VIRUSES
Double-Stranded DNA Viruses

Herpesviridae. Primary infection and reactivation of viruses belonging to the Her-
pesviridae family, such as herpes simplex virus 1 (HSV1) and HSV2, varicella-zoster virus
(VSV), Epstein-Barr virus (EBV), and cytomegalovirus (CMV), can be associated with
severe complications among SOT and HSCT recipients (32–38). For several decades
now, specific monitoring, preventive, and therapeutic strategies have been imple-
mented in the clinical management of this patient population (32–38). Apart from the
above-mentioned viral species that are not discussed here, other viruses of the Her-
pesviridae family deserve the clinician’s attention.

(i) Human herpesvirus 6A and 6B. (a) Overview. According to the 10th Report of the
International Committee on Taxonomy of Viruses (ICTV) (https://talk.ictvonline.org/ictv
-reports/ictv_online_report/) in 2018, human herpesvirus 6 (HHV-6) belongs to the
Betaherpesvirinae subfamily and comprises two species, HHV-6A and HHV-6B. HHV-6
tropism encompasses various cells, such as CD4� and CD8� T lymphocytes, monocytes,
macrophages, bone marrow progenitors, and central nervous system cells (astrocytes,
oligodendrocytes, microglial cells, neurons) (39, 40). Following primary infection, a
specific immune response is mounted with the production of IgM and IgG (the latter

Blood Virome of SOT and HSCT Recipients Clinical Microbiology Reviews

October 2020 Volume 33 Issue 4 e00027-20 cmr.asm.org 3

https://talk.ictvonline.org/ictv-reports/ictv_online_report/
https://talk.ictvonline.org/ictv-reports/ictv_online_report/
https://cmr.asm.org


persists throughout life), and cellular immunity is also thought to play a major role with
specific CD4� and CD8� T cell responses (39). The seroprevalence rates in the general
adult population are estimated to be �95% in developed countries (of note, current
serological assays do not distinguish HHV-6A and HHV-6B) (39, 41).

HHV-6 persists in the host and is capable of reactivation, but the mechanisms of
HHV-6 latency still remain unclear. The existence of covalently closed circular episomes
associated with cellular nuclear proteins, as has been observed with other herpesvi-
ruses, has not been demonstrated for HHV-6A or HHV-6B (39, 40). The HHV-6A/6B
genome can, however, integrate into host chromosomes of somatic cells and/or
gametes, specifically into the telomeres, due to the presence of telomeric repeats at the
end of its genome (40). The presence of chromosomally integrated HHV-6 (ciHHV-6)
may result from de novo infection or from transmission to an offspring of integrated
HHV-6 in germ cells. Integration is suggested by some authors to be the main latency
mechanism for HHV-6, and studies show that ciHHV-6 may lead to reactivation (39, 40).
It is estimated that 0.2% to 1% of the general population in developed countries have
ciHHV-6 (39). The prevalence of ciHHV-6 is estimated to be about 1% in umbilical cord
blood and healthy blood donors from the United States and the United Kingdom,
1.28% to 5% in liver transplant recipients from the United States and the United
Kingdom, 0.74% in an Italian cohort of SOT recipients, 1.92% to 2.13% in kidney
transplant recipients from the United Kingdom and the United States, and 1.4% to
1.86% of HSCT recipients from Italy and the United States (42, 43).

Primary infections occur mostly through saliva at a young age. The clinical mani-
festations, if any, consist of an acute febrile illness (exanthema subitum) and, in a small
percentage of cases, seizures or gastrointestinal or respiratory manifestations (41, 44).
Most cases of primary infections are caused by HHV-6B in Europe, the United States,
and Japan (44). The epidemiology of HHV-6A is less known but was found to be
predominant in Africa (44).

Among transplant recipients, primary infection concerns mostly pediatric recipients,
particularly those less than 3 years old (45). Primary infections are rare in adult recipi-
ents and may result from donor graft transmission (46–48). Among adult transplant
recipients, most HHV-6 infections are due to reactivation in the context of immuno-
suppression and typically occur 2 to 4 weeks after transplantation (41). HHV-6B reacti-
vation seems to be more frequent than HHV-6A reactivation. HHV-6A is rarely identified
and accounts for up to 3% of reactivation after transplantation (49). Reactivation occurs
in approximately 30% of SOT recipients (50) and 45% of HSCT recipients (49) but varies
widely due to the variability of diagnostic assays and the diagnostic challenge of
distinguishing active infection from ciHHV-6. Associated manifestations include fever,
rash, myelosuppression, and neurological manifestations, including encephalitis, for
which a causal role of HHV-6 has been demonstrated (44, 49). HHV-6 has also been
associated with pneumonitis and hepatitis, but the causal role remains unclear. Among
SOT recipients, HHV-6 reactivation has also been associated with allograft rejection, an
increased risk of CMV disease, and fungal and opportunistic infections (50, 51). Among
HSCT recipients, it has been associated with delayed engraftment, acute graft-versus-
host disease (GvHD), CMV reactivation, and increased mortality after HSCT (52–54).

The diagnosis of HHV-6 active infection relies on the detection of the HHV-6 genome
in blood samples but is challenging, since genome detection can be the result of HHV-6
viremia during primary infection or reactivation, as well as the presence of ciHHV-6.
Distinguishing ciHHV-6 from primary and reactivated infections is of particular impor-
tance in the clinical setting of transplanted patients, as HHV-6 replication can be
associated with the above-mentioned clinical manifestations and patients will require
antiviral therapy. Among transplant recipients, current guidelines do not recommend
routine testing for HHV-6 viremia but rather testing in the case of clinical manifestations
using quantitative real-time PCR in blood samples (50, 54). Diverse techniques can be
used to distinguish ciHHV-6 from active replication (39, 50, 51, 54). ciHHV-6 is suggested
by persistently elevated viral loads in whole blood (approximately 6 log10 copies/ml)
with minimal fluctuation over time and by 100- to 1,000-fold lower viral loads in serum
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or plasma. ciHHV-6 can be excluded by a negative PCR result from a blood sample
pretransplantation. This condition is, in contrast, confirmed by a positive HHV-6 PCR in
hair follicles or nails. The gold standard test for confirming ciHHV-6 is still fluorescence
in situ hybridization (FISH), which is labor-intensive. Droplet digital PCR is a convenient
and accurate method and is more frequently used for ciHHV-6 investigations.

(b) Detection in blood samples of nontransplanted individuals. Few data exist on the prev-
alence of HHV-6 DNA detection among nonimmunocompromised individuals. Among
176 Japanese pediatric patients visiting medical facilities for various reasons, HHV-6
DNA was detected in four (2.2%) whole-blood samples (55). The prevalence of HHV-6
DNA detection among blood donors was estimated to be 3.5% in a Greek cohort of 401
subjects and 6.1% in a cohort of 198 subjects from Burkina Faso (56, 57). Metagenomic
analysis of whole-blood samples of more than 8,000 individuals considered healthy
revealed the identification of HHV-6A and HHV-6B in 1.5% and 5% of individuals,
respectively (30). HHV-6A and HHV-6B sequences were also detected using mNGS in red
blood cells and fresh frozen plasma products (58).

(c) Detection in blood samples of SOT recipients. In a Finnish study of 84 pediatric liver,
kidney, or heart transplant recipients, the screening of HHV-6 using real-time PCR in
plasma samples revealed that 19/22 (86%) seronegative patients developed primary
infection and 29/62 (47%) seropositive patients presented reactivation (45); 35% of
patients presented symptoms such as fever, rash, diarrhea, or seizures (45). In a
Canadian study of 154 pediatric liver transplant recipients, HHV-6 DNA was detected
using real-time PCR in whole-blood samples of 25 (16.2%) patients and also in plasma
samples from 4 (16%) of those 25 patients (59). Seven of 25 patients (28%) had
symptoms consistent with HHV-6 infection. The screening of 495 whole-blood samples
of 34 adult liver or kidney transplant recipients revealed that 11% of samples were
positive for HHV-6 (60). Of note, HHV-6 infection was associated with graft rejection
(60).

(d) Detection in blood samples of HSCT recipients. Most published data concern HHV-6
among HSCT recipients. The first detection of HHV-6 DNA usually occurs in the early
period post-HSCT. HHV-6B has been identified with incidences ranging from 29% to
67% in plasma samples of pediatric and adult HSCT patients, at a median time of
3 weeks (53). In a French study of 235 allogeneic HSCT (allo-HSCT) patients, 82% of
HHV-6 reactivation episodes occurred during the first 100 days posttransplantation (61).
Among 49 adult Japanese HSCT recipients, screening for HHV-6 in plasma at 30 days
posttransplantation was positive in 53.1% of patients (62). In a U.S. cohort of 315
allo-HSCT recipients, HHV-6 DNA was detected in plasma samples of 111 (35%) patients
at a median of 20 days post-HSCT (52). The screening of plasma samples of 404 U.S.
adult allo-HSCT recipients with real-time PCR revealed that HHV-6B and HHV-6A were
detected in 46% and 0.2% of patients, respectively, with median viral loads of 7.41E2
copies/ml (range, 2.29E2 to 3.24E3 copies/ml) for HHV-6B (27). When screening with
multiplex PCR for herpesviruses, polyomaviruses, adenovirus, and parvovirus B19 in
whole blood, HHV-6 was the most frequently detected in two Japanese studies of
pediatric and adult patients. HHV-6 was detected in 41.7% (10/24) of autologous HSCT
(auto-HSCT) recipients and in 60% (63/105) of allo-HSCT patients (63, 64). In a French
study of 78 allo- and auto-HSCT pediatric and adult patients, peripheral blood mono-
nuclear cell (PBMC) samples were screened for HHV-6 and revealed that 3/66 (4.5%)
patients were positive before HSCT (65). After transplantation, HHV-6 was detected at
least once in 31/78 (39.7%) patients, with a median time of 19 days (65). HHV-6 and
human herpesvirus 7 (HHV-7) genomes were simultaneously detected in 24 (30.8%)
patients. Among the allo-HSCT recipients included in this study, CMV prophylaxis with
acyclovir did not influence the rate of virus detection (65).

(ii) Human herpesvirus 7. (a) Overview. According to the 10th Report of the ICTV in
2018 (https://talk.ictvonline.org/ictv-reports/ictv_online_report/), human herpesvirus 7
(HHV-7) belongs to the Betaherpesvirinae subfamily. HHV-7 has a tropism for CD4� T
cells (66) and is presumed to be transmitted via saliva. Primary infection occurs mainly
during childhood and is responsible for mild disease, and most adults are seropositive
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for HHV-7 (67). CD4� T cells are the site of HHV-7 latency, during which the virus might
persist as episomes; some data revealed that HHV-7 can integrate into the host’s
chromosomes, similar to HHV-6 (67, 68).

As with HHV-6, most HHV-7 infections among transplant recipients are presumed to
be the consequence of reactivation and typically may occur within 2 to 4 weeks after
transplantation in up to approximately 40% of SOT and HSCT recipients, with a limited
duration of detectable HHV-7 DNA in blood samples and low viral loads (49, 50, 67).
Overt manifestations of HHV-7 infection seem to be uncommon among adult SOT
recipients and may consist of nonspecific febrile syndrome and myelosuppression (50).
HHV-7 diseases and viremia are also uncommon among pediatric SOT recipients (50,
69), while viremia and associated clinical manifestations are poorly studied among
HSCT recipients. HHV-7 reactivation has been associated with central nervous system
(CNS) disease, hepatitis, pneumonitis, myelosuppression, acute GvHD, and potentially
an increased risk of CMV reactivation (49, 67, 70, 71).

Routine screening for HHV-7 viremia is not recommended in asymptomatic patients
nor is prophylaxis or preemptive therapy in transplant recipients (50).

As with other Herpesviridae such as EBV, CMV, and HHV-6, the prevalence rates of
HHV-7 DNA detection in blood samples should be interpreted cautiously, considering
their latent phase in lymphocytes and the use of potentially active antiviral prophylaxis
and treatments in transplant recipients, such as (val)ganciclovir.

(b) Detection in blood samples of nontransplanted individuals. Metagenomic analysis of the
whole-blood virome of more than 8,000 individuals considered healthy showed that
HHV-7 sequences were the most frequently detected, with a prevalence estimated at
20.37% (30). HHV-7 sequences were also detected in fresh frozen plasma products by
use of metagenomics (58). Among 176 Japanese children visiting medical facilities for
various reasons, two (1.1%) had detectable HHV-7 DNA in blood samples (55). A higher
prevalence has been reported when screening the PBMCs of 31 French adult PBMC
donors, with 80.7% positive for HHV-7 (65), and these results are in line with the tropism
and latency of HHV-7 in lymphocytes.

(c) Detection in blood samples of SOT recipients. The prevalence of HHV-7 detection in SOT
recipients varies among studies, according to the various populations tested, PCR
assays, and whole blood versus plasma screening. The screening of HHV-7 in whole-
blood samples of 34 pediatric kidney and liver transplant recipients revealed that it was
more frequently detected than EBV, CMV, and HHV-6, in particular when analyzing the
leukocyte fraction compared to plasma (60). Codetection with EBV was frequent in
whole-blood samples (62%) (60). Notably, 85% of infections were determined to be
either exclusively latent or lytic (60). Interestingly, coinfection with EBV and HHV-7 was
associated with a 5.6-fold increased risk of events of kidney rejection (60). In a Canadian
study, the prevalence of HHV-7 detection in the plasma or whole blood of 204 pediatric
liver transplant recipients was estimated at 5.4% (59).

(d) Detection in blood samples of HSCT recipients. In a French study of 78 allo- and
auto-HSCT pediatric and adult patients, HHV-7 DNA was detected in PBMC samples in
29/66 (43.9%) patients before HSCT (65) and at least once in 43/78 (55.1%) patients
posttransplantation, with a median time of 21.5 days (65). Interestingly, the rates of
HHV-7 DNA detection and the viral loads were comparable before and after HSCT, in
comparison to HHV-6, which reactivated more frequently after transplantation (65). The
prevalence of HHV-7 detection in plasma was estimated at 20.8% in a Czech cohort of
125 pediatric allo-HSCT recipients (72) and 18.3% in a Japanese cohort of adult HSCT
recipients (62). The prevalence of HHV-7 detection in whole-blood samples varied from
3.1%, among a Canadian cohort of 163 pediatric allo-HSCT recipients, with a median
time of detection of 21 days after HSCT (71), to 4.2% and 8.6% among 24 auto-HSCT and
105 allo-HSCT Japanese pediatric and adult recipients, respectively (63, 64).

Human Polyomaviridae. Polyomaviridae are nonenveloped DNA viruses phyloge-
netically classified into four genera based on the amino acid sequence of the large
tumor antigen (LTAg) (73, 74). There are 14 known human polyomaviruses (HPyV), and
the estimated prevalence for each one is displayed in Table 1. According to the current
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state of knowledge for some human polyomaviruses, infection mostly occurs early in
life (75). Furthermore, the detection of antibodies against more than one polyomavirus
is frequent (76). It increases with age after childhood with variable kinetics and a peak
prevalence according to the species, possibly suggesting different routes of transmis-
sion and mechanisms of persistence (77–79). While considering that replication of
viruses such as JC polyomavirus (JCPyV) and BK polyomavirus (BKPyV) are known to be
associated with potentially dramatic consequences in immunocompromised patients
and deserve specific monitoring and clinical management (75, 80–82), their detection
in blood needs to be better described. Regarding the detection of other human
polyomaviruses, this section will outline the current state of knowledge among trans-
plant recipients.

(i) JC polyomavirus. (a) Overview. There is only one JC polyomavirus (JCPyV) serotype,
with seven genotypes that have different epidemiologies according to geographical
location (83). JCPyV transmission probably occurs via contact with urine (84). Clinical
manifestations of primary infection remain unclear. JCPyV infection seems to occur
early in life and with a lower prevalence than that of BK polyomavirus (BKPyV), i.e., from
16% in children from 1 to 5 years of age to 34% in adults from 21 to 50 years and 51%
in adults over 70 years (78). The overall seroprevalence in European and U.S. individuals
is estimated to be 39% to 70% (78, 83, 85, 86). After primary infection, JCPyV enters a
phase of latency, with the main reported site being the reno-urinary tract (87). Pro-
gressive multifocal leukoencephalopathy (PML), a rare and late complication in trans-
plant recipients, has been associated with JCPyV reactivation in immunocompromised
patients (e.g., HIV-infected patients, patients treated with rituximab, multiple sclerosis
patients treated with natalizumab, and SOT and HSCT recipients). JCPyV reactivation
has also been associated with other central nervous system disorders (e.g., JCPyV-
associated encephalopathy) and JCPyV-associated nephropathy (JCPyVAN) in kidney
transplant recipients, the latter being less frequent than BKPyV-associated nephropathy
(BKPyVAN) (83, 88). The cellular immune response is thought to play a major role in
controlling JCPyV replication, particularly in diseases such as PML (83). A review of the
literature identified 44 cases of PML in SOT recipients reported from 1958 to 2010, and
another review identified 43 cases in allo- and auto-HSCT recipients (89, 90). In those
patients, JCPyV screening in blood samples is barely reported. Among HIV-infected
patients with PML, JCPyV viremia is not more frequent than in matched HIV-infected
control patients (83). Among the few studies regarding JCPyVAN, JCPyV viremia was
reported in some patients with low viral loads of approximately 1E3 copies/ml and
transient viremia, contrasting with the high viral loads (�1E6 copies/ml) in urine
samples (88, 91, 92).

TABLE 1 Seroprevalence of human Polyomaviridae in pediatric and adult populationsa

Genus Species Species abbreviation

Seroprevalence (%)

Pediatric populations Adult populations

Alphapolyomarivus Merkel cell polyomavirus HPyV5 23–34 25–81.9
Trichodysplasia spinulosa-associated polyomavirus HPyV8 Unknown 79.6–80.9
Human polyomavirus 9 HPyV9 20 17.6–47
Human polyomavirus 12 HPyV12 34–80 4–97.3
New Jersey polyomavirus HPyV13 7.5–33 5.1–57.5

Betapolyomavirus BK polyomavirus HPyV1 73 82–98.9
JC polyomavirus HPyV2 21 35–63.2
Karolinska Institute polyomavirus HPyV3 56 55–91.6
Washington University polyomavirus HPyV4 54 69–98.9

Deltapolyomavirus Human polyomavirus 6 HPyV6 Unknown 69–83.8
Human polyomavirus 7 HPyV7 Unknown 35–71.7
Malawi polyomavirus HPyV10 Unknown 99.1–99.5
Saint Louis polyomavirus HPyV11 34–61 64.8–93.3
Lyon IARC polyomavirus HPyV14b Unknown 5.9

aBased on data from references 77, 78, 85, 86, 98, 108, 141, 148, 156, and 418 to 422.
bThe 14th novel human polyomavirus (LIPyV) remains unassigned by the ICTV (https://talk.ictvonline.org/ictv-reports/ictv_online_report/).
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(b) Detection in blood samples of nontransplanted individuals. In comparison to the closely
related and also clinically important BKPyV, JCPyV is less frequently detected in blood
samples of healthy and immunocompromised individuals. This difference could be
explained by different patterns of replication, sites of latency, and different ways of
containment by the immune system. The JCPyV genome was not detected in plasma
samples of a large cohort of 400 Swiss blood donors, comprising 58% JCPyV-
seropositive individuals and 19% individuals with detectable replication in urine (86).
Serum samples of 1,016 Dutch blood donors were screened with three different
multiplex PCR assays to detect the 14 known human polyomaviruses: JCPyV was
detected in five (0.5%) donors with low viral loads (range, 0.9E1 to 3.7E1 copies/ml), and
all were JCPyV seropositive (93). However, the low viral load results should be inter-
preted with caution and may reflect assay variability. Some studies have investigated
the detection of JCPyV in the PBMCs of immunocompetent adults, with a prevalence
ranging from 0.9% to 83%, possibly reflecting methodological differences among
studies (94–96).

(c) Detection in blood samples of SOT recipients. Among adult kidney transplant recipients,
the JCPyV genome was detectable in the plasma or blood samples of 0.9% to 25% of
patients of several cohorts from the United States (n � 20), Australia (n � 167), United
Kingdom (n � 112), and Brazil (n � 12) (97–100). JCPyV viremia reported among pedi-
atric kidney transplant recipients varied from 12.1% (16/132 patients) to 20.8% (22/106
patients) (101, 102), with the differences between these two cohorts potentially attrib-
utable to different immunosuppressive treatments and patient age. Among these
children, JCPyV viremia was more frequent and associated with higher viral loads
among patients with viruria (102). Detection rates of JCPyV in plasma were stable
during the first 3 years posttransplantation, with immunosuppression being a risk
factor, followed by a drop in prevalence thereafter (102), thus highlighting the role of
the immune system, especially the altered cellular immunity occurring after transplan-
tation, in the containment of JCPyV primary infection or reactivation (103).

(d) Detection in blood samples of HSCT recipients. JCPyV reactivation is not rare among
HSCT recipients, as revealed in a study by Wittmann et al. (104). In this cohort of 164
adult allo-HSCT recipients from Israel, the retrospective screening of JCPyV in whole-
blood samples collected as part of routine investigations during a mean follow-up
period of 7 months (standard deviation [SD], 6.7 months) revealed that 40 (24.4%)
patients experienced either transient (n � 20) or persistent (n � 20) reactivation, which
was defined as two or more consecutive positive samples (104). Viral loads were higher
in patients with JCPyV DNA detected in multiple consecutive samples, with median viral
loads up to 3.88E3 copies/ml for those with more than 10 positive samples (range,
1.13E2 to 2.50E6 copies/ml). Among patients experiencing transient reactivation, the
median time to reactivation was 119 days (range, 7 to 908 days) after transplantation,
50% of patients had either acute or chronic GvHD, and 60% died within a median
period of 19.5 days (range, 2 to 643 days) after JCPyV reactivation. Among patients
experiencing persistent reactivation, the median time to reactivation was shorter
(49 days; range, 7 to 959 days), 85% of patients were under immunosuppressive therapy
for acute and/or chronic GvHD, and 75% died within a median period of 126 days
(range, 11 to 435 days) after JCPyV reactivation. Neurological complications (including
7 suspected cases of PML, of which 2 were confirmed) occurred in 60% of patients with
persistent reactivation. The concomitant use of more than three immunosuppressive
treatments was associated with an increased risk of persistent viremia (104). The results
of this study highlight the impact of strong immunosuppression on JCPyV reactivation
and suggest that JCPyV persistent reactivation and/or high viral loads might be
associated with adverse outcomes.

In another study of 30 adult allo-HSCT recipients from Israel, the prevalence of JCPyV
DNA detection in plasma samples decreased with time after transplantation and was
4/22 (18%), 0/21 (0%), and 1/22 (5%) of patients at 3, 6, and 12 to 18 months after
transplantation, respectively (105). The overall mean viral load was 5.65E2 copies/ml
(range, 2.70E2 to 2.9E3 copies/ml). JCPyV was also detected in PBMCs of 2/22 (9%), 4/21
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(19%), and 0/22 patients at 3, 6, and 12 to 18 months, respectively. JCPyV viremia was
not associated with any clinical manifestation or GvHD, and no patient developed PML
in this study (105).

(ii) BK polyomavirus. (a) Overview. BK polyomavirus (BKPyV) is classified into four
different subtypes (I to IV), correlated with a genotypic classification based on the
epitope region of the VP1 gene (106); subtype I is predominant in Europe, Africa, and
Asia (107). BKPyV is presumed to be transmitted through oral and respiratory routes
(103, 108). The clinical manifestations of primary infection remain unclear and may
consist of nonspecific febrile episodes (103). BKPyV infection appears to occur early in
life, as revealed by European and U.S. seroepidemiological studies, which also found
that prevalence increases with age, ranging from 38% in children of 1 to 5 years to 87%
in adults of 21 to 50 years, with an estimated overall seroprevalence of 82 to 98.9%
(Table 1) (78, 85, 86, 93). After primary infection, BKPyV persists in a latent phase in the
reno-urinary tract; data are conflicting regarding latency in PBMCs and brain (87, 103,
108). As with JCPyV, the cellular immune response plays an important role in controlling
BKPyV replication. Among HIV-infected patients, BKPyV reactivation is frequent and in
most cases asymptomatic (103). In transplant recipients, BKPyV reactivation is associ-
ated with BKPyVAN in SOT recipients, ureteric stenosis specifically in renal transplant
recipients, and hemorrhagic cystitis in HSCT recipients (103). Up to approximately 10%
of kidney transplant recipients develop BKPyVAN and potentially further graft failure
(109, 110). The detection of the BKPyV genome in blood or plasma samples is the
cornerstone of BKPyVAN investigations and diagnosis (80, 110–113). BKPyV genome
detection in blood or plasma samples has rarely been described among HSCT recipi-
ents, as the diagnosis of BKPyV hemorrhagic cystitis relies mostly on its detection in
urine samples (81). Nevertheless, recent data showed that BKPyV viremia precedes
hemorrhagic cystitis (with a median time of 17 days in a cohort of pediatric patients
[114]). Plasmatic viral loads of �1E4 copies/ml are associated with an increased risk of
hemorrhagic cystitis among pediatric and adult allo-HSCT recipients (114–116).

(b) Detection in blood samples of nontransplanted individuals. The BKPyV genome was not
detected in plasma samples of a large cohort of 400 Swiss blood donors, comprising
82% individuals that were BKPyV seropositive (86), whereas it has been reported in 15%
of serum samples of a Brazilian cohort of 20 blood donors (100). Screening of serum
samples of 1,016 Dutch blood donors using three different multiplex PCR assays to
detect the 14 known human polyomaviruses led to the detection of BKPyV DNA in one
(0.1%) donor who was also BKPyV seropositive (93).

(c) Detection in blood samples of SOT recipients. The incidence of viremia among kidney
transplant recipients varies widely among studies, according to several factors, i.e., time
after transplantation, immunosuppressive regimens, and type of sample (blood or
urine) initially screened. The incidence in adults initially screened in plasma ranged
from 9.2% to 84% up to 1 year after transplantation (97, 100, 109, 110, 112, 117–121).
In a recent study of 99 kidney transplant recipients from Finland, BKPyV DNA was
detected at least in one plasma sample of 84% of patients by use of a multiplex PCR
assay for the detection of 13 human polyomaviruses, with a median viral load of 3.6E4
copies/ml (range, 1E2 to 1.5E9 copies/ml) (121). The highest incidences of BKPyV DNA
detection and viral loads above 1E4 copies/ml are most commonly observed within
6 months posttransplantation, with a median detection time of 2 to 4 months (98, 112,
119, 122). A recent study investigated the impact of pretransplantation seroreactivity of
donor-recipient pairs on posttransplantation BKPyV viremia and BKPyVAN development
(123), considering that BKPyV infection might originate from the kidney allograft (124)
and that BKPyV seroreactivity correlates with BKPyV replication after transplantation
(125). The pretransplantation donor BKPyV IgG level was associated with the recipient’s
BKPyV viremia and BKPyVAN development and was the strongest pretransplantation
factor for viremia and BKPyVAN in multivariate analysis; the recipient’s BKPyV serore-
activity was inversely associated with BKPyV viremia and BKPyVAN, but these results
were nonsignificant (123). These results suggest that pretransplantation BKPyV serore-
activity of donor-recipient pairs might be useful for BKPyV infection risk assessment.
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(d) Detection in blood samples of HSCT recipients. BKPyV viremia occurs in approximately
33% to 55% of pediatric and adult HSCT patients, including in studies with a follow-up
of up to 1 year posttransplantation (27, 114, 126, 127). In a cohort of 273 pediatric
allo-HSCT recipients, the cumulative incidence for BKPyV viremia (above 1E3 copies/ml)
was 15% during a median follow-up period of 58 months. BKPyV viremia did not predict
GvHD, overall survival, or nonrelapse mortality (128). The higher incidence of BKPyV
viremia among patients having undergone double umbilical transplantation than
among unrelated peripheral blood stem cell-transplanted patients (58% versus 32%
and 97% versus 23.5%, respectively) highlights the impact of the source of the graft and
the immune system reconstitution after HSCT for the control of viral infections (127). In
a study by Hill et al. (27) that investigated coinfections of HSCT patients with double-
stranded DNA (dsDNA) viruses, plasma samples collected weekly over 100 days post-
transplantation from pediatric and adult allo-HSCT recipients were screened by real-
time PCR for dsDNA viruses, including BKPyV, EBV, HHV-6A/B, and adenovirus. BKPyV
was detected in 54% of adult allo-HSCT recipients, either alone or with other coinfect-
ing viruses, mainly CMV and HHV-6 (27). The burden of these coinfections, expressed as
the cumulative area under the curve of the viral load, was associated with an increase
in overall mortality with a dose-dependent relationship (27), but the respective impact
of each virus remains undetermined.

(iii) Karolinska Institute polyomavirus. (a) Overview. Karolinska Institute polyomavi-
rus (KIPyV) was discovered in 2007 using random PCR with respiratory samples of
symptomatic patients (129), but its mode of transmission has not been established.
Respiratory tract infections have been associated with the detection of KIPyV in
respiratory samples of pediatric and adult immunocompetent patients (130–132) and
transplant recipients (75, 98, 133, 134), but evidence of proven pathology is still lacking.
The seroprevalence rates are detailed in Table 1.

(b) Detection in blood samples of nontransplanted individuals. Among two cohorts of
French blood donors (n � 640; n � 130) and one cohort of Italian bone marrow donors
(n � 26) screened for KIPyV in blood samples, KIPyV was detected in 0.5% to 7.6%
(135–137). In a study in which KIPyV was screened in blood samples of 100 pregnant
Hungarian women, all results were negative (138). The screening of KIPyV by real-time
PCR among 100 Australian blood donors yielded no positive results (139). In a study by
Csoma et al. (140), screening with PCR of 200 plasma samples from blood donors
revealed all samples to be negative. The screening of serum samples of 1,016 Dutch
blood donors using three different multiplex PCR assays to detect the 14 known human
polyomaviruses led to the detection of KIPyV in only one (0.1%) donor who was also
KIPyV seropositive (93).

(c) Detection in blood samples of SOT and HSCT recipients. Among adult kidney transplant
recipients from two Hungarian cohorts, KIPyV was detected by PCR in plasma samples
of 7/195 (3.6%) and 6/76 (7.9%) patients (133, 140). KIPyV DNA was not detected in
blood samples of several cohorts of SOT and HSCT recipients from Italy (n � 167;
n � 100) (98, 141), Australia (n � 100) (139), Italy (26 adult HSCT recipients) (137), and
Finland (53 pediatric HSCT recipients) (142). Finally, in the study in which KIPyV was
discovered, the screening of serum, whole blood, and frozen leukocytes of 17 HSCT
recipients and 192 blood donors by a classic PCR obtained negative results (129).

(iv) Washington University polyomavirus. (a) Overview. Washington University
polyomavirus (WUPyV) was discovered in 2007 using mNGS on a nasopharyngeal
aspirate sample from a child presenting with pneumonia (143). The mode of transmis-
sion of WUPyV has not been established. As with KIPyV, respiratory tract infections have
been associated with the detection of WUPyV in respiratory samples of pediatric and
adult immunocompetent patients (130–132) and transplant recipients (75, 98, 133, 134),
but evidence of proven pathology is still lacking. The seroprevalence rates are detailed
in Table 1.

(b) Detection in blood samples of nontransplanted individuals. WUPyV has been detected
by real-time PCR in blood samples from French blood donors at a low prevalence of
0.8% (1/130 subjects) (136). Among 26 Italian bone marrow donors, WUPyV was not
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detected using real-time PCR on plasma samples (n � 26) (137). Results from WUPyV
screening of blood from 100 pregnant women were negative (138), similar to plasma
samples of 640 French blood donors (135). Among 1,016 Dutch blood donors, the
screening of sera using multiplex PCR assays to detect human polyomaviruses revealed
positive results for WUPyV DNA in two (0.2%) donors, both being WUPyV seropositive
(93).

(c) Detection in blood samples of SOT recipients. Among two Hungarian cohorts of 77 and
195 kidney transplant recipients and one Australian cohort of 167 kidney transplant
recipients, WUPyV DNA was detected in blood samples of 5.3% (4/77), 2.6% (5/195), and
1.2% (2/167) of patients, respectively (98, 133, 140).

(d) Detection in blood samples of HSCT recipients. In an Italian study of 100 SOT and HSCT
recipients, PCR screening of WUPyV in blood samples revealed negative results (139),
similar to studies of 26 Italian adult HSCT recipients and 53 pediatric HSCT recipients
from Finland (137, 142). Among HSCT recipients, the absence of detection of KIPyV and
WUPyV might be explained by several factors: the small number of screened patients
(26 adult HSCT patients [137] and 53 pediatric HSCT patients [142]), a true low
prevalence of infection or associated viremia, timing of reactivation after transplanta-
tion, and technical aspects, such as the type of PCR assay used (144).

(v) Merkel cell polyomavirus. (a) Overview. Merkel cell carcinoma (MCC) is a malig-
nant skin cancer associated with clonal integration of Merkel cell polyomavirus (MCPyV)
DNA in MCC cells (145), for which transplant recipients have an increased risk (146). The
route of transmission and clinical manifestations of primary infection remain unknown.
The skin is a major site of infection, but the specific type of host cell remains to be
determined (147). MCPyV is the only known oncovirus among human polyomaviruses.
High seroprevalence rates, as reported in a study of the general U.S. population, reveal
that MCPyV infection is frequent (Table 1) (78, 85, 148).

(b) Detection in blood samples of nontransplanted individuals. MCPyV DNA was detected in
3.8% (39/1,016) of serum samples from Dutch blood donors by using a multiplex PCR
assay, of which 30/39 (77%) were MCPyV seropositive (93). Studies using metagenomics
revealed that the MCPyV genome could be detected in red blood cells and fresh frozen
plasma units of Swiss blood donors (58) and in plasma pools of febrile Kenyan children
(149). Metagenomic analysis of whole-blood samples of more than 8,000 individuals
considered healthy revealed that MCPyV sequences were detected in 0.59% of subjects
(30). MCPyV DNA was also detected in blood samples using real-time PCR assays in
2.6% (5/190) and 10% (4/40) of Italian and Korean blood donors, respectively (150, 151),
in up to 10% of elderly patients from Finland (152), in 5% of an Italian cohort of
hepatitis C virus (HCV)-infected patients (153), and in 39% of blood samples of un-
treated, HIV-infected Japanese patients (154). Furthermore, MCPyV DNA could be
detected in buffy coat samples of a cohort of Italian blood donors (at very low copy
numbers, ranging from 10 to 100 copies/100,000 cells) (155).

(c) Detection in blood samples of SOT recipients. MCPyV DNA was detected in blood
samples of 1.8% to 16.7% of adult kidney transplant recipients, without any associated
overt disease reported so far (97, 98, 121, 151). In a recent study of 30 Korean kidney
transplant recipients, MCPyV DNA was detected in whole-blood samples with the
highest prevalence reported so far among SOT patients (16.7%) (median viral loads of
5.7E3 copies/ml detected late after transplantation [mean time, 35 months posttrans-
plantation]) (151). In the same study, the prevalence among 30 blood donors was 10%
(151). In another recent study from Finland, the detection rate of MCPyV DNA in plasma
samples of 99 kidney transplant recipients using a multiplex PCR assay for the detection
of 13 human polyomaviruses was 8.1%, with a median viral load of 5.9E2 copies/ml
(range, 1.2E2 to 1.4E3 copies/ml); MCPyV DNA was detected 1 month before transplan-
tation (1 case), on the day of transplantation (2 cases), and from 1 to 8 months after
transplantation (all 96 remaining cases) (121). MCPyV and BKPyV codetection was
reported in 6/8 MCPyV-positive cases (121).
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(d) Detection in blood samples of HSCT recipients. MCPyV DNA was detected in 45% of 40
adult allo-HSCT recipients by mNGS performed on plasma samples collected 30 days
posttransplantation (28).

(vi) Human polyomavirus 6 and 7. (a) Overview. Human polyomavirus 6 (HPyV6) and
HPyV7 were first discovered in 2010 by Schowalter et al. (156) in skin swab specimens
by using rolling circle amplification, and the route of transmission remains unknown.
They have been detected mostly in skin specimens of nontransplanted individuals and
transplanted recipients with or without dermatological diseases, but the association
with clinical manifestation is not established (157–161).

(b) Detection in blood samples of nontransplanted individuals. HPyV6 DNA was detected in
one subject using multiplex PCR assays for human polyomavirus screening in serum
samples of 1,016 Dutch blood donors; the subject was also HPyV6 seropositive (93), but
HPyV7 was not detected in any sample (93).

(c) Detection in blood samples of SOT recipients. HPyV6 DNA has been detected in 1/167
(0.6%) kidney transplant recipients by use of a real-time PCR assay on whole-blood
specimens (98), but HPyV7 was not detected in blood samples of this cohort. HPyV6
and HPyV7 were not detected in any blood samples of 161 patients (comprising 125
immunocompromised and 36 immunocompetent patients) undergoing routine BKPyV,
CMV, or adenovirus testing (162). HPyV7 was detected by real-time PCR in the PBMCs
and skin biopsy specimens of two lung transplant recipients presenting with a rash
(161).

(d) Detection in blood samples of HSCT recipients. The detection of HPyV6 and HPyV7 in
blood samples of HSCT recipients has not been studied so far.

(vii) Trichodysplasia spinulosa-associated polyomavirus. (a) Overview. Trichodyspla-
sia spinulosa-associated polyomavirus (TSPyV) was first identified in 2010 by use of
rolling circle amplification performed on typical cutaneous spicules of a heart trans-
plant patient presenting with trichodysplasia spinulosa (163), a skin disease occurring
in severely immunocompromised hosts that is characterized by follicular distention and
keratotic spine formation, predominantly affecting the face (164). Trichodysplasia
spinulosa may be associated with TSPyV primary infection, rather than reactivation, as
demonstrated by serology. The disease is associated with viremia that may precede the
development of skin lesions (165–168). High seroprevalence rates in children may
indicate early infection during childhood (Table 1).

(b) Detection in blood samples of nontransplanted individuals. TSPyV DNA was detected
using a multiplex PCR assay in 0.5% (5/1,016) of serum samples from Dutch blood
donors, of which 4/5 (80%) were TSPyV seropositive (93). TSPyV was not identified in
screenings of Finnish and Brazilian cohorts of individuals described as healthy (serum
samples of a cohort of 394 elderly subjects, blood samples of a cohort of 71 adults, and
serum samples of another cohort of 229 children and adults) (152, 169, 170).

(c) Detection in blood samples of SOT recipients. TSPyV DNA detection rates in blood
samples of kidney transplant recipients without associated skin disease vary widely
from one study to another and range from 1/167 (0.6%) patients with persistent
infection and high blood viral loads (mean viral load, 1.94E5 copies/ml [98]) and 1/99
(1.1%) patients with a viral load below the limit of quantification (121) to 19/71 (26.8%)
patients with a median viral load of 1E5 copies/ml (range, 8E2 to 1.2E6 copies/ml) (169).
These differences in prevalence may be due to different geographical locations (Brazil
[169] and Australia [98]) and real-time PCR assays targeting two different regions (a
region between the large and small T antigen genes [169] and a region in the VP1 gene
[98], respectively).

(d) Detection in blood samples of HSCT recipients. The detection of TSPyV in blood samples
of HSCT recipients has not been studied so far.

(viii) Human polyomavirus 9. (a) Overview. Human polyomavirus 9 (HPyV9) was
initially identified in a serum sample of a kidney transplant recipient as part of a large
study for HPyV screening in clinical samples (171). The tropism, routes of transmission,
and clinical manifestations of HPyV9 infection remain unknown. HPyV9 seroprevalence
rates increase with age, as revealed by Italian and Greek studies, with rates ranging
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from 10.4% in children of 1 to 4 years to 41% among adults of 60 to 69 years and 69.9%
in adults over 80 years (76, 172, 173) (Table 1).

(b) Detection in blood samples of nontransplanted individuals. HPyV9 DNA was detected in
0.4% (4/1,016) of serum samples from Dutch blood donors by use of a multiplex PCR
assay; all were HPyV9 seronegative (93). In a cohort of 87 blood donors, screening by
real-time PCR was negative in all patients (174), but HPyV9 DNA was detected in plasma
samples of 6/100 (6%) pregnant and 2/100 (2%) nonpregnant women (138). In a recent
study, HPyV9 DNA was amplified from PBMCs of a patient with HIV infection by rolling
circle amplification; further screening of PBMCs of 40 healthy subjects and 9 HIV-
infected patients was negative (175). However, as suggested by the authors, the small
amount of material available for the experiments may explain these negative results
(175).

(c) Detection in blood samples of SOT recipients. Among a cohort of kidney transplant
recipients from the Netherlands, 33% of patients were seropositive at the time of
transplantation, which increased to 46% at 12 months posttransplantation (174). The
question of viral clearance associated with the appearance of antibodies has still not
been specifically addressed, but viremia and seroreactivity were not correlated in this
Dutch study. Among a cohort of 101 kidney transplant and kidney-pancreas transplant
recipients, the cumulative incidence of HPyV9 DNA detection in serum was 20% (174).
None of the patients had a positive sample by real-time PCR before transplantation, but
3% of patients had consecutive positive samples after transplantation, with an inci-
dence peak at 3 months posttransplantation (174). Furthermore, HPyV9 DNA was
detected significantly more frequently in BKPyV DNA-positive samples than in negative
samples (174). Among two Australian patient cohorts comprising a cohort of 112
kidney transplant recipients (98) and a cohort of immunocompetent and immunocom-
promised patients (162), HPyV9 DNA was not detected by real-time PCR in any blood
or other samples. These discrepancies with the results of van der Meijden et al. (174)
might be explained by a different local epidemiology or by different real-time PCR
sensitivities or specificities. In another recent study from Finland, the detection rate of
HPyV9 DNA in plasma samples of 99 kidney transplant recipients using a multiplex PCR
assay for the detection of 13 human polyomaviruses was 1%, with a viral load of 1E4
copies/ml at 5 months posttransplantation (121).

(d) Detection in blood samples of HSCT recipients. The detection of HPyV9 in blood sam-
ples of HSCT recipients has not been studied so far.

(ix) Human polyomaviruses 10 to 14: human polyomavirus 10 (Malawi polyoma-
virus), human polyomavirus 11 (Saint Louis polyomavirus), human polyomavirus 12,
human polyomavirus 13 (New Jersey polyomavirus), and human polyomavirus 14
(Lyon IARC polyomavirus). (a) Overview. Since 2008, five human polyomavirus species
have been identified. Human polyomavirus 10 (Malawi polyomavirus [MWPyV]) was first
identified in 2008 by shotgun pyrosequencing of purified virus-like particles recovered
from a stool sample of a healthy and asymptomatic child living in Malawi (176). In that
study, the use of classic PCR and sequencing of reads closely related to MWPyV allowed
the first identification of human polyomavirus 11 (Saint Louis polyomavirus [STLPyV]) in
a fecal sample of an immunocompetent child in Malawi (177). Human polyomavirus 12
(HPyV12) was first identified by Korup et al. in Germany using a generic polyomavirus
PCR targeting the VP1 gene region in liver specimens of deceased individuals who
donated organs for transplantation, leading to the further design of a real-time PCR and
detection in other tissues (intestinal and stool samples) (178). In 2014, New Jersey
polyomavirus (human polyomavirus 13 [HPyV13]) was first identified using mNGS in a
muscle biopsy specimen from a pancreas transplant recipient (179). The HPyV13
genome was detected in sera collected 10 months later (viral load, 1.6E5 copies/ml) but
not in a pretransplant serum sample, thus revealing posttransplant persistent infection
(179). Finally, a 14th novel putative human polyomavirus (Lion IARC polyomavirus
[LIPyV]) was isolated and characterized in 2017, but it has not yet been classified by the
ICTV (https://talk.ictvonline.org/ictv-reports/ictv_online_report/) (180).

Regarding these human polyomaviruses, data regarding their detection in blood
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samples are scarce and their potential associations with diseases (including gastroin-
testinal diseases) remain to be determined.

(b) Detection in blood samples of nontransplanted individuals. Among blood donors, serum
samples of a large cohort of 1,016 Dutch blood donors have been screened using
multiplex real-time PCR for human polyomaviruses (93). The genomes of MWPyV,
STLPyV, HPyV13, and LIPyV were detected in one (0.1%) seropositive, one (0.1%)
seronegative, one (0.1%) seronegative, and one (0.1%) seronegative individual, respec-
tively (93). The detection of HPyV12 DNA in 10/1,016 (1%) subjects was not confirmed
by sequencing (93). Among children and adults described as healthy, MWPyV was not
detected using real-time PCR assays in blood samples of an Italian cohort of 200
children or in 200 serum samples of Chinese adults (181, 182).

(c) Detection in blood samples of SOT recipients. Among SOT recipients, the screening for
MWPyV and STLPyV DNA in 261 plasma samples from an adult cohort of kidney
transplant recipients in Saint Louis, MO (USA), revealed negative results (177). MWPyV,
STLPyV, and HPyV12 DNA was not detected in whole-blood samples of an Australian
cohort of 167 adult kidney transplant recipients (98). The screening of 45 serum
samples of liver transplant recipients for HPyV-12 by real-time PCR gave negative
results (178).

(d) Detection in blood samples of HSCT recipients. There is currently no published study
regarding the screening of human polyomaviruses 10 to 14 in blood samples of HSCT
recipients.

Adenoviridae. (i) Human adenovirus. (a) Overview. Human adenoviruses (HAdVs) are
classified into seven species (A to G) and, further, into 67 types that are characterized
by different cell tropisms and associated diseases (183). HAdV-F and -G are mostly
associated with gastroenteritis, HAdV-B, -C, and -E with pneumonia, HAdV-C with
hepatitis, HAdV-A, -B, and -D with meningoencephalitis, HAdV-B with cystitis, and
HAdV-B and -D with keratoconjunctivitis (183). HAdVs circulate worldwide, but pre-
dominant species and types vary according to geographic regions (184–188), with, for
instance, HAdV-B being the predominant species in the Japanese population (184, 185,
187).

In immunocompetent individuals, HAdV is transmitted mainly via inhalation of
aerosolized droplets, direct conjunctival inoculation, or the fecal-oral route; most
infections occur at a young age and are mild and self-limited (183). The innate and
adaptive immune responses contribute to viral clearance, with the development of a
T-cell response that is cross-reactive with different HAdV species (183). HAdV can persist
in a latent state in various cells, including tonsillar and intestinal lymphocytes and lung
epithelial cells (183).

In transplant recipients, HAdV infections can arise mainly from reactivation of
persistent HAdV but also from de novo infection or from the transplanted organ (183,
189, 190). Infections are more frequent among pediatric transplant recipients, ranging
from 3% to 60% and 4% to 20% in pediatric and adult SOT recipients, respectively, and
6% to 40% and 3% to 15% in pediatric and adult allo-HSCT recipients (183, 191). HAdV
infection can be asymptomatic in transplant patients but can also encompass diverse
clinical manifestations, such as fever, pneumonia, hepatitis, nephritis, hemorrhagic
cystitis, enteritis, and disseminated disease (defined in HSCT recipients as multiple
organ involvement with �2 positive PCR results in blood or other clinical samples) (183,
189). In SOT recipients, the transplanted organ is often the site of HAdV disease.

Most infections occur 2 to 3 months after transplantation (183). Several factors have
been associated with HAdV reactivation in HSCT patients: a young age, the use of
HLA-mismatched grafts, T-cell-depleted grafts, anti-thymocyte globulin, a delayed im-
mune reconstitution, and acute GvHD (192–196). HSCT recipients with detectable
viremia within 100 days after transplantation are at high risk of developing dissemi-
nated disease. HAdV-associated diseases are more severe and mortality rates are higher
in pediatric than adult recipients, in particular in the presence of HAdV viremia (183,
191, 197). HAdV infection and disease in pediatric patients are associated with lower
overall survival, higher nonrelapse mortality (128), and up to 15% to 50% of deaths after
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HSCT (195, 198). A sustained or elevated plasmatic viral load is associated with
disseminated disease and clinical severity, longer hospitalization, and mortality in adult
HSCT recipients (186, 187, 192, 194, 199, 200). Monitoring by real-time PCR with blood
samples in asymptomatic patients is not recommended in adult and pediatric SOT and
adult HSCT recipients but is recommended in high-risk pediatric HSCT recipients (191,
197). The blood viral load threshold at which preemptive antiviral treatment should be
initiated is not established and ranges from 1E2 to 1E6 copies/ml (183).

(b) Detection in blood samples of nontransplanted individuals. Among immunocompetent
individuals, HAdV viremia can be detected in the context of acute infection. HAdV DNA
detection in blood samples of asymptomatic individuals is poorly studied. In a Japanese
study, the screening of blood samples of 50 healthy adults by real-time PCR for HAdV-B
and -C revealed negative results (187).

(c) Detection in blood samples of SOT recipients. In a multicenter study comparing CMV
prophylaxis with valganciclovir to that with oral ganciclovir in 57 centers worldwide,
263 adult SOT recipients (comprising liver, heart, kidney, and kidney-pancreas recipi-
ents) were screened for HAdV using real-time PCR on whole-blood samples collected at
or around days 7, 28, 56, and 100, as well as at 6 and 12 months posttransplantation
(201). HAdV DNA was detected in blood samples of 19/263 (7.2%) patients, including
10/121 (8.3%) liver transplant recipients, 6/92 (6.5%) kidney transplant recipients, and
3/45 (6.7%) heart transplant recipients. Of 19 positive patients, 11 (58%) were asymp-
tomatic at the time of viremia and only 1 (5%) presented acute rejection. CMV disease
developed in 4/19 (21%) HAdV-positive patients (201).

In a U.S. cohort of 75 pediatric kidney transplant recipients screened monthly for
HAdV in plasma samples over a 2-year period, HAdV was detected in 14.7% of patients,
with a median time of 173 days to first detection (202). These patients were more likely
to develop CMV viremia but did not have more adverse clinical outcomes (202).

(d) Detection in blood samples of HSCT recipients. In a cohort of 215 adult T-cell-depleted
graft HSCT recipients, 8% of patients had detectable viremia at a median time of
57 days (interquartile range [IQR], 2.5 to 4 days). Of these, 33% developed adenovirus
disease with viremia preceding the development at a median time of 11 days (range, 3
to 37 days) (200). In this cohort, codetection of HAdV with other dsDNA viruses was
frequent, with two viruses or more detected in 44% of patients. CMV, EBV, and HHV-6
were detected concomitantly with HAdV in 67%, 22%, and 17% of patients, respectively
(200). When specifically considering pediatric allo-HSCT, the prevalence of HAdV
viremia varied from 15% among 291 U.K. allo-HSCT recipients tested in whole-blood
samples, to 37.5% among Japanese auto- and allo-HSCT recipients tested in blood
samples, to 42.3% among 26 U.K. allo-HSCT recipients tested in whole-blood samples
(187, 192, 194). Among adults, the incidence has been reported to be lower, ranging
from 7.4% among 27 Swedish allo-HSCT recipients to 19.7% among 76 U.K. allo-HSCT
recipients (195, 203). Coinfection with HAdV-B and -C has been reported in pediatric
and adult cases (187). In a recent large multicenter European study of 1,736 pediatric
and 2,540 adult transplant recipients, the cumulative incidences of HAdV viremia above
1E3 copies/ml during a 6-month follow-up period after allo-HSCT were 14% and 1.5%
in pediatric and adult recipients, respectively (median time to first detection, 21 and
61 days for pediatric and adult patients, respectively) (196). In another cohort of 48
adult and pediatric allo-HSCT recipients followed up over 16 weeks, 11% of all recipi-
ents had detectable HAdV DNA in plasma, and of these, 57.8% had asymptomatic
viremia (188).

Parvoviridae. Parvoviridae are small nonenveloped viruses which are classified
based on phylogenetic analysis of the amino acid sequence of the large nonstructural
protein NS1. According to the ICTV classification (https://talk.ictvonline.org/ictv-reports/
ictv_online_report/), they are divided into two subfamilies, Parvovirinae and Densoviri-
nae, which infect vertebrates and invertebrates, respectively (204). Aside from the
well-known parvovirus B19, other members of the Parvoviridae family deserve further
discussion.
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(i) Parvovirus B19. (a) Overview. Parvovirus B19 (B19V) was discovered in 1975 by
Cossart et al. in serum samples of individuals screened for HBV infection (205). Accord-
ing to the ICTV classification (https://talk.ictvonline.org/ictv-reports/ictv_online
_report/), B19V is a member of the Parvovirinae family (genus Erythroparvovirus) and
comprises three genotypes, G1 to G3, that share the same pathogenic and antigenic
characteristics. Genotype 1 is the most common genotype currently circulating world-
wide; prior to the 1960s, genotype 2 was as common or more common than genotype
1 and has rarely been found in blood or to be associated with acute disease since then
(204, 206). B19V productive infection is restricted to bone marrow erythroid progenitor
cells in various stages of erythroid differentiation and leads to cell death (apoptosis),
which results in aplastic crisis (204). B19V tropism also extends to nonerythroid-lineage
tissues, but there is no clear evidence that infection is productive (204). B19V is
transmitted mainly by the respiratory route, and the mechanisms by which the virus
reaches the bone marrow are currently unknown. B19V can also be transmitted via
blood products or vertically from the mother to the fetus (204). A B19V-specific cellular
immunity develops and is directed against the capsid proteins VP1 and VP2 and the
nonstructural protein NS1, with an important role of the CD8 T cell response in the
control of acute infection. The humoral response is characterized by the development
of IgM and IgG directed against the VP1 and VP2 proteins and the lifelong persistence
of IgG (204).

The seroprevalence of B19V increases with age, with rates ranging from approxi-
mately 20% in children of 1 to 9 years old and 50% to 70% in children of 10 to 17 years
old, as reported by an Israeli and a German study (207, 208); seroprevalence rates
estimated in adult population-based studies range from 62.3% (1,323 Dutch individu-
als) to 72.1% (6,583 German individuals) (208, 209). Among the elderly, the prevalence
rates rise to 79.1% among German individuals of 65 to 69 years old and to 77.7% among
Japanese individuals of 70 years and older (208, 210). The reported seroprevalence rates
among blood donors worldwide range from 24.6% (448 Chinese donors) (211), 27.6%
(500 Iranian donors) (212), 33.6% (8,244 Chinese donors included in a meta-analysis)
(213), 34.1% (800 Indian donors) (214), and 48.6% (360 donors from the Democratic
Republic of the Congo) (215) to 53% (480 Brazilian donors) (216).

In nonimmunocompromised patients, most infections are asymptomatic. Clinical
manifestations of acute infection range from hydrops fetalis in the fetus, typical
erythema infectiosum in healthy children, and arthralgia in healthy adults to transient
aplastic crisis in patients with a high rate of red blood cell turnover (e.g., sickle cell
disease patients). Persistent infection among immunocompromised patients can lead
to pure red cell aplasia (204). The diagnosis of acute infection should rely on the
combination of real-time PCR and serological assays, considering the low sensitivity of
some serological assays (217). Primary infection is associated with B19V viremia with
high viral loads (up to 1E9 copies/ml) that decreases (with viral loads around 1E4
copies/ml) in parallel with IgG development (218, 219). Nevertheless, B19V DNA can be
detectable at lower viral loads in blood samples after IgG development and resolution
of symptoms for prolonged periods of time (weeks to years), even in nonimmunocom-
promised patients. Such prolonged viremia has been described among asymptomatic
blood donors with viral loads ranging from �1E3 copies/ml up to 1E6 copies/ml (212,
218–225). Some data suggest that this prolonged detection of B19V DNA at low viral
loads (mostly �1E3 copies/ml) might reflect the presence of naked DNA (detected by
the use of more sensitive assays) rather than virions and that infections of blood
product recipients are currently rare events with the use of current inactivation and
other blood safety procedures (221, 226).

Clinical manifestations associated with B19V infection may be atypical in immuno-
compromised patients. Regarding SOT recipients, fever, arthralgia, and rash are ob-
served in approximately 25%, 7%, and 6% of patients (227, 228). The manifestations
mediated by the immune system such as arthralgia and rash can be blunted or absent
in these patients. Anemia is, however, almost a constant finding, and leukopenia and
thrombocytopenia can also be observed (227, 228). Graft loss or dysfunction and
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organ-invasive diseases (e.g., hepatitis, pneumonitis, and carditis) have been associated
with B19V infection, but the causality remains unclear (227, 228). The diagnosis of B19V
infection is confirmed by PCR using blood samples at onset of disease in most patients,
as reported in a review of the literature, including 74 SOT patients (53 kidney, 12
heart/lung, 9 liver) with positive PCR in 87% of patients (228).

Regarding HSCT recipients, rash, cytopenia, and arthralgia were observed in 50%,
50%, and 11%, respectively, of 28 allo-HSCT recipients infected with B19V that were
identified by literature review (229). Most patients developed a rash early after HSCT
(�3 months), whereas anemia occurred later after HSCT (�3 months). The median time
of onset of manifestations was 2.7 months (range, 0.1 to 96 months) (229). Organ
diseases involving heart, liver, or lung were also described in this study, as well as in
other studies of pediatric and adult patients; for SOT recipients, causality remains
unclear (230–232). In a review by Katoh et al., the diagnosis of B19V infection was
confirmed by PCR using blood or other samples (bone marrow specimens, skin spec-
imens, heart, liver, or lung) in 26/28 (92.9%) cases and viremia was present in all
patients (229). The detection of B19V in blood samples at the onset of disease was also
a constant finding in another review that included 24 HSCT recipients (20 allogeneic
and 4 autologous transplant recipients) (228).

(b) Detection in blood samples of nontransplanted individuals. Several reports concerning
blood donors have reported prevalence rates of B19V DNA detection in blood samples
ranging from 0.008% to 1.9%. Among 3,957 Chinese blood donors, B19V DNA was
detected by real-time PCR in plasma samples of 23 (0.58%) subjects, with viral loads
ranging from 2.48E2 to 6.38E4 copies/ml (211). A meta-analysis including 48,923
Chinese blood donors reported B19V DNA detection in 0.7% of subjects (95% confi-
dence interval [CI], 0.2% to 2.4%) (213). In a cohort of Australian blood donors, B19V
genome was detected in the plasma samples of 10/4,232 (0.24%) patients, with a mean
viral load of 3.17E3 IU/ml (standard deviation, 1.77E6 IU/ml) (224). A large German study
investigated B19V infection in plasma samples of 139,155 blood donations from 2006
to 2008 and revealed positive cases in only 11 (0.008%) donations (233). Among
Brazilian blood donors, B19V was detected in plasma samples of 1/477 (0.21%) donors
(234). In another Brazilian study, B19V DNA was detected in the plasma samples of
9/480 (1.9%) individuals with viral loads ranging from 2.7E3 to 6.7E5 copies/ml, and IgG
was concomitantly detected in 7/9 (77.8%) individuals (216). No related posttransfusion
event was reported in these two studies (216, 234). Similar results were reported in an
Iranian study that included 500 donors, with B19V detected in plasma samples of 1.2%
of individuals, with viral loads of �1E6 copies/ml, and IgG was concurrently detected
in 4/6 (66.7%) cases (212). Finally, a Japanese population-based epidemiological survey
of B19V infection in which B19V was screened by real-time PCR in serum samples of
2,081 individuals revealed that 0.2% of subjects were positive (210).

(c) Detection in blood samples of SOT recipients. The prevalence of B19V infection after
transplantation is difficult to estimate, considering different diagnostic procedures
(serology versus PCR), patient selection bias, and diverse durations of follow-up. B19V
infection appears to be uncommon or is rarely reported among adult and pediatric
transplant recipients (228–230).

Among a cohort of 137 Italian SOT recipients (58 liver, 59 kidney, and 20 heart
transplant) retrospectively screened for B19V by a competitive PCR enzyme immuno-
assay on serum samples collected up to 6 months after transplantation, 2 patients
(1.5%) were found to be positive for B19V, including one patient with a febrile episode
(235). In a German study including 268 SOT recipients (147 kidney, 91 liver, 30 heart
transplant), the screening of B19V using real-time PCR in serum and plasma samples
collected before transplantation and up to 6 months after transplantation revealed
positive results with low viral loads (�600 to 1,100 genome equivalent [geq]/ml) (limit
of quantification of the assay, 600 geq/ml or 215 IU/ml) in 9 patients (3.4%), with
positive results before transplantation in some patients (236). As reported in most of
the studies reviewed here, genotype 1 was the most frequent (88.9%). All except two
heart transplant recipients were IgG positive before transplantation. The presence of
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B19V viremia was not associated with anemia (236). In the same study, the authors
examined B19V DNA detection in healthy adults, which was similar in terms of
prevalence (3/120 [2.5%] individuals) and viral loads to that of the SOT recipients (236).
The prevalence of B19V DNA detection was reported at 1.8% in a U.K. cohort of 110
adult transplant recipients screened for B19V in plasma samples by nested PCR (237).
In one of these cases, B19V might have been transmitted via kidney transplantation. In
the other case, B19V infection has been suggested as a cause of graft failure. Epidemics
of B19V infection have also been reported among SOT recipients, as described in a
study by Ki et al. that retrospectively screened the sera of 167 adult kidney transplant
recipients, by qualitative and quantitative real-time PCR, every 2 months over a
follow-up period of 6 months after transplantation (238). Fifty-two of 167 patients
(31.1%) had at least one sample positive, including 20 patients with B19V-positive
samples during 2 months or more (238).

The prevalence of B19V infection is higher among SOT recipients presenting with
anemia. In a group of 48 Italian adult renal transplant recipients with anemia, B19V
infection was confirmed by positive nested PCR in serum samples of 11 patients (23%)
and occurred in 73% of patients within 3 months after transplantation (239). In another
group of 19 U.S. adult liver transplant recipients with anemia, the screening of serum
samples for B19V by classic PCR revealed that 6 patients (31.6%) were viremic (240). The
viral load of B19V among recipients with anemia has been reported at levels up to 1E9
copies/ml (241–243). Of note, qualitative PCR assays are often used, and viral loads are
therefore not described.

Concerning pediatric SOT recipients, a Swiss study investigated the prevalence of
B19V infection among 54 pediatric liver transplant recipients who were followed up
over a 6-month period after transplantation (242). B19V DNA was detected in blood
samples of 5/54 patients (9.2%) with viral loads of 1E3 geq/ml in most samples. In all
cases, viremia was observed within the first 3 months after transplantation. B19V
viremia was more frequent in tacrolimus-based regimens than in cyclosporine-based
regimens (242).

(d) Detection in blood samples of HSCT recipients. B19V detection has been reported at
similar prevalence rates in HSCT recipients. B19V DNA was detected in a Swedish cohort
of 77 adult allo-HSCT recipients by quantitative real-time PCR in serum samples of 2
patients (2.6%), one at 3 months and one at 1 year after transplantation, without any
clinical manifestations despite peak viral loads of 2E5 and 4.7E8 copies/ml, respectively
(244). In the same study, 1/20 (5%) pediatric allo-HSCT recipients was found to be B19V
viremic at 3 weeks after transplantation, with a peak viral load of 1E5 copies/ml (244).
In a Finnish study, B19V DNA was screened by classic PCR using serum samples of 201
allo-HSCT recipients, who were all found to be negative during the first 6 months after
HSCT; of 119 patients with available samples for screening during a 26-month period
after HSCT, B19V was detected in 3 patients (2.5%) (245).

Among a cohort of 171 Turkish pediatric allo-HSCT recipients screened weekly and
retrospectively for B19V, using real-time PCR in plasma samples during a follow-up
period of 2 years, 12 patients (7%) were found to be positive (246). B19V infection
occurred in the first 100 days after HSCT in 91.7% of patients, and B19V viremia was
cleared after 1 month in 41.7% of patients (246). In a Japanese study investigating viral
infections among 24 pediatric and adult auto-HSCT recipients by screening whole-
blood samples with a real-time multiplex assay targeting 13 viruses, B19V was identified
in one patient (4.2%) (64). Another study by the same group performed the same
investigations among 105 pediatric and adult allo-HSCT recipients in which B19V was
not detected (63). A Finnish study revealed high prevalence rates of B19V DNA
detection in serum samples of pediatric allo-HSCT, at 30.2% (16/53) of patients (247).
The mean viral loads were 4.6E3 copies/ml before transplantation (9/53 patients) and
9.9E7 copies/ml, 1.1E10 copies/ml, and 1.6E2 copies/ml at 1 (6/53), 2 (4/53), and 3
months (1/25) after HSCT, respectively (247). Interestingly, no clinical manifestations
were associated with B19V viremia. The authors did not report the occurrence of any
outbreak during the period of the study.
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The transmission of B19V might rarely occur via HSCT, as suggested in case reports
of auto- and allo-HSCT (248, 249).

(ii) Human parvovirus 4. (a) Overview. According to the ICTV classification (https://
talk.ictvonline.org/ictv-reports/ictv_online_report/), human parvovirus 4 (PARV4) is a
member of the Parvoviridae family (genus Tetraparvovirus) and comprises three geno-
types, G1 to G3, with genotype G1 circulating predominantly in Europe and North
America, G2 in Asia and Brazil, and G3 in Africa (250). PARV4 was first identified in 2005
in plasma samples of individuals with symptoms of acute viral infection following
high-risk behavior for HIV infection (251). The transmission route remains unclear.
Higher seroprevalence rates among intravenous drug users and polytransfused patients
might suggest that PARV4 is a blood-borne virus (250, 252, 253), even though the high
seroprevalence rates in other populations suggest other routes of transmission (254,
255). The clinical manifestations associated with PARV4 infection remain poorly under-
stood (250). Some data suggest that PARV4 has the potential for latency and reactiva-
tion (250).

The seroprevalence in several cohorts from Africa was estimated at 37% among 167
blood donors in Burkina Faso, 25% among 238 individuals in the general population in
Cameroon, 35% among 221 military members of the Democratic Republic of the
Congo, and 20% among 170 blood donors in South Africa (255). In another cohort of
pediatric and adult individuals from the South African general population in which 69%
were HIV-infected patients, 48% (238/492) of adults and 21% (50/234) of children were
PARV4 IgG seropositive. The prevalence was higher in HIV-positive (52%) than HIV-
negative (24%) individuals (256). The higher prevalence among adults than in children
was confirmed in another cohort of 157 adult and pediatric outpatients in South Africa,
with prevalence rates of 49% and 33% in adults and children, respectively (254). In
Europe, the reported seroprevalence rates include 0.9% among 228 Danish women
(257), 4.76% among 608 U.K. blood donors (258), 11% among 99 HIV-infected men who
have sex with men, and 95% of 94 intravenous drug-using HIV-infected patients from
Switzerland (259).

(b) Detection in blood samples of nontransplanted individuals. Among 289 adults from
China, PARV4 DNA was detected in 20.4% of subjects (260). PARV4 DNA was detected
in the plasma of 32 (8.9%) of 361 children from Ghana (median age, 15 months), with
a median viral load of 4.53E2 copies/ml (range, 2E2 to 3E4 copies/ml) (261). The
detection of PARV4 DNA in blood samples taken several months apart in the same
subjects raises the question of persistent infection or reactivation (262). Among blood
donors, the variation of reported PARV4 DNA detection rates using real-time or nested
PCR assays in blood samples included 1% in an Italian cohort (n � 100) (263), 2% in a
French cohort (n � 304) (264), 3.95% in a Thai cohort (n � 176) (252), and 16.6% in an
Iranian cohort (n � 120) (265). Screening of PARV4 DNA with real-time PCR in 29
IgG4-seropositive blood donor sera from the United Kingdom yielded only negative
results, possibly due to the low number of included patients (258). PARV4 DNA was also
detected in manufacturing plasma pools, with a prevalence rate ranging from 4%
(14/351 pools) (266) to 26.2% (51/195 pools) and viral loads ranging from 2.8E3
copies/ml to 2.4E7 copies/ml (267). The lower prevalence rates in pooled plasma than
in individual samples in some studies need to be interpreted when considering the
dilution of individual samples (266). The high prevalence rate and viral loads of PARV4
in blood products and the lack of data regarding potential associated clinical manifes-
tations might raise concerns regarding transfusion safety.

(c) Detection in blood samples of SOT recipients. Data are scarce among transplant recip-
ients, but PARV4 DNA was detected in 13.5% of a French cohort of 104 adult lung
transplant recipients (268). In an Italian study in which PARV4 was screened by nested
PCR in serum samples of 126 kidney transplant recipients, collected at 6 and 12 months
posttransplantation, results were positive in 1.6% of patients (263).

(d) Detection in blood samples of HSCT recipients. In the same Italian study, the screening
of PARV4 by nested PCR in serum samples of 107 allo-HSCT recipients revealed only
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negative results (263). Among 53 pediatric allo-HSCT recipients from Finland, none of
the sera tested by real-time PCR were positive for PARV4 DNA (247).

(iii) Human bocavirus. (a) Overview. Human bocavirus (HBoV) belongs to the Parvo-
virinae subfamily of the Parvoviridae family. The subfamily is divided into eight genera
comprising the genus Erythroparvovirus, which includes parvovirus B19, and the genus
Bocaparvovirus (204, 269). HBoV comprises two species (primate bocaparvovirus 1 and
2) and four variants (HBoV1, 2a to c, 3, and 4) (204, 269). HBoV1 was first identified in
2005 by random PCR performed on nasopharyngeal aspirates of children with respi-
ratory tract infections (270); during 2009 to 2010, three other HBoVs (HBoV2 to -4) were
identified in stool samples (271–273). The mechanisms of persistence, latency, reacti-
vation, and reinfection are poorly understood. HBoV circulates worldwide, but in
contrast to HBoV2 to -4, for which the pathogenic role has been poorly described,
HBoV1 has been associated with respiratory tract disease. High viral loads of HBoV1 in
respiratory samples are often associated with symptoms, but the pathogenic contribu-
tion of HBoV1, especially in coinfections, remains unclear (204, 274–277).

Most seroepidemiological investigations have been conducted among patients with
respiratory infections (275, 278–280) and are therefore not representative of the
seroprevalence in the general population. Among asymptomatic patients, most sero-
epidemiological studies were conducted in China (281–283). In a study of 884 healthy
pediatric and adult subjects, the seroprevalence was 69.2% for HBoV1 and 64.4% for
HBoV2, with the highest prevalence rates in children aged 3 to 5 years (281). Of note,
the cross-reactivity of HBoV1 and HBoV2 may have contributed to an overestimation of
prevalence (281). Another study reported prevalence rates for HBoV ranging from
59.1% to 78.7% in sera from 400 and 141 adults collected in 1996 to 1997 and 2005,
respectively (282). Among 6,096 samples from plasma donors, the seroprevalence of
HBoV1 was 13% in samples with undetectable viremia and 20.2% in those with
detectable viremia (283).

(b) Detection in blood samples of nontransplanted individuals. The detection of HBoV DNA
in blood during acute respiratory disease has been reported in nonimmunocompro-
mised patients and pediatric HSCT recipients (284–287). A Chinese study screened
1,626 blood samples from asymptomatic children and adults, and 3.8% were positive
for HBoV (288). HBoV DNA detection in blood donor samples has been reported in
several studies. In a Chinese study, the screening of 6,096 plasma samples of blood
donors revealed 9.06% samples to be positive, with high viral loads ranging from 5E2
to 3E6 copies/ml (283). In an Italian study, the screening of 272 serum samples revealed
detection of HBoV1 or HBoV2 DNA in 5.5% of samples, with viral loads ranging from
1.8E2 to 3.3E3 copies/ml (289). The real-time PCR screening of 300 whole-blood
samples from blood donors in Saudi Arabia gave positive results in 7% of individuals,
with low viral loads (�1E3 copies/ml) (290). In a French study, 167 manufacturing
plasma pools from blood donors proved to be HBoV DNA negative when screened,
possibly reflecting dilution below the detection limits for individual low viral load
samples (266).

(c) Detection in blood samples of SOT recipients. There is currently no published study
regarding the screening of HBoV in blood samples of SOT recipients.

(d) Detection in blood samples of HSCT recipients. An Australian study screened whole-
blood samples collected from 31 immunocompromised children with acute leukemia or
post-stem cell transplant recipients without any symptoms by real-time PCR for HBoV
and found positive results in 2.6% specimens, with one patient accounting for 50% of
the positive samples (291). HBoV1 to -4 infection was investigated in 19 Brazilian adult
allo-HSCT recipients by real-time PCR performed on 130 sera. HBoV1 to -4 DNA was
detected in 9.2% of samples, with median viral loads of 3.6E5 copies/ml (range, 4.6E4
to 1.9E6 copies/ml), and with a first detection time ranging from 8 days before to
216 days after transplantation; most patients were either asymptomatic or had gastro-
intestinal symptoms (292). In a longitudinal study from Finland of 53 pediatric HSCT
recipients, no patient had detectable HBoV1 DNA detected in serum samples (247).
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Single-Stranded DNA Viruses
Anelloviridae. (i) Torque teno virus, torque teno mini virus, and torque teno midi

virus. (a) Overview. Anelloviridae are nonenveloped viruses containing a circular, nega-
tive, single-stranded DNA (ssDNA) genome (293), and the family is classified into several
genera: Alphatorquevirus, comprising torque teno virus (TTV); Betatorquevirus, compris-
ing torque teno mini virus (TTMV); and Gammatorquevirus, comprising torque teno midi
virus (TTMDV) (293). According to the ICTV classification (https://talk.ictvonline.org/ictv
-reports/ictv_online_report/), the cutoff value for species distinction is 35% of nucleo-
tide sequence identity. The Alphatorquevirus genus includes 29 species (TTV 1 to 29),
the Betatorquevirus genus includes 12 species (TTMV 1 to 12), and the Gammatorque-
virus genus includes two species (TTMDV 1 and 2). TTV is the most well-described
anellovirus, and the 29 species are classified into five genogroups with at least 50%
nucleotide sequence divergence and further into genotypes with differences of up to
30% in genomic sequence (293). In humans, more than 1E10 TTV virions are produced
daily, with 90% of virions circulating in the plasma replaced every day (294). Different
genotypes can coinfect the same individual (295). The genotypic variability of TTV
detected among different tissues of the same individual may reflect a compartmental-
ization of TTV infection (296, 297). This genotypic diversity has contributed to difficul-
ties in the development of serological assays and thus the precise estimation of
seroprevalence. The seroprevalence of TTV varies according to geographical location
and is globally estimated to be higher than 50% in the general population (293). A
European seroprevalence study performed among 178 adults and 108 children in 2013
using an assay targeting five TTV strains belonging to four genogroups revealed that
seroprevalence rates reach 43% in healthy children aged 2 to 4 years and 42% in
healthy adults (298).

Anelloviruses are presumed to be transmitted by blood transfusion, but their
detection in various biological samples (e.g., nasal secretion, saliva, feces) suggests
combined modes of transmission such as fecal-oral, respiratory, sexual, and vertical
transmission or through transplantation (299). The association between anellovirus
infection and specific diseases remains unproven. According to the current state of
knowledge, considering the fact that most humans are either chronically infected or
continuously reinfected, the likelihood that anelloviruses cause diseases is low, and this
raises the possibility that anelloviruses are commensal with humans (299).

Despite no currently existing culture model for TTV, several data suggest viral
replication in PBMCs and lymphocytes (300–302). TTV DNA has been detected in blood,
plasma, cord blood, and PMBCs (58, 297, 300, 303–305). In PBMCs and other blood cells,
the TTV genome has been detected in monocytes and natural killer cells, as well as in
B and T lymphocytes (297, 300, 303, 306). TTV has also been detected in bone marrow,
spleen (296, 307), and other diverse clinical specimens (296, 308–317).

(b) Detection in blood samples of nontransplanted individuals. The prevalence and relative
abundance of TTV in studies using mNGS on blood samples are difficult to estimate
considering the heterogeneity of mNGS techniques and the reporting methods in
publications. However, Anelloviridae are considered major members of the human
blood virome, and some studies have reported them as the most abundant virus in
blood samples (28, 29, 305). Recent metagenomics studies demonstrated a high
prevalence of Anelloviridae genome detection in almost all analyzed blood pools (58,
305). Studies in which the prevalence of TTV DNA detection in blood was determined
using real-time PCR assays revealed a higher prevalence among polytransfused patients
and intravenous drug users than in individuals described as healthy. The high preva-
lence of TTV reported among polytransfused beta-thalassemic patients might underline
infection through blood transfusion with diverse genotypes (318, 319). Among indi-
viduals described as healthy, the prevalence of TTV DNA detection in blood varies
according to the geographical location, the different genotypes coinfecting the same
individual, and the PCR assays used (304, 318–322). The results of screening of TTV DNA
in healthy Swiss adults were shown to be positive in 51/74 (69%) individuals, with a
median plasmatic viral load of 1.7E2 copies/ml (range, 0 to 5.4E4 copies/ml) (320). TTV
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DNA was detected using specific conventional PCR in serum samples of 23/39 (59%)
healthy Japanese adults (304) and in 47/91 (51.6%) serum samples of blood donors
from Turkey using heminested PCR (319). Among a Romanian cohort of 701 individuals
described as healthy, the screening of TTMV, TTMDV, and TTV DNA by heminested PCR
in whole-blood samples was positive in 225 (40.1%), 325 (54.4%), and 410 (68.2%)
individuals, respectively; codetection was frequent (321). A Japanese study in which
specific real-time PCR assays were performed on serum samples of 305 healthy indi-
viduals (100 adults, 205 children, and 44 infants of �1 year old) revealed that TTMDV,
TTMV, and TTV DNA was detected in 75.2%, 84.8%, and 93.3% of subjects, respectively
(322).

(c) Detection in blood samples of SOT recipients. Regarding SOT recipients, a U.S. metag-
enomics study revealed that Anelloviridae represent 68% of the total DNA viral se-
quences detected in the blood of heart and lung transplant recipients (29). In this study,
the relative abundance of Anelloviridae changed with time after transplantation, with a
rapid increase during the first 6 months posttransplantation in parallel with a decrease
in the relative abundance of the Herpesviridae and Adenoviridae. Thereafter, an opposite
trend was observed, depending on antiviral and immunosuppressive drug administra-
tion (29).

As demonstrated in other studies, the type of immunosuppressive regimen and the
administration of anti-T lymphocyte drugs after transplantation are associated with TTV
viremia and viral loads (323–326). In an Italian study performed in 280 adult liver or
kidney transplant recipients whose plasma samples were screened using real-time PCR
for TTV during 1 year of follow-up, 92% of patients had detectable TTV DNA in plasma
samples before transplantation (325). TTV viremia evolved according to the immuno-
suppressive regimen, with an increase in viral loads to a peak of 1E6.9 copies/ml at day
90 in kidney transplant recipients and 1E6.5 copies/ml at day 80 in liver transplant
recipients (325). In contrast, TTV DNA levels were not correlated with immunosuppres-
sive trough levels in a German cohort of 34 lung transplant recipients (327). Of note, all
patients had detectable TTV DNA in plasma samples collected after transplantation
(327). In a recent Spanish study of 63 adult liver transplant recipients, TTV DNA was
detectable in the plasma samples of 93.7% of patients before transplantation (mean
viral load, 1E4.14 copies/ml; IQR, 1E3.42 to 1E5.08 copies/ml) and in all patients
posttransplantation (328). TTV DNA increased after liver transplantation, with a peak
3 months posttransplantation (mean viral load, 1E7.01 copies/ml; IQR, 1E6.05 to 1E8.08
copies/ml) and decreased after 6 months (328). These kinetics demonstrate an increase
of TTV viral load reaching a peak (up �1E9.5 copies/ml) at 3 months posttransplanta-
tion, and similar increases have also been reported among other cohorts of lung
transplant recipients (327, 329).

The potential role of TTV as a marker of immunosuppression or as a predictor of
clinical outcomes among adult SOT recipients has recently been investigated in several
studies (325, 327–330). A study by Ruiz et al. of TTV in adult liver transplant recipients
suggested such a potential role by revealing that TTV viral loads were significantly
lower during episodes of acute cellular rejection (328). Another study among adult lung
transplant recipients reported that among patients with biopsy-proven rejection, a
10-fold decrease in TTV plasmatic viral load had a sensitivity of 0.74 and a specificity of
0.99 for biopsy-proven rejection (327). In the study by Ruiz et al., the area under the
curve of TTV viral load (calculated using TTV mean viral loads at several time points
during 1 year of follow-up) was significantly higher among adult patients receiving
triple immunosuppressive therapy than in those receiving double immunosuppressive
therapy (328). Furthermore, TTV viral loads were significantly higher during CMV
infections (328). In an Italian study of a cohort of 280 adult liver and kidney transplant
recipients, the plasmatic TTV viral load measured from days 0 to 10 posttransplantation
was significantly higher in patients with CMV DNA-positive samples than in those with
CMV-negative samples during the first 4 months after transplantation. A TTV viral load
above 1E3.45 copies/ml within the first 10 days posttransplant was associated with a
higher risk of CMV reactivation (325). In two prospective studies from Austria of two
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cohorts of 143 adult lung transplant recipients and 169 kidney transplant recipients, a
TTV viral load above 3E9 copies/ml and TTV viral load kinetics were associated with the
occurrence of infections posttransplantation (including bacterial, fungal, and viral
infections) (329, 330). Of the 110/143 adult lung transplant recipients for which the
pretransplantation plasma samples were available, 91/110 (82.3%) tested positive for
TTV DNA by using real-time PCR, and TTV DNA was detected in all patients after
transplantation (329). The same study revealed that the highest TTV viral load during
the first 3 months posttransplantation was associated with the risk of infection, with a
5-fold increased risk for each 10-fold increase in viral load (329). Among 169 adult
kidney transplant recipients, 80% of patients had detectable TTV DNA in plasma
samples screened with real-time PCR, with a median viral load of 1.9E4 copies/ml (IQR,
2.4E3 to 8E4 copies/ml) (330). As reported in other studies described above, the TTV
viremia kinetics peaked at 3 months after transplantation, with a median viral load of
4.3E8 copies/ml (IQR, 3.6E7 to 2.9E9 copies/ml), followed by a reduction to a mean viral
load of 4.2E6 copies/ml at 9 months posttransplantation (330). The mean TTV viral load
at stabilization of viremia (after 3 months posttransplantation) was associated with the
development of further infectious complications (330). Taken together, these results
suggest that the TTV viral load might be used as a predictor for clinical outcomes after
transplantation and might provide relevant information for the management of the
immunosuppressive regimen among adult SOT patients.

(d) Detection in blood samples of HSCT recipients. TTV infection is highly prevalent among
patients with hematological disease before HSCT. Plasmatic TTV DNA was detected in
44/55 (80%) patients in a Spanish cohort (331) and 40/50 (80%) patients in an Austrian
cohort with a median plasmatic viral load of 1E5.37 copies/ml (IQR, 1E3.51 to 1E6.44
copies/ml) (332). Albert et al. (331) showed that TTV plasmatic viral loads before
conditioning and at the time of allo-HSCT were comparable, irrespective of the type of
hematological disease. In a study by Masouridi-Levrat et al. (320), the TTV plasmatic
viral load at the time of transplantation was higher among patients suffering from acute
lymphocytic leukemia and non-Hodgkin’s lymphoma, irrespective of the conditioning
regimen. Finally, recent results from a German cohort of 123 adult allo-HSCT recipients
showed that TTV was detected in whole-blood samples of 62 (50.4%) patients before
transplantation and that the TTV viral load was significantly higher in patients with an
underlying lymphatic malignancy (20/26, 76.9%) than in those with a myeloid malig-
nancy (42/97, 43.3%) (333).

TTV viremia has been shown to be sustained and to occur almost universally after
allo-HSCT. This has been demonstrated in several studies, including an Austrian study
that included 50 patients for which TTV screening was performed by real-time PCR in
plasma samples every month for 1 year after transplantation (332). In this study, the
peak TTV viral load was reached at day 79 (IQR, 50 to 117 days) after transplantation and
with peak viral loads of approximately 8E10 copies/ml. In a German study that included
23 allo-HSCT recipients screened for TTV with real-time PCR in whole-blood samples at
days 30, 100, and 200 after transplantation, all patients had TTV DNA detected after
transplantation. In a group of high-risk transplant recipients who developed acute
GvHD requiring escalation of immunosuppression and/or persisting or symptomatic
non-TTV viral infections such as EBV or CMV reactivations, the median peak viral load
was 1.4E10 copies/ml (range, 1.0E7 to 1.87E12 copies/ml) at day 100 after transplan-
tation (334). TTV DNA was also detected in the plasma samples of all 33 allo-HSCT
recipients after transplantation and continued to be detected in all available samples
until 210 days after transplantation (335).

In a Swiss study including 40 adult HSCT recipients for whom plasma samples were
analyzed by mNGS at day 30 after transplantation, sequences of anelloviruses were
identified in 16/40 (40%) patients: TTV sequences were identified in 15 patients, TTMV
sequences were identified in four patients, TTMDV sequences were identified in two
patients, and codetections were observed in 5 patients (336).

Similarly, as in SOT recipients, TTV viremia evolves over time after allo-HSCT. In
parallel with the absolute lymphocyte count, there is a decrease in TTV plasmatic DNA

Blood Virome of SOT and HSCT Recipients Clinical Microbiology Reviews

October 2020 Volume 33 Issue 4 e00027-20 cmr.asm.org 23

https://cmr.asm.org


load after conditioning (7, 333, 335, 337). In several studies, the TTV peak viral load was
reported at 80 to 100 days after HSCT, with viral loads up to 1E12 copies/ml, followed
by a stable plateau over 1 year after transplantation (331–335, 338). The TTV viral load
increase paralleled the increase of the absolute lymphocyte count (331, 333, 338), and
TTV viremia was correlated with the absolute lymphocyte count after engraftment
(332). Furthermore, the type of malignancy, conditioning regimen, the use of antithy-
mocyte globulin, and acute GvHD requiring systemic treatment and particularly the use
of corticosteroids are associated with TTV viremia dynamics and viral loads (332, 335).
All these data on TTV viremia dynamics after transplantation could support the fact that
lymphocytes are an important site of replication for TTV.

A German study recently investigated the role of TTV as a potential marker for the
degree of immunosuppression among HSCT recipients (333). In a cohort of 123 adult
allo-HSCT recipients, higher TTV viral loads in whole-blood samples after HSCT was
significantly associated with complete remission before allo-HSCT. Nevertheless, TTV
viral load was not associated with viral reactivations (CMV, EBV, and adenovirus),
different T and B cell counts, acute GvHD, relapse, or death (333). Another German
study of 50 allo-HSCT recipients failed to demonstrate that TTV viral loads could predict
immune-related complications, such GvHD, disease relapse, and CMV or EBV reactiva-
tion (332). In a study by Albert et al., the median area under the curve of TTV DNA levels
between days 90 and 210 was significantly higher in patients who received corticoste-
roids within this time frame for treatment of acute or chronic GvHD than in controls
(335). Finally, in a recent study of 168 allo-HSCT recipients, higher TTV viral loads at
100 days after transplantation have been associated with worse overall survival and a
higher risk of acute GvHD and infections (339). In summary, despite the fact that TTV
might mirror the degree of immunosuppression, further data are needed to assess the
role of TTV as a potential marker of immunosuppression among HSCT recipients.

(ii) Gyrovirus. (a) Overview. The genus Gyrovirus (GyV) has recently been reassigned to
the Anelloviridae family (340) and comprises eight species, including species identified
in avian and human samples. The human GyV genome was detected in an Italian study
in 3/50 (6%) kidney transplant recipients by using real-time PCR (with primers targeting
the VP1 gene) with plasma samples (341).

In the absence of any proof of replication in cell cultures, any animal model, and any
available serological assay, the tropism, pathogenic mechanisms, and seroprevalence of
GyV still remain unknown. The detection of GyV DNA in human clinical samples such as
stools (in which avian and human species have been detected) may reflect poultry
product consumption without human infection (342). Furthermore, data have shown
that several viral genomes detected in human samples are in fact linked to laboratory
reagents and, despite the report by Asplund et al. (23) of no such detection, this
hypothesis should be taken into consideration.

(b) Detection in blood samples of nontransplanted individuals. In the same study in which
GyV was first identified, the screening of plasma samples of 50 blood donors and 50
liver transplant recipients was negative (341).

In another study, human GyV DNA was detected with a low prevalence in 3/352
(0.85%) plasma samples of blood donors in France by using an in-house real-time PCR
assay (with primers targeting the VP2 gene) (343). Biagini et al. repeated the screening
of the same samples with the PCR assay used in the study of Maggi et al. (341) and
obtained negative results (343), thus underlining the importance of the performance
and targets of the PCR assays used in these studies. Human GyV was not detected using
real-time PCR in purified CD34� hematopoietic stem cells or in umbilical cord blood
(PCR with primers targeting the VP1 gene) (344).

(c) Detection in blood samples of SOT and HSCT recipients. The detection of GyV in blood
samples of SOT and HSCT recipients has not been studied so far.

Circoviridae. (i) Cyclovirus. (a) Overview. Cycloviruses (CyCVs) are classified in a clade
close to the circovirus clade. CyCVs are nonenveloped viruses with a circular single-
stranded DNA genome. CyCV-VS5700009 was identified using mNGS for the screening
of cerebrospinal fluid (CSF) samples of adult patients from Malawi with unexplained
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paraplegia (345). Despite the identification of CyCV DNA in human clinical samples,
there is no proof of replication in human cells. There is currently no available serological
assay. The transmission route, tropism, pathogenic mechanisms, and potential associ-
ation with human diseases still need to be clarified. Recent data suggest that CyCV
detected in human samples might originate from parasitic arthropods on the skin, even
if certain CyCVs, such as CyCV-VN, for instance, belong to a lineage exclusively detected
in mammals that is distinct from arthropod lineages (346).

(b) Detection in blood samples of nontransplanted individuals. After the identification of
CyCV-VS5700009, further screening using real-time PCR revealed 8/54 (15%) positive
serum samples and 4/40 (10%) positive CSF samples (345). However, these results were
challenged by data demonstrating potential false-positive results with the same real-
time PCR assay (347). The screening of another species, cyclovirus Vietnam (CyCV-VN),
using real-time PCR with serum samples of 79 healthy adult individuals, produced
negative results (348). In a study investigating the etiology of community-acquired
sepsis with mNGS in 384 sera of pediatric and adult patients from Vietnam, sequences
of CyCV-VN were identified in one (0.3%) sample (349). In the context of a virus
discovery study, mNGS was performed on pooled plasma samples (from 352 individual
samples) of blood donors from seven African countries (Mauritania [n � 44], Mali [n �

52], Niger [n � 28], Cameroon [n � 68], Burundi [n � 40], Madagascar [n � 48],
Democratic Republic of the Congo [n � 72]) and led to the detection of sequences of
CyCV-VN. The analysis by seminested PCR of unpooled plasma samples revealed a
prevalence of 38.1% (16/42 samples) and of 43.1% when 50 additional samples were
screened (350), with all positive samples coming from patients from Madagascar (350).
These results could be explained by the circulation of different CyCV-VN variants across
these African regions.

(c) Detection in blood samples of SOT recipients. CyCV-VN was identified by real-time PCR
in serum samples of 1/32 (3%) adult kidney transplant recipients (348).

(d) Detection in blood samples of HSCT recipients. There is currently no study that inves-
tigated the detection of CyCV in blood samples of HSCT recipients.

Genomoviridae. (i) Gemycircularvirus. (a) Overview. Gemycircularvirus (Gemini-like
myco-infecting circular virus) is the sole genus of the Mycodnaviridae family of small
nonenveloped viruses with a genome consisting of circular ssDNA and are thus
classified as circular Rep-encoding ssDNA (CRESS DNA) viruses (351). These viruses are
widespread in the environment, and the only reported hosts are fungi. The detection
of the gemicircularvirus genome in human clinical samples raises several hypotheses,
e.g., infection of some commensal or pathogenic fungi in human hosts, true human
infection, or skin or reagent contamination. The transmission route, tropism, patho-
genic mechanisms, and potential association with human diseases are still not estab-
lished.

(b) Detection in blood samples of nontransplanted individuals. Gemycircularvirus is identi-
fied at a low prevalence in blood samples. A German group identified gemycircularvirus
DNA using rolling circle amplification in serum and brain samples of a patient with
multiple sclerosis (352). mNGS analysis of European and U.S. plasma pools of blood
donors allowed the detection of gemycircularvirus sequences in one pool (353).
Screening of blood samples of 256 blood donors in France obtained negative results
(354). In an Italian study in which the screening of plasma samples was performed using
real-time PCR assays targeting nine gemycircularvirus species, gemycircularvirus DNA
was identified in 1/290 (0.3%) healthy individuals (355). In a recent study investigating
the etiology of community-acquired sepsis by mNGS in 384 sera from pediatric and
adult patients from Vietnam, sequences of gemycircularvirus were identified and
confirmed by specific PCR in 3 (0.4%) samples (349).

(c) Detection in blood samples of SOT recipients. The detection of gemycircularvirus in
blood samples of SOT recipients has not been studied.

(d) Detection in blood samples of HSCT recipients. Among 65 Italian HSCT recipients, the
screening of plasma samples using real-time PCR assays targeting nine gemycircular-
virus species gave positive results in one patient (1.5%) (355).
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RNA VIRUSES
Positive ssRNA viruses

Flaviviridae. (i) Human pegivirus 1. (a) Overview. According to the 10th Report of the
ICTV in 2018 (https://talk.ictvonline.org/ictv-reports/ictv_online_report/), Pegivirus gen-
era are members of the Flaviviridae family and are classified as comprising pegivirus
species A to K. The novel human pegivirus 2 was independently identified in 2015 and
has provisionally been named human hepegivirus 1 (HHpgV-1) by Kapoor et al. (356) or
human pegivirus 2 (HPgV-2) by Berg et al. (357). An update of the taxonomy of
pegiviruses was proposed in 2016 by Smith et al. (358), and pegivirus C now corre-
sponds to pegivirus 1 and pegivirus H corresponds to pegivirus 2. HPgV-1 was inde-
pendently discovered by two groups in 1995 and 1996 (359, 360). This enveloped virus
contains a positive-sense RNA genome (361), and seven genotypes have been de-
scribed with a varied geographical distribution (362–364). The tropism of HPgV-1 was
initially thought to be hepatic, as the virus had been detected in patients with
non-A/B/C hepatitis, but further studies found no evidence of replication in the liver
and instead demonstrated a tropism for lymphocytes (361). Coinfection with HCV has
been reported in some studies (365–367).

Seroprevalence is assessed by the detection of antibodies targeting the envelope
protein E2. In contrast to hepatitis C virus (HCV; another member of the Flaviviridae) for
which chronic infection is associated with concomitant circulating antibodies, the
development of antibodies directed against the E2 glycoprotein of HPgV-1 is associated
with viral clearance (361, 368, 369). In a large U.S. cohort of healthy individuals, 84/1,316
(6.4%) subjects were seropositive for HPgV-1 (370). This seroprevalence rate was 14% in
another cohort of blood donors, 32% among hemophiliacs, and 54% among HCV
chronically infected patients and intravenous drug users (369). In a recent meta-analysis
investigating the prevalence of HPgV-1 DNA detection in blood donors worldwide, the
authors also analyzed HPgV-1 pooled seroprevalence in 19 studies including 8,925
individuals, revealing a prevalence of 9% (95% CI, 7.2% to 11.4%) (371).

HPgV-1 is considered to be responsible for persistent infection in immunocompe-
tent patients, with HPgV-1 RNA detectable for several weeks to years, as shown in some
longitudinal follow-up studies among healthy individuals (372, 373). HPgV-1 positive-
sense RNA and negative-sense replication intermediates have been detected in bone
marrow and the spleen, while only positive-sense RNA has been detected in PBMCs
(361). Concerning PBMCs, HPgV-1 RNA has been detected in CD4/8 T lymphocytes and
B lymphocytes, as well as natural killer cells and monocytes isolated from healthy
individuals (374). The interactions between HPgV-1 and the immune system are only
partially understood (361). So far, HPgV-1 infection has not been associated with any
overt disease, although an association with non-Hodgkin’s lymphoma has been de-
scribed (370, 375). HPgV-1 might be a commensal virus of humans (361). Some data
from HIV-infected patients even raised the possibility of a potential benefit of HPgV
infection. Coinfection of HIV and HPgV-1 has been reported in several studies in 8% to
23% of HIV-infected patients (362, 376–379). A recent study performed a retrospective
analysis of data of 20 years of follow-up of HIV-infected patients and revealed that
before the era of highly active antiretroviral therapy (HAART), patients coinfected with
HIV and HPgV-1 (HPgV-1 viremic patients) had a significantly higher CD4 count, lower
HIV viremia, and lower mortality due to AIDS-related diseases (infections and not
lymphoma) than anti-E2-positive patients and nonviremic HPgV-1 patients (380). Sev-
eral mechanisms of interaction between HPgV-1 and HIV have been studied to explain
this effect (381). This advantage observed in the pre-HAART era disappeared with the
systematic use of HAART (380).

(b) Detection in blood samples of nontransplanted individuals. The prevalence of plasmatic
HPgV-1 RNA detection has been reported to range from 0.5% to 13.7% among blood
donors in diverse studies from Germany (n � 90), China (n � 506; n � 694), the United
States (n � 1,316), and Qatar (n � 612) (365, 370, 382–384). In a recent study, the
prevalence of HPgV-1 RNA detection by a nested PCR assay on plasma samples of 431
blood donors of the Brazilian Amazon was 9.5% (385). A recent meta-analysis of 102
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studies, including 97,348 blood donors from China, reported a pooled prevalence of
HPgV-1 RNA detection in whole-blood and plasma samples of 3.25% (95% CI, 2.35% to
4.26%) (386). Two metagenomics studies identified HPgV-1 and Anelloviridae sequences
in pooled blood product samples from French and Swiss blood donors in most of the
analyzed pools (58, 305). A recent meta-analysis investigated the prevalence of HPgV-1
in blood samples of blood donors through the review of 79 studies from several
countries in North America, South America, Europe, Asia, Africa, and Oceania (371).
Among a total of 35,468 blood donors, HPgV-1 DNA detection in blood samples was
3.1% (95% CI, 2.4% to 4.1%) (371). The authors assessed the pooled HPgV-1 prevalence
rates according to continents: 1.7% (95% CI, 1.1% to 2.6%) in North America, 9.1% (95%
CI, 6.4% to 12.7%) in South America, 2.3% (95% CI, 2% to 2.8%) in Europe, and 2.4%
(95% CI, 1.4% to 4%) in Asia. Only two studies each were available for Africa and
Australia, with reported prevalence rates of 8.8% to 18.9% for South Africa and 3.3% to
4% for Australia, respectively (371).

(c) Detection in blood samples of SOT recipients. Among SOT recipients, the prevalence of
HPgV-1 RNA detection in kidney transplant recipients ranges from 16.7% to 52.9%
(387–391). Plasmatic viral loads range from 1E2 to 1E7 copies/ml. In an adult European
cohort of 51 heart and 72 liver recipients, 36% and 41% of patients, respectively, had
detectable HPgV-1 RNA in sera (392). In a recent Japanese study, the screening of
whole-blood samples by reverse transcription-PCR (RT-PCR) among 313 liver transplant
recipients was positive in 14.1% patients (393), but the authors did not identify any
association of HPgV-1 RNA detection with clinical outcomes such as acute and chronic
rejection and graft loss (393). Data are conflicting concerning the role of blood product
transfusion in the transmission of HPgV-1 posttransplantation (384, 391, 392, 394). So
far, no association has been demonstrated regarding HPgV-1 infection and clinical
outcomes after transplantation, such as graft rejection or survival (392, 393).

(d) Detection in blood samples of HSCT recipients. Among adult allo-HSCT recipients,
HPgV-1 RNA plasmatic detection is frequent and occurred in 45/108 (41.7%) and 35/188
(18.6%) recipients in two Chinese cohorts (365, 384) and in 14/40 (35%) recipients in a
Swiss cohort (28). In the latter study, HPgV-1 and anelloviruses were the most fre-
quently identified viruses by mNGS (28). The HPgV-positive group of patients com-
prised higher proportions of patients with myeloid malignancies and a lower propor-
tion of patients with lymphoid malignancies than the HPgV-1-negative patients (28). As
in immunocompetent individuals, HPgV-1 is responsible for persistent infections, with
detectable viremia for months after transplantation (395). The tropism of HPgV-1 for
PBMCs and the high prevalence of HPgV-1 infection among blood donors raises the
question of HPgV-1 transmission with HSCT, but data are conflicting. In a study by
Ljungman et al. (396), all HPgV-1 RNA-negative patients before transplantation re-
mained negative posttransplantation. In a study by Akiyama et al. (397), 11% of HPgV-1
RNA-negative patients before transplantation had de novo infections, irrespective of
blood transfusions. The prevalence of HPgV-1 RNA detection in blood samples (without
specification of blood sample type) was significantly higher among a cohort of 188
HSCT patients than among a cohort of 694 blood donors (18.6% and 2.3%, respectively)
(384). In this study, the number of transfused blood products was significantly higher
in patients for whom HPgV-1 RNA screening was initially negative and became positive
in a second sample during follow-up (6 patients), in comparison to 40 patients for
whom the test remained negative (40 patients) (384).

The impact of HPgV-1 in HSCT recipients requires further study. So far, HPgV-1
infection has not been significantly associated with clinical outcomes, such as GvHD or
survival (28, 395, 396). Nevertheless, higher rates of progression-free survival and
GvHD-free, relapse-free survival, as well as lower acute GvHD of grades 2 to 4 and
relapse, were reported among HPgV-1-infected patients than among HPgV-1-negative
patients, but these results were not significant (28).

(ii) Human pegivirus 2. (a) Overview. Human pegivirus 2 (HPgV-2) was identified by
mNGS in the plasma of an HCV-infected patient (357). Codetection of antibodies to E2
and RNA is infrequent for HPgV-1 (5.88%) in comparison to HPgV-2, for which antibod-
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ies to E2 are detected in most HPgV-2 viremic individuals (92.86%), as observed in HCV
chronically infected patients (357, 398).

As with HPgV-1, HPgV-2 transmission has been suggested via transfusion of blood
products (356). So far, no other route of transmission has been studied and no study
has evaluated the impact of HPgV2 infection.

(b) Detection in blood samples of nontransplanted individuals. After the first identification
of HPgV-2, the same group performed further real-time PCR screening of plasma
samples in a U.S. cohort of 2,176 individuals that comprised patients infected with HIV,
HBV, or HCV, as well as blood donors; plasma samples of 11/2,440 (0.45%) individuals
were positive, with viral loads ranging from 1E2.5 to 1E6.6 copies/ml, and all blood
donors (n � 476) had undetectable HPgV-2 RNA (357). More specifically, 19/452 (4.2%)
blood donors, 71/742 (9.5%) HCV chronically infected patients, and 58/494 (11.7%)
HIV-infected patients were HPgV-2 RNA positive (357). In a recent Chinese study,
6/4,017 (0.15%) blood donors were positive for anti-HPgV-2, and all were negative for
HPgV-2 RNA (399). In the same study, 30/2,440 (1.23%) and 7/2,440 (0.29%) of HCV
chronically infected patients were HPgV-2 seropositive and had detectable plasmatic
RNA, respectively (399). Anti-HPgV-2 and HPgV-2 RNA detection was more prevalent
among HCV-infected patients (399), and this potential association was reported by
other groups (400, 401). Among 384 serum samples of pediatric and adult patients with
community-acquired sepsis from Vietnam analyzed by mNGS, HPgV-2-specific se-
quences were identified in one (0.3%) sample (349).

(c) Detection in blood samples of SOT and HSCT recipients. The detection of HPgV-2 in
blood samples of SOT and HSCT recipients has not been studied so far.

Astroviridae. (i) Novel human astrovirus. (a) Overview. According to the ICTV classi-
fication (https://talk.ictvonline.org/ictv-reports/ictv_online_report/), human astrovi-
ruses (HAstVs) are nonenveloped, single-stranded, positive-sense RNA viruses belong-
ing to the Astroviridae family and are further divided into the classic HAstV
(Mamastrovirus 1 species) and the novel HAstVs (MLB and VA), which are particularly
diverse (402). MLB HAstVs (Mamastrovirus 6) are classified into three types or clades
(MLB1, MLB2, and MLB3). VA HAstVs are composed of Mamastrovirus 8 species includ-
ing VA2 (HMO-B) and VA4, Mamastrovirus 9 species comprising VA1 (HMO-C) and VA3
(HMO-A), and the VA5 clade (402). Unlike with classic HAstV, the route of transmission,
pathogenesis, and associated clinical manifestations of novel human HAstV are not fully
established (402). Some novel HAstVs have been associated with encephalitis and
meningitis in immunocompromised patients and have been detected in respiratory
samples of patients with respiratory manifestations (402, 403).

The seroprevalence of novel HAstV is poorly described, with one study reporting a
seroprevalence rate of 65% for novel HAstV-VA1 in a U.S. adult cohort and rates ranging
from 20% to 36% in a U.S. cohort of pediatric patients with ages ranging from 6 to
12 months to 5 to 10 years old, respectively (404).

(b) Detection in blood samples of nontransplanted individuals. Novel HAstV identification in
blood samples results mainly from the screening of respiratory, stool, and CSF samples
by mNGS or real-time RT-PCR and further screening of available blood samples of
positive cases. Among blood donors, a Swiss study by Lau et al. identified specific
sequences of novel HAstV-MLB2 in a fresh frozen plasma unit by using mNGS, with
results confirmed by real-time RT-PCR (58). Among a cohort of U.S. children with fever
of unknown origin and afebrile controls, the screening of 176 nasopharyngeal swabs
and plasma samples by mNGS allowed the detection of novel HAstV-MLB2 sequences
in nasopharyngeal and plasma samples in one case (405). As part of a study that
screened respiratory samples for novel HAstV by several specific real-time RT-PCRs, a
case of novel HAstV-MLB2 disseminated infection was identified in several clinical
specimens, including a serum sample with a viral load of 2.66E3 copies/ml from an
immunocompetent pediatric patient with fever, respiratory, and digestive manifesta-
tions (406). Another case of novel HAstV-MLB2 disseminated infection in a pediatric
patient with neutropenia, fever, respiratory, and digestive manifestations was identified
by mNGS. Results were confirmed by real-time RT-PCR with a viral load of 4.5E5
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copies/ml (407). In the same U.S. study, the plasma samples of 90 children with fever
and 98 afebrile controls were screened with an astrovirus consensus RT-PCR and were
all negative (407).

(c) Detection in blood samples of SOT and HSCT recipients. In a Swiss study, two cases of
novel HAstV-MLB2 disseminated infection in adult patients with meningitis were
identified by mNGS, with the patients comprising one nonimmunocompromised and
one HSCT recipient patient (408). The same group performed a retrospective screen for
classic and novel HAstVs in stool and CSF samples from pediatric and adult patients at
a tertiary hospital, with a specially designed real-time RT-PCR (rRT-PCR) panel for novel
HAstV-MLB1 to -MLB3 and HAstV-VA1 to -VA4 detection. Results showed that 20/654
stool samples were positive for novel HAstV, of which 40% were from SOT and HSCT
recipients, but none of the available serum or plasma samples of these patients were
positive (409). Novel HAstV-VA1 RNA was detected by mNGS and real-time RT-PCR in
CSF and serum samples of an 18-month-old HSCT recipient from the United Kingdom
with encephalitis (410).

SYNTHESIS, CRITICAL APPRAISAL, AND PERSPECTIVE
Synthesis

Beyond the usual well-known culprits that are part of the routine clinical
management of SOT and HSCT recipients, such as the herpesviruses (i.e., HSV, VZV,
EBV, and CMV), BKPyV and JCPyV, adenovirus, and parvovirus B19, numerous other
viral signatures or genomes can be identified in the blood of these immunocom-
promised patients. The clinical significance of infections with the viruses described
in this review are well described for some of them, while others need to be further
investigated. We aimed to provide a systematic and detailed description of the
current state of knowledge regarding the DNA and RNA viruses of the blood virome
that clinicians should keep in mind, with a review of the prevalence of their
detection in blood samples among pediatric and adult SOT and HSCT recipients, as
well as nontransplanted individuals, which were mostly blood donors and patients
described as healthy. We also aimed to review current knowledge of the clinical
significance of these DNA and RNA virus infections with associated viremia among
transplant recipients. The detection of bacteriophages in blood samples was not
addressed in this review. mNGS contributed to the detection of numerous se-
quences of diverse bacteriophages in various clinical samples, including blood
samples. The significance of their presence (corresponding to infection or experi-
mental contamination from the environment or reagents [23]) and their clinical
significance have not been established. This topic deserves further study and
discussion in a separate specialized article.

From a general perspective, infectious complications are one of the most
common complications after transplantation and are associated with significant
morbidity and mortality (25, 411, 412). Among allo-HSCT recipients, a large Swiss
multicenter study reported that viral infections were the most common infections
after allo-HSCT, representing 74.2% of all infectious complications, followed by
bacterial (22.4%) and fungal (3.5%) infections (411). In this study, the underlying
disease, donor type, CMV serological constellation, and GvHD were associated with
the incidence rate of infections; furthermore, there was an increased risk for 1-year
nonrelapse mortality associated with all pathogens (411). Other risks factors, such
as HLA compatibility, the conditioning regimen, the type of graft, acute and chronic
GvHD, and T-cell depletion, have been associated with an increased risk of infec-
tious complications in general (25, 26, 411, 413). Among SOT recipients, a study
from the Swiss Transplant Cohort Study has revealed that bacterial infections were
the most common infectious complications, representing 62.5% of all infections,
followed by viral (29.5%) and fungal (7.5%) infections (412); the viral infections
mostly concerned kidney, liver, and lung transplant recipients and were mostly
caused by herpesviruses (412).
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Despite a tight follow-up and preemptive and therapeutic strategies, viral infections
are still associated with high morbidity and mortality among transplant recipients and
deserve the clinician’s attention (25, 26, 411–413).

The list of viruses that clinicians should be aware of is subject to constant expansion
and updating, but the challenge now is to identify those of possible clinical signifi-
cance. Although the detection of DNA and RNA viruses in blood samples among
transplanted patients is still rarely reported for some viruses described in this review,
possibly reflecting the lack of data from systematic screening or true low prevalence,
such results should heighten the attention of the clinician who is in charge of SOT and
HSCT recipients. In particular, those viruses for which recent data have provided
evidence of associated disease and for which specific diagnostic assays might be
available (e.g., novel HAstV) deserve more studies.

According to the results of this review, DNA and RNA viruses could be classified
into several groups, according to the prevalence of their genome detection in blood
and their pathogenicity and associated clinical manifestations (Fig. 1). For some
viruses (such as HHV-6, B19V, and novel HAstV), infection with detectable viremia is
known to be associated with specific diseases and clinical outcomes. Other viruses
(such as TTV and HPgV-1) have limited virulence and are detected in blood at high
replication levels. Those might be considered “commensals,” and despite their lack
of associated overt clinical manifestations, they do interact with the immune
system. Their clinical impact remains to be determined. Other viruses detected in
blood samples of immunocompromised patients (such as the recently discovered

FIG 1 Schematic representation of the prevalence of the detection of each viral species considered in this review, in whole-blood, plasma, or serum samples
of pediatric and adult SOT recipients, HSCT recipients, and nontransplanted individuals. The prevalence rates of the detection of each viral species for each
population screened are classified into five categories according to the mean prevalence rates reported in the publications reviewed and are reported on the
ordinate axis. The sizes of the dots represent the degrees of evidence of association of viral infections with diseases, according to the publications reviewed.
Histograms represent the total number of screened patients reported in the publications reviewed. Symbols: †, according to data discussed in this review, TTV
has not been reported as associated with diseases despite being suggested as a potential predictor for clinical outcomes after transplantation; ‡, the novel
HAstV prevalence represented here might be overestimated, considering the screening strategies in some of the studies reviewed, in which the screening of
blood samples was performed only in patients with other types of clinical samples positive for novel HAstV. Abbreviations: SOT, solid organ transplant; HSCT,
hematopoietic stem cell transplant; NTI, nontransplanted individuals; HHV-6, human herpesvirus 6; HHV-7, human herpesvirus 7; JCPyV, JC polyomavirus; BKPyV,
BK polyomavirus; KIPyV, Karolinska Institute polyomavirus; WUPyV, Washington University polyomavirus; MCPyV, Merkel cell polyomavirus; HPyV6, human
polyomavirus 6; HPyV7, human polyomavirus 7; TSPyV, trichodysplasia spinulosa-associated polyomavirus; HPyV9, human polyomavirus 9; MWPyV, Malawi
polyomavirus; STLPyV, Saint Louis polyomavirus; HPyV12, human polyomavirus 12; HPyV13, human polyomavirus 13; LIPyV, Lyon IARC polyomavirus; HAdV,
human adenovirus; B19V, parvovirus B19; PARV4, human parvovirus 4; HBoV, human bocavirus; TTV, torque teno virus; GyV, gyrovirus; CyCV, cyclovirus; gemy.,
gemycircularvirus; HPgV-1, human pegivirus-1; HPgV-2, human pegivirus-2; n. HAstV, novel human astrovirus.
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novel human polyomaviruses HBoV1 and PARV4) have pathogenicities that are still
unknown or debated and/or are rarely reported as a cause of disease. Finally, for
some viruses (such as gemycircularvirus or GyV), data are still controversial regard-
ing the association of their detection in blood samples and human infection. The
detection of viral sequences in the blood or viremia is not synonymous with
disease; thus, further studies are needed to identify viruses that belong to the
human blood virome and to identify those with clinical significance to improve
diagnosis and management of transplant recipients.

Critical Appraisal

This review reveals heterogeneous results across studies regarding the detection of
DNA and RNA viruses in blood samples of transplant recipients and patients described
as healthy. This heterogeneity might be explained by several factors.

Epidemiological aspects. The prevalence of infection or the seroprevalence can
vary according to the local epidemiology of some viral species, genotypes, or
serotypes and the specificity of the diagnostic assays used. The unbiased mNGS
approach can overcome this issue and provide a broader vision of the epidemiology
of some viral infections. The current state of knowledge varies widely according to
viral species, with some recently identified and studied in few or small cohorts and
others (i.e., BKPyV, HAdV, and B19V) for which investigations have been widely
performed for decades.

Clinical factors. Complex alterations of immunity among SOT and HSCT recipients
are associated with diverse risks of viral infections, with diverse kinetics and magnitudes
of viral replication. Thus, among SOT recipients, the type of transplanted organ,
antirejection treatment, or antiviral prophylaxis plays a major role. Among HSCT
recipients, whether the transplant is allogeneic or autologous, the type of conditioning
regimen, and GvHD prophylaxis and treatment, as well as blood product transfusion,
also play a major role. The differences in clinical management (in particular regarding
antiviral prophylactic and therapeutic strategies) across studies from different centers
that were published over the past decades should also be considered. Furthermore, the
timing of sampling is a key factor for the estimation of the prevalence or incidence of
viral infections in transplant recipients, since the risk of viral primary infections and
reactivations changes over time after transplantation. Among transplant recipients,
particularly HSCT patients, blood transfusions may represent a mode of transmission of
some viruses that are not screened for in blood product safety tests, despite inactiva-
tion procedures (414). As reviewed here, data are, however, conflicting. Among blood
donors, the heterogeneity of results may also highlight the heterogeneity of some
selected populations, comprising patients with diverse conditions and degrees of
immunocompetence.

Dynamic changes of the blood virome composition. Acute or chronic infection and
reactivation can be associated with persistent or transient viremia. The study designs
and virological outcomes (e.g., point prevalence or cumulative incidence) contribute to
the differences in prevalence or incidence rates of infection. Longitudinal studies using
(RT-)PCR assays or mNGS provide a dynamic description of viral infections and are
particularly important in transplant recipients.

Technical aspects. The type of blood sample (whole blood, plasma, serum, periph-
eral blood cells) has an impact on the detection of viral genomes and the magnitude
of viral loads. This is particularly relevant for herpesviruses such as EBV, CMV, and
HHV-6. Another important point is the diversity of the diagnostic assays performed in
the studies reviewed here. Diverse (RT-)PCR assays have been used in studies published
over the past 15 to 20 years, including classic (RT-)PCR, nested (RT-)PCR, real-time
(RT-)PCR, single or multiplex (RT-)PCR assays, commercial kits assays, and in-house
assays. All these assays have their own performances, with differing limits of detection
and quantification and diverse target sequences. mNGS is also characterized by meth-
odological heterogeneity, with diverse preanalytic methods, mNGS protocols with the
use of various mNGS platforms, single- or paired-end protocols, various bioinformatic
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pipelines and databases, and de novo analysis (415). Importantly, recent data have also
highlighted the issue of laboratory reagent contamination, which is at the heart of
concerns in virus discovery studies (23).

Perspectives

Most studies reviewed here aimed to investigate one or only a few viruses in a
specific population and to explore the impact of viremia on clinical outcomes.
Further studies investigating viral codetections, their kinetics in blood after trans-
plantation, and their potential association with clinical outcomes are needed. The
burden of these coinfections needs to be better assessed in studies that consider
viruses that are currently not part of routine investigations of transplant recipients.
Some studies recently addressed this question by investigating the role of dsDNA
viral infections among HSCT recipients. The detection of multiple dsDNA viruses
(including EBV, CMV, HHV-6, HAdV, and BKPyV) in blood samples after allo-HSCT
was associated with increased overall mortality in a dose-dependent relationship
(27, 416). The kinetics of dsDNA detection after allo-HSCT with high viral loads has
been shown to predict mortality (417). Nevertheless, so far no study has investi-
gated the overall impact of DNA and RNA viruses together. Finally, as recently
investigated for TTV, other viruses may represent potential biomarkers that might
contribute to the adjustment of clinical management after transplantation. This
could lead to the adaptation of therapeutic strategies, including antiviral and
immunosuppressive strategies.

In view of the increasing number of viruses identified and the potential associated
clinical manifestations, comprehension of the human blood virome is a growing
challenge that affects SOT and HSCT recipients and will help to improve diagnosis and
management of transplant recipients.
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319. Erensoy S, Sayıner AA, Türkoğlu S, Canatan D, Akarca US, Sertöz R, Özacar
T, Batur Y, Badur S, Bilgiç A. 2002. TT virus infection and genotype
distribution in blood donors and a group of patients from Turkey. Infection
30:299–302. https://doi.org/10.1007/s15010-002-2185-z.

320. Masouridi-Levrat S, Pradier A, Simonetta F, Kaiser L, Chalandon Y,
Roosnek E. 2016. Torque teno virus in patients undergoing allogeneic
hematopoietic stem cell transplantation for hematological malignan-
cies. Bone Marrow Transplant 51:440 – 442. https://doi.org/10.1038/bmt
.2015.262.

321. Spandole-Dinu S, Cimponeriu DG, Crăciun A-M, Radu I, Nica S, Toma M,
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