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Abstract

Background Haematological patients exhibit immune system abnormalities that make them susceptible to viral
infections. Understanding the relationship between the virome in the blood plasma of haematological patients
and their clinical characteristic is crucial for disease management. We aimed to explore the presence of viral patho-
gens and identify close associations between viral infections and various clinical features.

Results A total of 21 DNA viruses and 6 RNA viruses from 12 virus families were identified from 1383 patients. Patients
with haematological diseases exhibited significantly higher diversity, prevalence, and co-detection rates of viral
pathogens. During fever episodes, pathogen detection was notably higher, with Epstein-Barr virus (EBV) and Muco-
rales infections being the most probable culprits for fever symptoms in non-haematological patients. The detection
rate of torque teno virus (TTV) significantly increases in haematological patients after transplantation and during pri-
mary lung infections. Additionally, TTV-positive patients demonstrate significantly higher absolute neutrophil counts,
while C-reactive protein and procalcitonin levels are notably lower. Furthermore, TTV, cytomegalovirus, and parvovirus
B19 (B19V) were found to be more prevalent in non-neutropenic patients, while non-viral pathogenic infections, such
as Gram-negative bacteria and Mucorales, were more common in neutropenic patients. Pegivirus C (HPgV-C) infec-
tion often occurred post-transplantation, regardless of neutropenia. Additionally, some viruses such as TTV, B19V, EBY,
and HPgV-C showed preferences for age and seasonal infections.

Conclusions Analysis of the plasma virome revealed the susceptibility of haematological patients to plasma viral
infections at specific disease stages, along with the occurrence of mixed infections with non-viral pathogens. Close
associations were observed between the plasma virome and various clinical characteristics, as well as clinical detec-
tion parameters. Understanding plasma virome aids in auxiliary clinical diagnosis and treatment, enabling early
prevention to reduce infection rates in patients and improve their quality of life.

Keywords Haematologic disorders, Metagenomic sequencing, Plasma Virome, TTV

fShuai Ma, Yuyao Yin, and Yifan Guo contributed equally to this work.

*Correspondence:

HuiWang

whuibj@163.com; wanghui@pkuph.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0001-9220-0357
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40168-024-01855-4&domain=pdf

Ma et al. Microbiome (2024) 12:137

Background

Patients with haematological disorders frequently expe-
rience weakened immune systems due to their under-
lying diseases or treatments, making them susceptible
to various infections, increasing the complexity of their
treatment, and affecting their survival rates [1]. Primary
bloodborne viral infections and reactivation are common
among haematological patients, particularly those under-
going allogeneic haematopoietic stem cell transplantation
(allo-HSCT), with significant incidence and mortality
rates [2—4]. A better understanding of the relationship
between viral composition in haematological patients
and disease progression is crucial.

Advancements in metagenomic next-generation
sequencing (mNGS) have provided insights into patient
viromes; however, research has primarily focused on the
gastrointestinal and respiratory tracts [5-7]. Addition-
ally, studies investigating the plasma viromes of patients
undergoing solid organ transplantation (SOT) and allo-
HSCT have revealed the virome landscape of transplant
recipients [8—12]. In clinical practice, most studies focus
on viruses that can cause severe infections or life-threat-
ening diseases, such as severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), influenza virus, and
norovirus, among others [5-7]. Numerous viruses, such
as torque teno tirus (TTV), human pegivirus C (HPgV-
C), and human herpesvirus 6 (HHV-6), are frequently
detected but often manifest as asymptomatic infections
[12]. These asymptomatic viral infections are prevalent
in humans; however, their role in disease progression
remains unknown.

In healthy individuals, a diverse range of viral colo-
nisation exists [13, 14]. This includes latent infections
in the blood by viruses such as TTV, herpes simplex
virus (HSV), Epstein-Barr virus (EBV), cytomegalovirus
(CMV), and HPgV-C; the abundant presence of bacterio-
phages in the gut, along with certain eukaryotic viruses;
and commonly detected viruses in the respiratory tract,
such as human rhinovirus and respiratory syncytial virus
[5, 12, 15, 16]. The functions of these asymptomatic
viral infections are currently being studied. For exam-
ple, exposure to rhinovirus, the predominant etiological
agent of the common cold, confers protection against
SARS-CoV-2, the causative agent of the coronavirus dis-
ease 2019 [17-19]. Increased picornavirus levels in the
gastrointestinal tract can serve as predictive markers for
the development of gastrointestinal graft-versus-host
disease in patients undergoing HSCT [20]. Additionally,
blood-borne HPgV-C infection exerts a certain degree of
inhibitory effect during the progression of HIV infection
[21, 22].

Emerging evidence suggests that these commensal
viruses play a role in haematologic disease progression
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[12]. The presence of TTV in haematological patients
can serve as an indicator for monitoring the status of
the immune system and potential infection risks [23].
Infections caused by members of the Herpesviridae
family may lead to a range of clinical symptoms and
complications, such as rashes and pneumonia [24].
Additionally, human parvovirus B19 (B19V) infection
can result in severe anaemia and other clinical manifes-
tations, particularly in cases where the immune system
is compromised. Some members of the polyomaviridae
family, such as human polyomavirus 1 (HPyV-1), are
associated with haemorrhagic cystitis in haematologic
patients, while the reactivation of human polyomavirus
2 (HPyV-2) may lead to the development of neurologi-
cal diseases, such as progressive multifocal leukoen-
cephalopathy [25-27].

Although some progress has been made, there is cur-
rently a lack of large-scale studies involving a compre-
hensive analysis of the plasma virome in haematological
patients in relation to various clinical characteristics.
In this study, we recruited a cohort of 1382 patients,
including 849 haematologic and 534 non-haemato-
logic patients. We conducted metagenomic analyses to
explore the presence of viral pathogens. Additionally,
we integrated virome data with relevant clinical data,
and identified close associations between viral infec-
tions and various clinical features.

Methods

Study patients and samples

This study collected clinical information from 1601
patient samples that underwent plasma mNGS testing
in the Department of Laboratory Medicine at Peking
University People’s Hospital from April 1, 2022, to
August 31, 2023 (Supplementary Table sheet 1). After
excluding patient samples submitted within 1 month of
each other, a total of 1383 cases were included in the
analysis. Informed consent was obtained from all par-
ticipants in the study. Clinical data, including patient
white blood cell count (WBC), absolute neutrophil
count (ANC), absolute lymphocyte count (ALC), red
blood cell count (RBC), haemoglobin (HGB), C-reac-
tive protein (CRP), and procalcitonin (PCT), as well
as information regarding patients’ underlying medical
conditions and infection sites, were collected simul-
taneously with mNGS testing (Fig. la). Given our
primary focus on the detection of viral pathogens, non-
viral pathogens were not further classified to the spe-
cies level, and the statistics for RNA virus detection
were completed within the samples processed through
the DNA and RNA workflow.
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Profiles of 1383 patients with clinical features

and pathogen detection

Plasma mNGS testing was divided into the DNA, DNA
and RNA workflows. We excluded samples from the
analysis that were either submitted for testing within
1 month or lacked any clinical information. This left us
with a total of 1383 plasma mNGS samples for analysis.
The samples were evenly distributed throughout the year,
with a median patient age of 50 years (interquartile range
IQRs 30, 63). Among these samples, 800 (57.84%) were
from male patients, and 849 (61.39%) were from patients
with haematologic conditions originating from three dif-
ferent hospital branches.

The clinical characteristics of the patients included
information such as the onset of symptoms, underlying
conditions, infection site, date of pathogen detection, and
clinical biomarkers. Underlying conditions were deter-
mined according to the World Health Organization defi-
nitions and included various chronic diseases affecting
different organs, such as diabetes, solid tumours, hyper-
lipidaemia, and autoimmune diseases. The infection
site specifically refers to infections caused by non-viral
pathogens. The infection site was determined based on
clinical diagnosis and other clinical pathogen detection
information, considering data from 3 days before and
after the sample collection date. Clinical biomarkers were
obtained from various clinical tests such as complete
blood counts and biochemical profiles. Except for CRP
and PCT, which utilised data from 3 days before and after
the recorded detection, other biomarkers were derived
from the same-day test results (Table 1).

Plasma sample processing and viral nucleic acid extraction
Plasma samples were obtained from EDTA anticoagu-
lated whole blood by centrifugation at 3500 rpm for
10 min. Nucleic acid extraction was carried out through
two distinct procedures: the DNA extraction protocol
(N=667) and the DNA and RNA extraction protocol
(N=716). In the DNA extraction protocol, the PathoX-
tract WYXM500S mcfDNA Enrichment and Extraction

(See figure on next page.)
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Kit (WillingMed, Beijing, China) was used to extract
nucleic acids from 200 pL of plasma. The extracted
nucleic acids were subsequently used for further pro-
cessing [28]. For the DNA and RNA extraction protocol,
DNA and RNA were extracted separately, following the
same initial steps and the same kit as the DNA extraction
protocol. The extracted RNA nucleic acid was reverse-
transcribed using HiScript III All-in-one RT SuperMix
(Vazyme, Nanjing, China), and the resulting cDNA was
purified using Agincourt AMPure XP magnetic beads.
In the final elution step, using the DNA extracted in the
previous step to elute cDNA helps reduce the elution
volume, increase nucleic acid concentration, facilitate
library construction, and achieve simultaneous detection
of both DNA and RNA (Fig. 1a).

Sequencing library preparation and bioinformatics
analysis

NGS library preparation was carried out using the Illu-
mina® DNA Prep (M) Tagmentation kit (20,018,705;
Ilumina, San Diego, USA). For each sequencing run,
a negative control (NC) was included. In total, 200
sequencing runs were performed. The libraries were
quantified using the Qubit dsDNA HS Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA), and
subsequently, they were pooled together in equimo-
lar concentrations. The sequencing was performed on
the NextSeq = 550Dx sequencer (Illumina, San Diego,
USA) with 75 bp single-end reads, using a high-output
kit, yielding a minimum of 20 million sequencing reads
per sample. The raw sequencing data was filtered using
Trimmomatic (v0.40) to remove low-quality sequences.
The quality settings used for Trimmomatic filtering were
as follows: ILLUMINACLIP:TruSeq3-SE:2:30:10, SLID-
INGWINDOW:4:20, and MINLEN:50. After filtering,
the processed data was aligned against the human refer-
ence genome GRCH38 with Bowtie 2 (v2.2.2) to exclude
human-related sequences. Subsequently, the remaining
sequences were matched against a pre-constructed refer-
ence database using Kraken2 (v2.1.0) to detect potential

Fig. 1 The viral composition, pathogen diversity, and co-infection analysis of plasma samples from patients. a Flowchart for pathogen detection
in plasma samples by metagenomic next-generation sequencing (mNGS). b Total number of pathogens detected in patients with haematological
and non-haematological diseases. The viruses were categorised according to their families. ¢ Composition ratio of bacterial, fungal, and viral

or mixed infections in patients with haematological and non-haematological diseases. d, @ Composition ratio of uniquely detected positive

single pathogen and mixed infection pathogen combinations in patients with non-haematologic or haematologic diseases. The left panel

depicts the overall composition ratio of DNA pathogens, specifically the composition ratio of species from the Herpesviridae family co-infected
with Anelloviridae and bacteria. The right panel shows only the composition ratio of RNA pathogens categorised by viral family. f, g The x-axis
represents uniquely detected positive single pathogens and mixed infection pathogen combinations in non-haematological or haematological
patients, with multiple pathogens in mixed infections connected by lines. The number of patients with mixed infectious pathogen combinations
is represented by colour depth, with grey indicating no infection by this pathogen, in proportions represented on a logarithmic scale with a base

of 10.The viruses were categorised according to their families
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Table 1 Patient demographics and clinical features

Characteristic Haematological diseases Non-haematological diseases
Value (median (IQRs) or no. (%))

Total sample size 849 534
Age (years) 42 (22,58) 59 (41,71)
Distribution
0-18 years old 182 (21.44%) 27(5.06%)
19-45 years old 275 (32.39%) 126 (23.60%)
46-65 years old 300 (35.34%) 186 (34.83%)
>65 years old 91 (10.72%) 188 (35.21%)
Male sex 515(60.66%) 285 (53.37%)
Branch hospital 1 398(46.88%) 436(81.65%)
Branch hospital 2 325 (38.28%) 72(13.48%)
Branch hospital 3 126 (14.84%) 26(4.87%)
Onset symptoms
HSCT/SOT 370 (43.58%) 28(5.24%)
Neutropenia 370 (43.58%) 0
Fever 514 (60.54%) 375(70.22%)
COVID-19 26 (3.06%) 49(9.18%)

Underlying condition

Cardiovascular disease 77 (9.07%) 181 (33.90%)
Lung disease 26 (3.06%) 61 (11.42%)
Kidney disease 17 (2.00%) 68 (12.73%)
Liver disease 45 (5.30%) 98 (18.35%)
Solid tumour 32 (3.77%) 64 (11.99%)
Autoimmune disease 24 (2.83%) 71 (13.30%)
Diabetes 39 (4.59%) 73 (13.67%)
Hyperlipidemia 17 (2.00%) 27 (5.06%)
Infection site
Bloodstream infection 33 (3.89%) 50 (9.36%)
Pulmonary infection 154 (18.14%) 155 (29.03%)
Urinary tract infection 13 (1.53%) 16 (3.00%)
Skin and Soft Tissue Infection 10 (1.18%) 5 (0.94%)
Central nervous system infection 3(0.35%) 0
Gastrointestinal infection 13 (1.53%) 10 (1.87%)
Sample collection time
Mar to May 253 (29.80%) 126 (23.60%)
Jun to Aug 350 (41.22%) 313 (58.61%)
Sep to Nov 121 (14.25%) 37 (6.93%)
Dec to Feb 125 (14.72%) 58 (10.86%)
Clinical biomarker
WBC (10%/L) 2.06(0.47,4.8) 7.33(5.3,10.83)
<4 589 (69.38%) 34 (6.37%)
4-10 185 (21.79%) 308 (57.68%)
>10 73 (8.60%) 147 (27.53%)
ANC (10%/L) 0.81(0.05,2.77) 549 (2.29,8.99)
<18 538 (63.37%) 41 (7.68%)
1.8-6.3 223 (26.27%) 258 (48.31%)
>6.3 79 (9.31%) 219 (41.01%)
ALC (107/1) 0.41(0.14,0.88) 0.99 (0.61, 1.49)

<08 611 (71.97%) 198 (37.08%)
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Table 1 (continued)
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Characteristic

Haematological diseases
Value (median (IQRs) or no. (%))

Non-haematological diseases

Total sample size

849

534

0.8-4 211 (24.85%)
>4 19 (2.24%)
RBC (10"%/1) 2.18(1.84,2.67)
<38 814 (95.88%)
3.8-5.1 26 (3.06%)
>51 2 (0.24%)
HBG (g/L) 69 (58,83)
<115 812 (95.64%)
115-150 30 (3.53%)
>150 0
CRP (mg/L) 582(17.9,115.4)
<10 152 (17.90%)
10-50 225 (29.50%)
>50 464 (54.65%)
PCT (ng/mL) 0.230(0.106, 0.627)
<0.5 477 (56.18%)
>05 211 (24.85%)
TBil (umol/L) 12.3(84,19.98)
<3 13 (1.53%)
3-21 604 (71.14%)
>21 177 (20.85%)
Testing method
DNA detection 350 (41.23%)
DNA&RNA detection 499 (58.78%)
Pathogen detection rate 554 (65.25%)
Distribution
Virus 424 (49.94%)
Bacteria 190 (22.38%)
Fungi 90 (10.60%)
Total sample size 849

314 (58.80%)

6 (1.12%)
3.53(2.98,4.07)
319 (59.74%)
181 (33.90%)

9 (1.69%)

107 (89, 122)
320 (59.93%)
179 (33.52%)
10 (1.87%)
41(13.52,90.08)
98 (18.35%)
169 (31.65%)
217 (40.64%)
0.196 (0.071, 0.764)
322 (60.30%)
139 (26.03%)
9.5(6.2,17.1)
15 (2.81%)

371 (69.48%)
95 (17.79%)

317 (59.36%)
217 (40.64%)
219 (41.01%)

138 (25.84%)
95 (17.79%)
31 (5.81%)
534

Abbreviations: WBC white blood cells, ANC absolute neutrophil count, ALC absolute lymphocyte count, RBC red blood cell, HBG haemoglobin, CRP C reactive protein,

PCT procalcitonin, TBil total bilirubin

pathogens within the samples. The reference database
used for Kraken2 analysis was PlusPF database (down-
loaded on 9/12/2022), which contains refseq archaea,
bacteria, viral, fungi, and protozoa. The identified path-
ogen sequences were standardised to reads per million
(RPM) values. To determine positive results, the RPM-
ratio was calculated by comparing against a concurrently
processed negative control [28].

Pathogen detection thresholds

Distinct positive thresholds were established to rule
out potential contamination during the experimental
process and to mitigate the occurrence of false-positive

results. These thresholds were determined based
on clinical outcomes from other microbial tests and
physiological markers, and were utilised to ascertain
the presence of pathogens within the samples. Com-
prehensive clinical reports were generated for each
patient. For bacteria and fungi, the positive threshold
was defined as RPM-ratio > 10. However, for tubercu-
losis or nontuberculous mycobacteria (TB/NTM) and
rare pathogens, the positive threshold was defined
as reads>1. Concerning viruses, the positive thresh-
old was set as the presence of reads spanning at least
3 distinct non-overlapping regions of the genome, and
reads >3 [29-33].
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Statistical analysis

Following a normality test, the data in this study was
found to be non-normally distributed. Non-parametric
statistical tests, including the Mann—Whitney U test,
were used to characterise the probability of data in the
correlation analysis. To compare differences in dis-
ease groups using pathogen detection rate, the patho-
gen detection rate is calculated by dividing the number
of individuals detected with the pathogen by the total
sample size, then multiplying by 100%. Categorical data
were analysed using the chi-square test. Statistical analy-
ses were performed using GraphPad Prism version 9.0.2
(San Diego, CA, USA). To analyse the factors associated
with pathogen detection, we established a logistic regres-
sion model using SPSS version 26.0 (IBM Corp, Armonk,
NY), and odds ratios (OR) were calculated. All models
successfully passed the omnibus test and the Hosmer—
Lemeshow goodness-of-fit test.

Results

Pathogen co-detection frequently occurs in haematologic
patients

The detection rates for bacteria and fungi were 20.61%
and 8.75%, respectively. The most frequently identi-
fied viral families were Herpesviridae (25.87%; mainly
CMYV, EBV, HHV-6B, and HSV-1), Anelloviridae (14.03%;
mainly TTV), Parvoviridae (3.47%; mainly B19V), and
Flaviviridae (12.70%; mainly included HPgV-C). The
results of the chi-square test indicated that among the
DNA viruses detected, the overall viral detection rate was
higher in haematologic patients than in non-haemato-
logic patients (43.93 vs 25.47%, P<0.05, y*=22.49). For
RNA viruses detected, the detection rate of Flaviviridae
was significantly higher in haematologic patients and
was statistically significant (17.43 vs 0.92%, P<0.0001,
x>=30.07; Fig. 1b). Overall, haematologic patients exhib-
ited significantly higher detection rates, then the non-
haematologic disease group (65.25 vs 41.01%, P<0.05,
x>=20.61; Fig. 1c, Supplementary Table sheet 2).

Prior research has documented the concurrent detec-
tion of multiple pathogens in hospitalised patients [34].
A comprehensive examination of the overall landscape
of pathogen co-detection in haematological patients was
conducted using our extensive cohort. We identified 335
co-infection events in which at least two types of path-
ogens were detected in the same patient. Additionally,
497 patients were infected with only one type of patho-
gen. Notably, when compared to the non-haematologic
disease group, the haematologic disease group exhibited
a significantly higher ratio of co-infection events (48.38
vs 30.59%, P<0.05, y*=8.042; Fig. 1d, e, Supplementary
Table sheet 2).
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Co-infection with bacterial and viral pathogens was
prevalent. For example, the co-detection of Herpesviri-
dae and bacteria was one of the most frequent co-detec-
tion events (N=75). Notably, our primary focus in this
analysis was virus detection, and we did not conduct an
in-depth examination of the simultaneous detection of
bacterial and fungal pathogens.

Among the viral families, co-infection with Her-
pesviridae and Anelloviridae was the most common
(N=78). Herpesviridae co-infections with bacteria and
Anelloviridae primarily include CMV, EBV, and HSV-
1. Additionally, the detection rate of RNA viruses in the
haematologic disease group was significantly higher than
that in the non-haematologic disease group, which was
primarily attributed to Flaviviridae infection. In haema-
tologic patients, similar to DNA viruses, co-infections
involving RNA viruses mainly included the simultane-
ous detection of Flaviviridae, Herpesviridae, Anelloviri-
dae, and bacteria (Fig. 1d, e). Overall, the combination of
pathogens detected in patients with haematologic disease
was more diverse than that in patients without haemato-
logic disease (Fig. 1f, g).

Relationship between viral infections and fever

in haematologic patients

Fever with an unknown cause is a serious symptom in
haematologic patients [35]; therefore, we conducted an
analysis to explore its association with pathogenic infec-
tions. We divided the patients into the following groups:
HSCT or SOT, non-HSCT or SOT, and non-haemato-
logical disease groups. Within the haematologic disease
group, we further subdivided the patients into neutrope-
nia and non-neutropenia subgroups (Fig. 2).

The most frequently detected viruses were TTV
(14.03%), CMV (12.29%), EBV (9.54%), and HPgV-C
(12.29%). The overall detection rate of DNA viruses was
higher in the non-neutropenia group (51.99 vs 33.78%,
P<0.01, y*=11.11; Fig. 2), whereas the detection rate of
non-viral pathogens was higher in the neutropenia group
(39.19 vs 21.80%, P<0.01, y*=16.35; Fig. 2). The detec-
tion rates of both pathogens in the non-haematological
disease group were lower than those in the haematologi-
cal disease group. Additionally, we observed that among
DNA viruses, TTV, CMV, B19V, and HPyV-1 had higher
detection rates in the non-HSCT or SOT patients in the
non-neutropenia group, albeit without statistical sig-
nificance, while HPgV-C infection among RNA viruses
was more common in the HSCT or SOT group (25.61 vs
10.85%, P<0.01, y*=11.02; Supplementary Table sheet
2).

Among the 1383 patients, the pathogen detection rate
in the fever group was significantly higher than that in
the non-fever group (74.36 vs 53.94%, P< 0.05,)(2= 10.61;
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Supplementary Table sheet 2). In the haematologic dis-
ease group, the detection rates of bacteria, DNA viruses,
such as TTV, EBV, CMV, and HHV-6B, and RNA viruses,
such as SARS-CoV-2, influenza virus C, and rubella virus,
were higher in the fever group then in the non-fever
group, although the results were not statistically sig-
nificant. Conversely, in the non-haematological disease
group, EBV and Mucorales were detected at significantly
higher rates in the fever group than in the non-fever
group (P<0.05; Fig. 2).

Virome profiles in haematological patients associated

with neutropenia

In clinical practice, patients with haematological disor-
ders and neutropenia often receive significant attention
when experiencing infections [36]. Therefore, we ana-
lysed the viral signatures in patients with haematologi-
cal disorders and neutropenia, haematological disorders
without neutropenia, and non-haematological disorders.

Gram-negative bacteria and Mucorales were more
prevalent in patients with neutropenia than in other
groups (Fig. 3a). TTV, CMV, HHV-6B, and B19V infec-
tions were more prevalent in patients without neutrope-
nia, whereas HSV-1 and non-viral pathogenic infections
were more common in patients with neutropenia. HPgV-
C infection was high in both neutropenic and non-
neutropenic groups (Fig. 3a). We did not observe any
differences in infections with other viruses.

To explore the relationship between these pathogens
and blood cell and infection indicators, we examined the
ANC, ALC, HBG, and CRP levels in infected and non-
infected patients for Anelloviridae, Herpesviridae, Flavi-
viridae, and non-viral pathogens.

In patients with haematological disorders, we observed
a significant increase in ANC in the Anelloviridae-posi-
tive group compared to the negative group, while ALC,
HBG, CRP, and PCT levels were significantly lower
(P<0.05; Fig. 3b, c, e—g). Conversely, in patients with
non-haematological disease, the Anelloviridae-positive
group showed significantly higher HBG levels and sig-
nificantly lower CRP and RBC levels (P<0.05; Fig. 3b, c,

(See figure on next page.)
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e—g). Regarding herpesviridae infection, no significant
differences were observed between groups in patients
with haematological disease. Conversely, in patients
without haematological disease, the positive group exhib-
ited significant increases in ALC, HBG, and CRP levels
and a significant decrease in RBC levels (P<0.05; Fig. 3c—
f). Among patients with non-viral pathogens, the positive
group of patients with haematological disease showed
significant increases in ALC, HBG, CRP, and PCT levels,
whereas ANC and RBC counts were significantly lower
(P<0.05; Fig. 3b—g). In patients without haematological
disease, the positive group showed significant increases
in ALC, HBG, CRP, and PCT levels, while the RBC count
was significantly lower (P<0.05; Fig. 3b—g). Additionally,
no significant differences in Flaviviridae infection were
observed (Fig. 3b-g).

Associations between viral infections and binary
classification clinical factors

The occurrence and development of pathogenic infec-
tions are associated with several factors. For example,
lung diseases can easily lead to bacterial pneumonia,
and haematological diseases can trigger CMV and EBV
infections; however, knowledge regarding factors related
to other blood-borne viral infections remains limited
[1]. Therefore, we conducted multifactorial analyses of
patient information, including sex, symptom onset, hae-
matological diseases, underlying conditions, and infec-
tion site, using logistic regression analysis to assess the
detection of several prevalent pathogens.

The results showed that Flaviviridae and fungal infec-
tions were correlated with neutropenia (P<0.05). Infec-
tions with Anelloviridae, Herpesviridae, Parvoviridae,
and Flaviviridae were significantly associated with trans-
plantation (P<0.01). Moreover, Herpesviridae and bac-
terial infections were significantly associated with fever
(P<0.05). Infections with Anelloviridae, Herpesviridae,
Polyomaviridae, and Flaviviridae were associated with
the occurrence of haematological diseases (P<0.05).
These findings are consistent with previous conclusions
[11].

Fig. 2 Comparative analysis of fever presentation and pathogen detection in haematologic and non-haematologic patient categories. Detection
status of the 1383 patient samples based on fever presentation. The patients were categorised into haematologic and non-haematologic disease
groups. Within the haematologic disease group, patients were further divided into the transplant with neutropenia, transplant without neutropenia,
non-transplant with neutropenia, and non-transplant without neutropenia groups. Each group was compared based on the presence or absence
of fever. The numbers in the figure indicate the sample sizes, number of detections, detection rates for each pathogen class, total sample size,

and overall detection rate for each category. The heatmap was subjected to column standardisation, and a log10 transformation was applied

only to the colours of the heatmap; numerical values were not transformed. Note: The focus of this figure is the detection differences of individual
viruses among different groups. Due to the possibility of a single patient being infected with multiple pathogens, the detection rate in the figure

is not simply calculated by adding and dividing by the total number. Please refer to the Supplementary Table for the specific infection status of each

patient.*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001
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Additionally, we observed that patients with hyper-
lipidaemia were more prone to Parvoviridae infections
(P<0.05), whereas patients with solid tumours were
more susceptible to Polyomaviridae infections (P<0.01).
Considering the infection site, pulmonary infection
was associated with a higher likelihood of non-viral
pathogen infections (P<0.0001), and Anelloviridae and
Polyomaviridae were frequently detected in cases of pul-
monary infection (P<0.05). Moreover, the detection rate
of bacteria in the bloodstream was significantly higher in
patients with bloodstream and gastrointestinal infections
(P<0.0001). Parvoviridae and Polyomaviridae infections
were more common in cases of urinary tract infection
(P<0.05; Fig. 4). This association remained statistically
significant after adjusting for age, season, and hospital
branch covariates.

Associations between viral infections and non-binary
clinical variables

To explore the differences in viral detection among
patients under different conditions, we conducted sta-
tistical analyses on all samples based on different age
groups, seasons, transplantation stages, and environ-
ments in which the patients were situated.

In the age group analysis, we observed that TTV,
HPgV-C, and non-viral pathogens were more likely to
infect individuals aged 19-45 and 45-65 among haema-
tologic diseases. EBV is more likely to occur in individu-
als aged 19-45 and >65 years. HSV1 was less common
in the 0-18 years age group (P<0.05; Fig. 5a) than in
the 19-45 and 46-65 age groups. Only EBV had a sig-
nificantly higher detection rate in non-haematological
patients aged > 65 years (P <0.05; Supplementary Fig. 1a).

In the seasonal group analysis, we found that TTV and
B19V had higher detection rates in winter among patients
with haematological diseases (Fig. 5b). Similarly, in the
non-haematologic disease group, we observed a higher
detection rate of TTV in winter (P<0.05; Supplementary
Fig. 1b). Subsequently, we grouped patients that under-
went transplants and observed that TTV, CMV, B19V,
and HPgV-C had significantly higher detection rates
in these patients that in non-transplant patients with
haematological diseases (P<0.05). However, non-viral

(See figure on next page.)
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pathogens have relatively low detection rates in patients
undergoing transplantation. Additionally, HHV6B had a
higher detection rate in the 1-6 months post-transplan-
tation period than in the other groups (P<0.05; Fig. 5c).

Because samples of patients with haematologic disease
were obtained from three different branch hospitals, we
conducted subgroup analysis based on samples from dif-
ferent hospital branches. We found that CMV and B19V
had higher detection rates in branch hospitals 3 and 2,
respectively (P<0.05). In contrast, G+and Mucorales
had lower detection rates in Branch Hospital 3 (P<0.05;
Fig. 5d).

Discussion

In this study, we performed a comprehensive analysis
of plasma virome in 849 haematological and 534 non-
haematological patients who underwent mNGS. To the
best of our knowledge, this is the largest cohort study
on plasma virome levels in patients with haematological
diseases. We delved deeper into unexplored clues related
to the clinical condition within the plasma viral compo-
sition of haematologic patients, thereby enhancing our
understanding of plasma viral composition in this patient
population.

We identified various DNA and RNA viruses, along
with diverse non-viral pathogens in this cohort. Nota-
bly, the Herpesviridae, Anelloviridae, Flaviviridae, fungi,
and bacteria were among the most frequently detected
pathogens, consistent with prior research [11, 12, 37].
Co-detection was common, particularly involving Her-
pesviridae family members with bacteria or Herpesviri-
dae family members with Anelloviridae. Haematological
patients exhibited significantly higher diversity in the
detected viruses, pathogen detection rates, and combina-
tions of co-detected pathogens then non-haematologic
patients. In all hospitalised patients, the detection rate of
pathogens during fever episodes was significantly higher.
Among non-haematologic patients, EBV and Mucorales
infections were most likely to cause fever symptoms,
warranting additional clinical attention. In patients with
haematological disorders, there was no significant dif-
ference in the detection rate of individual pathogens
between fever and non-fever episodes, which may be

Fig. 3 Comparative analysis of pathogen detection rates and clinical parameters in haematologic and non-haematologic patients. a
Comparison of detection rates of frequently detected pathogens among different groups: The figure displays the differences in detection

rates among the most frequently detected pathogens across the three groups: haematologic diseases with neutropenia, haematologic

diseases without neutropenia, and non-haematologic diseases. Statistical analyses were performed using the chi-square test. b-g For both the
haematologic and non-haematologic disease groups, non-parametric tests were conducted to compare the absolute neutrophil Count (ANC),
absolute lymphocyte count (ALC), red blood cell (RBC) count, haemoglobin (HGB) level, C-reactive protein (CRP), and procalcitonin (PCT) based
on the presence or absence of virus detection. Statistical significance was set at P<0.05. *P<0.05, **P<0.01, ***P < 0.001, ****P <0.0001. Note: G+

stands for Gram-Positive Bacteria, and G- stands for Gram-Negative Bacteria
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attributed to the higher prevalence of non-infectious
fever in these patients, possibly because of regular medi-
cation regimens.

TTV is the most common virus found in the plasma of
haematological patients, with increased viral load being
prevalent post-transplantation. TTV often co-infects
Herpesviridae and Flaviviridae, and its presence is not
directly associated with fever symptoms in patients.
Compared to non-haematological patients and patients
with granulocytopenia, the detection rate of TTV was
significantly higher in non-neutropenic haematological
patients, possibly because TTV targets peripheral blood
mononuclear cells and replicates within them [38-40].
In haematological patients, the increase of TTV load
is closely associated with immune system activity and
various infection indicators (such as ANC, CRP, PCT),
consistent with previous research [41], indicating its

potential as a biomarker for infection in haematological
patients.

Multivariate analysis revealed a close association
between TTV and lung infection, consistent with find-
ings from a study on lung transplant recipients, possibly
as an indirect result of immune response-induced granu-
locyte changes [42, 43]. In the analysis of TTV infection
preference by age and season, we found a relatively higher
detection rate of TTV in the 19-65 age group and signifi-
cantly higher detection rates in winter for both haema-
tological and non-haematological patients. This variation
may be related to seasonal changes in patients’ immune
status. In summary, our study elucidated the association
between the most common virus, TTV, in haematologi-
cal patients and their clinical characteristics and clinical
detection parameters. These findings can assist clinicians
in better understanding the role of TTV infection in the
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progression of haematological diseases. Further research
is required to clarify the clinical significance of TTV and
its interaction with the immune system.

Among RNA viral infections, the most common was
the HPgV-C virus, with a significantly higher detection
rate in patients who underwent haematopoietic stem cell
transplant, regardless of granulocytopenia, consistent
with earlier findings [44]. Previous studies have indicated
the immunomodulatory effects of HPgV-C in patients
with HIV and its frequent detection in transplant recipi-
ents, suggesting that the activation and persistent infec-
tion with HPgV-C may be primarily related to immune
system disruption in patients with a mature immune
system. Further investigation of HPgV-C revealed higher
detection rates in relatively immunocompetent younger
and middle-aged patients, whereas lower detection rates
were observed in immunocompromised adolescent and
older patients. No association was observed between
HPgV-C and fever, or other clinical features or indica-
tors. Therefore, clinical attention may not be required
to address this issue. However, the relationship between
HPgV-C infections and the immune system requires fur-
ther investigation.

Members of the Herpesviridae family were most com-
monly detected in our analysis. Herpesviridae members,
such as CMV and HHV-6, had significantly higher detec-
tion rates in non-granulocyte-deficient haematologic
patients than in non-haematologic patients. This may be
related to the fact that these viruses target human host
blood cells, particularly monocytes and lymphocytes
[38-40]. Most people may latent herpesvirus infections
without apparent clinical symptoms, and haematologi-
cal diseases may make it easier for these herpesviruses to
replicate and cause infections in these patients [45, 46].
Notably, HSV1 was detected more frequently in patients
with granulocyte-deficient haematology, possibly because
HSV-1 typically resides in human neural cells and has a
lower association with blood cells [47].

In the analysis of differences in detection rates based
on clinical patient characteristics, we found that CMV,
similar to TTV, had higher detection rates in the post-
transplant population and in Branch Hospital 3, whereas
non-viral pathogens showed the opposite trend. This
suggests that post-transplantation CMV may play a
role similar to that of TTV in modulating the immune
response. In contrast, EBV infection was more common
in the>65 years age group and was higher in patients
with haematologic diseases, especially in the 19-45 years
age group [11, 48]. Moreover, EBV infection typically
induces fever symptoms in patients. Additionally, we
found that haematological patients were more prone to
HHV-6B infection in 1-6 months after transplantation,
which is consistent with previous research findings [49,

Page 14 of 16

50]. In clinical practice, clinicians should be cognizant
of the susceptibility of these members of the Herpesviri-
dae family to different disease courses in haematological
patients to achieve early prevention, thus helping reduce
the incidence of infections in patients.

B19V and HPyV are also common viruses in haemato-
logic patients [11, 12]. Our analysis revealed that B19V
was more susceptible to non-granulocyte-deficient hae-
matologic patients, post-transplantation, and during
winter. Previous studies have indicated that B19V infec-
tion typically presents with symptoms such as fever, sore
throat, headache, muscle pain, and rash. In immunocom-
promised individuals, it may lead to more severe condi-
tions, including severe anaemia or organ damage [51, 52].
This suggests that clinicians should pay more attention
to patients during these susceptible stages. Furthermore,
in our multifactorial analysis, we found some previously
unreported conclusions, such as the association between
B19V and hyperlipidaemia (P<0.05; Fig. 5a). However,
the clinical significance and connections between these
findings require further confirmation.

HPyV includes common variants such as HPyV-1,
HPyV-2, and HPyV-5 [53]. Research indicates that in
patients with haematological disorders, HPyV-2 infec-
tion can lead to bladder mucosal damage and symp-
toms of haemorrhagic cystitis, with a high detection rate
observed in patients who underwent kidney transplant
[9]. In the multivariate analysis, we observed a correla-
tion between HPyV infection and solid tumours and
urinary tract infections, consistent with previous stud-
ies [54]. Therefore, clinicians should be vigilant of HPyV
infection when patients present with similar symptoms.
Additionally, we observed a correlation between HPyV
and lung infections, which may be an indirect effect
of other diseases or complications. In addition to these
highly detected viruses, we also detected other viruses
such as adenovirus, HBV, HPV, EV41, and rubella virus.
These viruses can also lead to severe complications in
patients under certain conditions and require clinical
attention [10-12, 55, 56].

However, this study has some limitations. Because our
samples were obtained from clinical patients, some doc-
tors did not suspect RNA virus infection based on the
patient’s clinical symptoms; therefore, some samples only
underwent DNA processing. In the experiments, we did
not enrich the viruses in the samples to accommodate
the detection of non-viral pathogens, which may have led
to the under-detection of some viruses at low viral loads.
Additionally, we were unable to assemble viral genomes
for more in-depth analysis.

In the future, more detailed and in-depth research is
required to explore the dynamic changes in these haema-
tologic viruses during the development of haematologic
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diseases and their impact on disease progression. This
will provide a more comprehensive understanding of the
roles of these haematological viruses in the human body.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-024-01855-4.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
Not applicable.

Authors’ contributions

HW and GX conceived, designed, and supervised the study. SM, YY, YF, HB, WQ,
LY, and RB conducted experiments and collected data. YV, YF, HB, SY, LY, RB and
GK performed genomic analysis. SM, CQ, JZ, SQ, and XY conducted statistical
analysis. SM, GX, and HW wrote the manuscript. All authors reviewed, revised,
and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(82241048, 82341107) and Beijing Major Epidemic Prevention and Control Key
Specialty Project-Medical Laboratory Excellence Project (2022).

Availability of data and materials

The sequence data, including all data with human sequences removed, have
been deposited at the China National Center for Bioinformation under BioPro-
ject ID PRICA026890.

Declarations

Ethics approval and consent to participate
Approval for this study was granted by the Research Ethics Board at Peking
University People’s Hospital under the identifier (ID: 2021PHB414-002).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Clinical Laboratory, Peking University People’s Hospital, Bei-
jing 100044, China. ?Institute of Medical Technology, Peking University Health
Science Center, Beijing, China. 3Center for Infectious Disease Research, School
of Medicine, Tsinghua University, Beijing, China. “Tsinghua-Peking Center

for Life Sciences, Beijing, China.

Received: 30 November 2023 Accepted: 3 June 2024
Published online: 23 July 2024

References

1. Ljungman P, et al. Guidelines for the management of cytomegalovirus
infection in patients with haematological malignancies and after stem
cell transplantation from the 2017 European Conference on Infections in
Leukaemia (ECIL 7). Lancet Infect Dis. 2019;19(8):e260-72.

2. Timsit JF, et al. Diagnostic and therapeutic approach to infectious
diseases in solid organ transplant recipients. Intensive Care Med.
2019;45(5):573-91.

3. Srinivasan A, et al. Timeline, epidemiology, and risk factors for bacterial,
fungal, and viral infections in children and adolescents after allogeneic

>

20.

22.

23.

24.

25.

26.

27.

Page 150f 16

hematopoietic stem cell transplantation. Biol Blood Marrow Transplant.
2013;19(1):94-101.

Martin-Pena A, et al. Prospective study of infectious complications in
allogeneic hematopoietic stem cell transplant recipients. Clin Transplant.
2011;25(3):468-74.

Vu DL, Kaiser L. The concept of commensal viruses almost 20 years

later: redefining borders in clinical virology. Clin Microbiol Infect.
2017,23(10):688-90.

Minot S, et al. Rapid evolution of the human gut virome. Proc Natl Acad
SciUS A 2013;110(30):12450-5.

Ogunbayo, AE, et al., Metagenomic analysis of respiratory RNA virome
of children with and without severe acute respiratory infection from the
free state, South Africa during COVID-19 pandemic reveals higher diver-
sity and abundance in summer compared with winter period. Viruses,
2022;14(11):2576.

Abbas AA, et al. Bidirectional transfer of Anelloviridae lineages

between graft and host during lung transplantation. Am J Transplant.
2019;19(4):1086-97.

Schreiber PW, et al. Metagenomic virome sequencing in living donor and
recipient kidney transplant pairs revealed JC polyomavirus transmission.
Clin Infect Dis. 2019;69(6):987-94.

Thijssen M, et al. Clinical relevance of plasma virome dynamics in liver
transplant recipients. EBioMedicine. 2020;60: 103009.

. Zanella MC, et al. Unmasking viral sequences by metagenomic next-gen-

eration sequencing in adult human blood samples during steroid-refrac-
tory/dependent graft-versus-host disease. Microbiome. 2021,9(1):28.
Zanella, M.C,, S. Cordey, and L. Kaiser, Beyond Cytomegalovirus and
Epstein-Barr Virus: a review of viruses composing the blood virome of
solid organ transplant and hematopoietic stem cell transplant recipients.
Clin Microbiol Rev, 2020;33(4):e00027-20.

Handley SA. The virome: a missing component of biological interaction
networks in health and disease. Genome Med. 2016;8(1):32.

Lawrence, D, M.T. Baldridge, and S.A. Handley, Phages and human health:
more than idle hitchhikers. Viruses, 2019;11(7):587.

Delwart E. A roadmap to the human virome. PLoS Pathog. 2013;9(2):
e1003146.

Liang G, Bushman FD. The human virome: assembly, composition and
host interactions. Nat Rev Microbiol. 2021;19(8):514-27.

Unger SA, Bogaert D. The respiratory microbiome and respiratory infec-
tions. J Infect. 2017,74(Suppl 1):584-8.

Zoll J, et al. Direct multiplexed whole genome sequencing of respira-
tory tract samples reveals full viral genomic information. J Clin Virol.
2015;66:6-11.

Cheemarla, N.R, et al., Dynamic innate immune response determines
susceptibility to SARS-CoV-2 infection and early replication kinetics. J Exp
Med, 2021;218(8):e20210583.

Legoff J, et al. The eukaryotic gut virome in hematopoietic stem cell
transplantation: new clues in enteric graft-versus-host disease. Nat Med.
2017;23(9):1080-5.

. Chivero ET, Stapleton JT. Tropism of human pegivirus (formerly known as

GB virus C/hepatitis G virus) and host immunomodulation: insights into a
highly successful viral infection. J Gen Virol. 2015;96(Pt 7):1521-32.

Giret MT, Kallas EG. GBV-C: state of the art and future prospects. Curr HIV/
AIDS Rep. 2012;9(1):26-33.

Roberto P, et al. Torque teno virus (TTV): a gentle spy virus of immune sta-
tus, predictive marker of seroconversion to COVID-19 vaccine in kidney
and lung transplant recipients. J Med Virol. 2023;95(2): €28512.

Pinana JL, et al. Pulmonary cytomegalovirus (CMV) DNA shedding in
allogeneic hematopoietic stem cell transplant recipients: Implications for
the diagnosis of CMV pneumonia. J Infect. 2019;78(5):393-401.

Tan CS, et al. Immune reconstitution after allogeneic hematopoietic
stem cell transplantation is associated with selective control of JC virus
reactivation. Biol Blood Marrow Transplant. 2014;20(7):992-9.

Cortese |, Reich DS, Nath A. Progressive multifocal leukoencepha-
lopathy and the spectrum of JC virus-related disease. Nat Rev Neurol.
2021;17(1):37-51.

Wang Y, et al. Multiplex analysis of human Polyomavirus diversity

in kidney transplant recipients with BK virus replication. J Clin Virol.
2019;120:6-11.


https://doi.org/10.1186/s40168-024-01855-4
https://doi.org/10.1186/s40168-024-01855-4

Ma et al. Microbiome

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

(2024) 12:137

Jing C, et al. Clinical evaluation of an improved metagenomic next-gen-
eration sequencing test for the diagnosis of bloodstream infections. Clin
Chem. 2021,67(8):1133-43.

TaoYY, et al. Diagnostic performance of metagenomic next-generation
sequencing in pediatric patients: a retrospective study in a large chil-
dren’s medical center. Clin Chem. 2022;68(8):1031-41.

Wang J, Xu H, Wang X, Lan J. Rapid diagnosis of non-tuberculous myco-
bacterial pulmonary diseases by metagenomic next-generation sequenc-
ing in non-referral hospitals. Front Cell Infect Microbiol. 2022;12:1083497.
Miller S, et al. Laboratory validation of a clinical metagenomic sequenc-
ing assay for pathogen detection in cerebrospinal fluid. Genome Res.
2019;29(5):831-42.

Chen H, et al. Clinical evaluation of cell-free and cellular metagen-

omic next-generation sequencing of infected body fluids. J Adv Res.
2024;55:119-29.

Duan ZM, et al. The application value of metagenomic next-generation
sequencing technology in diagnosis and treatment of pulmonary
infection in immunocompromised patients. Zhonghua Yi Xue Za Zhi.
2023;103(25):1885-91.

Liu'Y, et al. Outcomes of respiratory viral-bacterial co-infection in adult
hospitalized patients. EClinicalMedicine. 2021;37: 100955.

Taplitz RA, et al. Outpatient Management of fever and neutropenia in
adults treated for malignancy: American Society of Clinical Oncology and
Infectious Diseases Society of America Clinical Practice Guideline Update.
J Clin Oncol. 2018;36(14):1443-53.

Kuderer NM, et al. Mortality, morbidity, and cost associated with febrile
neutropenia in adult cancer patients. Cancer. 2006;106(10):2258-66.
Liang G, Gao H, Bushman FD. The pediatric virome in health and disease.
Cell Host Microbe. 2022;30(5):639-49.

Maggi F, et al. TT virus (TTV) loads associated with different peripheral
blood cell types and evidence for TTV replication in activated mononu-
clear cells. J Med Virol. 2001;64(2):190-4.

Desai M, Pal R, Deshmukh R, Banker D. Replication of TT virus in hepato-
cyte and leucocyte cell lines. J Med Virol. 2005;77(1):136-43.

Mariscal LF, et al. TT virus replicates in stimulated but not in nonstimu-
lated peripheral blood mononuclear cells. Virology. 2002;301(1):121-9.
Albert, E, et al, Torque teno virus DNA load in blood as an immune status
biomarker in adult hematological patients: the state of the art and future
prospects. Viruses, 2024;16(3):459.

Wootton SC, et al. Viral infection in acute exacerbation of idiopathic
pulmonary fibrosis. Am J Respir Crit Care Med. 2011;183(12):1698-702.
Gorzer |, et al. Plasma DNA levels of Torque teno virus and immu-
nosuppression after lung transplantation. J Heart Lung Transplant.
2014,33(3):320-3.

Vu DL, et al. Human pegivirus persistence in human blood virome after
allogeneic haematopoietic stem-cell transplantation. Clin Microbiol
Infect. 2019,25(2):225-32.

Guo J, et al. The blood virome of 10,585 individuals from the ChinaMAP.
Cell Discov. 2022;8(1):113.

Moustafa A, et al. The blood DNA virome in 8,000 humans. PLoS Pathog.
2017;13(3): €1006292.

Garner JA. Herpes simplex virion entry into and intracellular transport
within mammalian cells. Adv Drug Deliv Rev. 2003;55(11):1497-513.
Okuno'Y, et al. Defective Epstein-Barr virus in chronic active infection and
haematological malignancy. Nat Microbiol. 2019;4(3):404-13.

de Pagter PJ, et al. Human herpesvirus type 6 reactivation after haemat-
opoietic stem cell transplantation. J Clin Virol. 2008;43(4):361-6.

Zerr DM, et al. HHV-6 reactivation and associated sequelae after
hematopoietic cell transplantation. Biol Blood Marrow Transplant.
2012;18(11):1700-8.

Qiu J, Soderlund-Venermo M, Young NS. Human parvoviruses. Clin Micro-
biol Rev. 2017,30(1):43-113.

Nouri M, et al. Association between Parvovirus B19 and anemia in HIV-
infected patients. Med J Islam Repub Iran. 2019;33:137.

Hirsch HH, et al. European perspective on human polyomavirus infection,
replication and disease in solid organ transplantation. Clin Microbiol
Infect. 2014;20(Suppl 7):74-88.

Pinto M, Dobson S. BK and JC virus: a review. J Infect. 2014;68(Suppl
1):52-8.

55.

56.

Page 16 of 16

Chen AC, et al. Human papillomavirus DNA detected in peripheral
blood samples from healthy Australian male blood donors. J Med Virol.
2009;81(10):1792-6.

Zajac-Spychala, O, et al., Adenovirus infection among pediatric patients
with cancer and in pediatric recipients of hematopoietic stem cell: a
multicenter nationwide study. J Med Virol. 2020;92(12):3187-3193.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	The plasma viral communities associate with clinical profiles in a large-scale haematological patients cohort
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Study patients and samples
	Profiles of 1383 patients with clinical features and pathogen detection
	Plasma sample processing and viral nucleic acid extraction
	Sequencing library preparation and bioinformatics analysis
	Pathogen detection thresholds
	Statistical analysis

	Results
	Pathogen co-detection frequently occurs in haematologic patients
	Relationship between viral infections and fever in haematologic patients
	Virome profiles in haematological patients associated with neutropenia
	Associations between viral infections and binary classification clinical factors
	Associations between viral infections and non-binary clinical variables

	Discussion
	Acknowledgements
	References


