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M1 enrichment facilitates virus detection in 
patients with allogeneic hematopoietic stemcell 
transplantation
Hao Zheng, MMa, Sai Li, MDb, Ze-Yin Liang, MDc, Ru-Li Feng, MDd, Jin-Xing Lu, MMa, Yu-Jun Dong, MDc, 
Xiao-Ping Chen, MDa,*

Abstract 
Due to the severe consequences of viral infection in allogeneic hematopoietic stem cell transplantation (allo-HSCT) patients, 
the routine use of polymerase chain reaction (PCR) screening of viruses is common in clinic, while the sensitivities of molecular 
methods are not always sufficient for blood samples. We aimed to increase the detection efficiency of viremia in allo-HSCT 
patients with M1 bead enrichment. Blood samples of allo-HSCT patients with fever were collected. Simultaneously with analyses 
of real-time PCR without enrichment, M1 bead enrichment followed by real-time PCR was applied to detect possible viruses in 
these samples, and metagenomic next-generation sequencing analyses were also applied in 10 samples negative with real-time 
PCR without enrichment. Various species of viruses were detected with M1 enrichment method. Significantly, some viruses that 
had not been found by real-time PCR without M1 enrichment were also detected by those with M1 enrichment and verified by 
metagenomic next-generation sequencing analyses. Furthermore, blood samples enriched with M1 beads had lower Ct values of 
real-time PCR assay than those that had not been treated. In conclusion, M1 bead enrichment increased the detection efficiency 
of most viruses in hematological malignancy patients.

Abbreviations: ADV = adeno virus, allo-HSCT = allogeneic hematopoietic stem cell transplantation, BKV = BK polyomavirus, 
CMV = cytomegalovirus, EBV = Epstein–Barr virus, HHV-6 = human herpesvirus-6, HSV = herpes simplex virus, MBL = mannan-
binding lectin, mNGS = metagenomic next-generation sequencing, VZV = varicella zoster virus.
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1. Introduction
Viral infections are the most common and significant cause 
of mortality and morbidity after allogeneic hematopoietic 
stem cell transplantation (allo-HSCT). Many species respon-
sible for viral infection are endogenously reactivated.[1] For 
example, reactivation of cytomegalovirus (CMV) would 
readily occur in allo-HSCT because approximately 40% to 
80% of the world’s population has latent infection through-
out life.[2] The most severe infection related to CMV is pneu-
monia, followed by esophagitis, gastritis, and enterocolitis. 
CMV viremia in the late phase tends to be persistent and life 
threatening. CMV infection is probably the main reason for 

unsuccessful transplantation.[3] Another common endogenous 
reactivation in allo-HSCT is the Epstein–Barr virus (EBV), 
and the most significant clinical syndrome is posttransplant 
lymphoproliferative disease.[4] Similarly, upon reactivation, 
herpes simplex virus (HSV) and varicella zoster virus (VZV) 
seropositive patients develop life-threatening serious mucocu-
taneous disease or dissemination, fulminant visceral involve-
ment, and postherpetic neuralgia, unless given antiviral 
treatment.[5] Endogenous reactivation of human herpesvirus-6 
(HHV-6) may result in engraftment delays or graft failure 
after allo-HSCT. Unusually but significantly, HHV-6 may 
cause a prominent disease with a facial rash and may be con-
fused with encephalitis or acute graft-versus-host disease.[6] 
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BK polyomavirus (BKV) is involved in the etiology of viral 
hemorrhagic cystitis, as is the case with other polyomaviruses 
and adeno virus (ADV).[7] Other primary viral infections, such 
as influenza, respiratory syncytial virus, and ADV, usually 
cause severe respiratory system infections in all phases after 
allo-HSCT.[8]

Due to the severe consequences of viral infection in allo-
HSCT, the pre-emptive treatment approach has recently replaced 
prophylaxis, which is ascribed to the development of novel diag-
nostic methods.[1] The routine use of polymerase chain reaction 
(PCR) in the clinic, which allows for the quantification of viral 
DNA, makes it possible to detect viremia earlier.[9] For exam-
ple, regular monitoring of CMV DNA should be routinely per-
formed in seropositive recipients. Surveillance with EBV-DNA 
once weekly has been suggested.[10] However, the sensitivity of 
molecular methods is not always sufficient, especially for blood 
samples that contain many PCR inhibitors such as hemoglobin, 
lactoferrin, and IgG.[11]

In a previous study, we developed a type of magnetic bead, 
that is, M1 beads, which were coated with a recombinant 
human mannan-binding lectin (MBL) that could increase EBV 
detection efficiency from patient whole blood.[12] Since MBL 
was reported to be able to bind many viruses,[13] M1 beads were 
used to enrich a variety of viruses in the blood of allo-HSCT 
patients and were analyzed with real-time PCR to investigate 
virus infection conditions in allo-HSCT patients in this study.

2. Methods

2.1. Patient enrollment and sample collection

Hematological malignancy patients hospitalized at Peking 
University First Hospital with body temperatures >38.5°C were 
recruited in the study from August 2021 to August 2022. In 
this study, an episode was defined as a separate case of clini-
cally suspected infection. Blood samples were drawn by veni-
puncture using sterile BD Vacutainer lithium heparin tubes (BD 
Diagnostics, Shanghai, China). Before the assays, all samples 
were stored at 4°C for no more than 4 days.

2.2. Diagram of the M1 bead enrichment followed by real-
time PCR (M1-qPCR) method compared with the standard 
qPCR (S-qPCR) method

All samples were analyzed simultaneously using both the 
M1-quantitative real-time polymerase chain reaction (qPCR) 

method and the standard qPCR (S-qPCR) method. In brief, 
using the M1-qPCR method, 2 mL of whole blood was enriched 
with 100 μL of M1 beads, followed by nucleic acid extraction 
and real-time PCR analyses, as described in following sections. 
With the S-qPCR method, 0.2 mL of whole blood was applied 
directly to nucleic acid extraction and real-time PCR analyses, 
as described in the following sections.

2.2.1. S-qPCR method.  The standard method of virus 
detection was performed with 200 μL of blood, which was also 
used for viral RNA/DNA extraction using a TaKaRa MiniBEST 
Viral RNA/DNA Extraction Kit (Takara Bio, Dalian, China). 
The real-time PCR primers and probes used for the viruses are 
listed in Table 1. Positive results were considered for samples for 
which the Ct values were lower than 40, whereas those of the 
negative controls were higher than 40.

2.2.2. M1-qPCR method. 

2.2.2.1. M1 bead enrichment.  M1 bead enrichment was 
conducted as previously described.[12] The following procedures 
were performed in a biosafety cabinet: All materials, including 
the sample tubes, were sterilized with ultraviolet light in a 
cabinet for 30 minutes at the beginning of the experiment. 
Approximately 2 mL of blood was collected from each patient. 
Briefly, phosphate-buffered saline (PBS) was added to a final 
volume of 10 mL with 6 mM CaCl2. Next, 100 μL of M1 
beads was added to the sample. Negative controls consisting of 
10 mL of PBS without the sample were treated simultaneously. 
The samples were then mixed by inversion in a rotor for 50 
to 60 minutes at 37°C. The sample tubes were magnetized for 
5 minutes on a magnetic rack. The microbe-bound beads were 
collected and resuspended in 200 µL of PBS.

2.2.2.2. Viral nucleic acid extraction and detection.  Viral 
nucleic acids were extracted using a TaKaRa MiniBEST Viral 
RNA/DNA Extraction Kit, according to the manufacturer’s 
protocol. The real-time PCR primers and probes for the viruses 
(including CMV, EBV, HSV-1/2, VZV, HHV-6, BKV, and ADV) 
are listed in Table 1.[14–20] Positive results were considered for 
samples for which the Ct values were lower than 40, whereas 
those of the negative samples were higher than 40.

2.3. mNGS and analysis

Ten whole-blood samples that were positive by M1-qPCR but 
negative by S-qPCR were sent to WILLINGMED Tech (Beijing, 
China) for metagenomic next-generation sequencing (mNGS) 

Table 1 

Primers and probes for viruses detected.

Virus
Upper primer (5’-3’)
Down primer (5’-3’) Probe (5’-3’)

CMV 5’AGCGCCGCATTGAGGA3’
5’CAGACTCTCAGAGGATCGGCC3’

FAM-ATCTGCATGAAGGTCTTTGCCCAGTACATT-BHQ1

EBV 5’CCGGTGTGTTCGTATATGGAG3’
5’GGGAGACGACTCAATGGTGTA3’

FAM-TGCCCTTGCTATTCCACAATGTCGTCTT-BHQ1

HSV-1/2 5’CATCACCGACCCGGAGAGGGAC3’
5’GGGCCAGGCGCTTGTTGGTGTA3’

FAM-CCGCCGAACTGAGCAGACACCCGCGC-BHQ1

VZV 5’CGGCATGGCCCGTCTAT3’
5’TCGCGTGCTGCGGC3’

ROX-ATTCAGCAATGGAAACACACGACGCC-BHQ1

HHV-6 5’TAAATATCGATGCCGCTCTG3’
5’TACGTTCTAGCCATCTTCTTTG3’

FAM-CGCAAACGACAAAGCCA-BHQ1

BKV 5’AGCAGGCAAGRGTTCTATTACTA3’
5’GARGCAACAGCAGATTCYCAACA3’

FAM-AAGACCCTAAAGACTTTCCTTCTGATCTACACCAGTTT-MGB

ADV 5’GCCCACCCTGCTTTATCTTCTC3’
5’CAGGTAGACTGCCTCGATGATG3’

JOE-TGCACTCTGACCACGTCGAAAACTTC-BHQ1

ADV = adeno virus, BKV = BK polyomavirus, CMV = cytomegalovirus, EBV = Epstein–Barr virus, HHV-6 = human herpesvirus-6, HSV = herpes simplex virus, VZV = varicella zoster virus.
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analyses. Briefly, whole-blood DNA was quantified using a 
Qubit dsDNA HS Assay Kit (Life Technologies, Waltham, MA). 
DNA libraries were constructed by tagmentation. Fragmented 
DNA and partial adapters were added using a Nextera XT 
Library Preparation Kit (Illumina) following the manufactur-
er’s protocol. The quality of the libraries was assayed using a 
High-Sensitivity DNA Kit (Agilent, CA), and an Agilent 2100 
Bioanalyzer (Agilent Technologies, Santa Clara). For each 
sample, sequencing was performed on a NextSeq sequencer 
(Illumina), resulting in 15 to 20 million 75-bp single-end reads 
on average.

NGS data analysis was performed using the IDseqTM com-
mercial bioinformatics pipeline (Vision Medical, Shanghai, 
China). Reads aligned to the human reference genome (GRCh38) 
using Burrows-Wheeler Alignment were excluded from fur-
ther analyses. The remaining reads for taxonomic assignment 
were aligned against curated microbial databases consisting of 
viruses. The results are presented as the number of reads per 10 
million.

2.4. Comparison of the detection efficiencies of M1 bead 
enrichment with anti-EBV antibody enrichment

Using the S-qPCR method described earlier, 11 EBV-positive 
blood samples were collected and stored at 4°C for no more 
than 4 days. PBS-simulated samples were prepared by serial 
dilution of freshly collected EBV particles with PBS. Patient 
EBV-positive blood samples and PBS-simulated EBV samples 
were detected with S-qPCR and enriched simultaneously with 
M1 beads or ant-EBV beads, respectively. The enriched beads 
were subjected to nucleic acid extraction, followed by real-
time PCR. The procedure for anti-EBV bead enrichment was 
the same as that for M1 bead enrichment. Anti-EBV antibody 
beads were constructed in a manner similar to the construc-
tion of M1 beads. In brief, 400 μg of anti-EBV antibody (anti-
EBV gp340/220 envelope protein antibody, Abcam ab6525, 
Cambridge, UK) was added to 100 μL of protein A beads. 
Nucleic acid extraction was performed as previously described. 
EBV was quantified using a commercial qPCR (DaAn Gene, 
Guangzhou, China).

2.5. Data interpretation and statistical analysis

The detection sensitivity of the M1 and standard methods was 
calculated for all recruited samples. Discrepancies between 
these methods regarding their ability to detect microorganisms 
were analyzed using Cochran Q test (Gretl software ver. 1.9.4., 
Geeknet Inc, VA). Statistical significance was set at P < .05.

3. Results

3.1. M1 enrichment significantly increased virus detection 
efficiency

During this period of study, 220 patients with hematological 
malignancies were enrolled during their chemotherapy or allo-
geneic HSCT phase. After excluding 3 cases of noninfectious 
fever, 217 blood samples were analyzed.

In total, 59 samples were identified as viremia using the 
M1-qPCR method (sensitivity: 59/217, 27.19%). For S-qPCR, 
34 samples were identified (sensitivity: 34/217, 15.67%). The 
results of the M1-qPCR and S-qPCR methods were consistent 
with the 35 findings. The S-qPCR method missed 25 viremia 
findings identified by the M1-qPCR method, of which 10 sam-
ples were verified by mNGS. Interestingly, 14 samples were 
detected as multiple viral infections using either the M1-qPCR 
or the S-qPCR method. M1-qPCR detected 2 to 3 viruses in 
4 samples, but the S-qPCR method detected none; in another 
6 samples, M1-qPCR found 2 to 3 viruses while the S-qPCR 

method detected only 1. The detailed diagnostic results for these 
methods are shown in Table 2 (following the references).

In 59 samples with viremia, EBV and CMV were detected 
using the M1 method with significantly higher sensitivity and 
lower Ct values. Although there was no difference in the Ct 
values of BKV between these methods, M1-qPCR detected 
more BKV infection cases than S-qPCR. Furthermore, 1 case of 
VZV and ADV was detected by M1-qPCR but not by S-qPCR. 
However, statistical analysis was not possible because of the 
lack of positive samples (Table 3).

3.2. Comparing EBV enrichment efficiency between M1 
beads and beads coated with anti-EBV antibody

As shown in Figure 1A, in PBS-simulated samples, M1 beads 
and anti-EBV antibody beads were all effective in capturing 
EBV particles, especially at low EBV concentrations, although 
anti-EBV antibody beads showed a little improvement at some 
points of concentration. However, in all 11 patient authentic 
samples, M1 beads significantly enriched EBV, while beads with 
anti-EBV antibodies hardly worked (Fig. 1B).

4. Discussion
In this study, we investigated the application of M1 bead enrich-
ment for the detection of possible viruses in patients with hema-
tological malignancies. Our study indicated that the results of 
M1-qPCR corresponded well with those of S-qPCR. More signifi-
cantly, the M1-qPCR method had much higher sensitivity than 
the latter method. Furthermore, mNGS analyses also verified the 
positive results of M1-qPCR, which were not found by S-qPCR. 
These results demonstrate that M1-qPCR can indeed increase the 
sensitivity of viremia detection. Many studies have assessed the 
performance of new methods by classifying all findings judged 
as clinically relevant as “true positive.”[21] In this study, the sen-
sitivity of the M1-qPCR or S-qPCR method was also calculated 
for all episodes of cases with body temperatures >38.5°C. We 
realized that many of these patients might only have bacteremia. 
Therefore, the sensitivity may have been underestimated. The 
high sensitivity of M1-qPCR most likely resulted from its ability 
to decrease the abundance of human nucleic acids in whole blood 
with M1 beads.[22]

The viruses most often encountered in this study were EBV and 
CMV, followed by BKV and HSV-1/2, whereas only one case of 
VZV or ADV was detected solely by M1-qPCR. As reported in 
other studies, EBV, BKV, and HSV were among the most common 
viruses found in allo-HSCT patients.[5,23] However, HHV-6, which 
is also recognized as a commonly encountered virus in allo-HSCT 
patients,[24] was not found in our patients. Since this study was 
short of information about patients’ clinic information, we could 
only speculate that the discrepancy might be a result of the dif-
ferent patient populations being utilized since HHV-6 infection 
usually occurs in the early postengraftment phase.[1] Interestingly, 
CMV reactivation is strongly associated with EBV reactivation.[25] 
In this study, CMV was also detected alongside EBV in 4 patients 
(numbers 173, 56, 38, and 131 in Table 1) with M1-qPCR, but 
not with S-qPCR. Given the severe consequences of CMV infec-
tion in all HSCT patients, M1-qPCR might play a significant role 
in decreasing the mortality due to CMV infection. In summary, 
M1 beads can be used to identify all the viruses described earlier.

The heterogeneity of M1 bead binding was ascribed to the 
broad binding spectrum of MBL, which can bind to various 
microbial carbohydrate structures, including viral envelope gly-
coproteins.[26] As indicated in this study, because BKV has no 
envelope, its binding efficiency is much lower than that of viruses 
with envelopes, such as EBV, CMV, and HSV. Interestingly, 
viruses without envelopes, such as BKV and ADV, could also 
be captured by M1 beads. Additionally, for some EBV-positive 
samples (such as numbers 24, 31, 146, and 161 in Table 1), the 
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differences in Ct values between M1-qPCR and S-qPCR were 
>5. According to the speculation that a 1 Ct difference means 
a 3.33-fold difference in quantity deduced from the log val-
ues, M1 beads might have enriched EBV from at least 3 mL of 
whole blood (0.2 mL × 3.33 × 5 = 3.33 mL). In fact, only 2 mL 

of whole blood was used for enrichment by M1 beads in this 
study. Thus, why could M1 beads enrich more viruses than the 
amount that theoretically exists in 2 mL of whole blood?

To answer this question, we compared the capture efficiency 
of the M1 beads with that of magnetic beads coated with 

Table 2 

Viruses and Ct values detected by M1-qPCR and S-qPCR.

Patient number M1-qPCR (Ct value) S-qPCR (Ct value) mNGS (RPTM)

5 BKV (35.98) － BKV (300)
76 CMV (37.29) － CMV (45)
158 BKV (35.87) － BKV (265)
172 BKV (35.62); EBV (35.99) － BKV (302); EBV (543)
39 CMV (35.14); BKV (36.20) － CMV (521); BKV (132)
43 EBV (33.82); BKV (36.57) － EBV (1005); BKV (27)
173 CMV (34.05); EBV (35.66); BKV (32.66) － CMV (252); EBV (166)
11 EBV (36.209) － EBV (28)
30 HSV-1/2 (35.85) － HSV-1 (700)
45 VZV (33.0) － VZV (876)
83 EBV (37.36) － NA
80 HSV-1/2 (37.78) － NA
105 EBV (37.42) － NA
112 CMV (36.88) － NA
114 EBV (36.98) － NA
119 EBV (36.92) － NA
135 CMV (35.88) － NA
138 CMV (36.8) － NA
142 HSV-1/2 (35.95) － NA
152 ADV (32.12) － NA
167 CMV (38.33) － NA
186 CMV (33.74) － NA
188 CMV (34.93) － NA
206 CMV (38.24) － NA
208 CMV (33.98) － NA
33 BKV (32.84); EBV (35.95) BKV (36.79) NA
37 BKV (32.09); EBV (35.20) BKV (31.21) NA
56 CMV (37.12); EBV (32.46) EBV (38.0) NA
81 EBV (33.82); HSV-1/2 (36.8) EBV (36.24) NA
91 HSV-1/2 (33.1); EBV (38.0) HSV-1/2 (35.63) NA
38 CMV (33.35); EBV (36.38); HSV-1/2 (35.82) CMV (36.28) NA
40 BKV (32.79); EBV (33.35) BKV (33.89); EBV (35.56) NA
41 EBV (32.91); BKV (36.18) EBV (36.23); BKV (36.23) NA
42 EBV (26.27); BKV (29.42) EBV (30.37); BKV (31.05) NA
131 CMV (32.72);EBV (32.69) CMV (35.52); EBV (36.72) NA
9 CMV (33.23) CMV (36.25) NA
18 EBV (33.65) EBV (38.24) NA
19 EBV (31.37) EBV (36.43) NA
24 EBV (26.16) EBV (33.57) NA
31 EBV (32.40) EBV (38.82) NA
146 EBV (25.05) EBV (30.23) NA
161 EBV (26.95) EBV (31.72) NA
34 EBV (33.41) EBV (37.72) NA
36 EBV (33.29) EBV (36.62) NA
68 CMV (34.81) CMV (36.43) NA
79 EBV (34.2) EBV (36.25) NA
84 EBV (35.0) EBV (38.05) NA
86 CMV (34.0) CMV (36.62) NA
92 EBV (33.0) EBV (35.41) NA
99 EBV (31.85) EBV (34.42) NA
102 EBV (33.0) EBV (36.23) NA
108 EBV (33.69) EBV (36.44) NA
122 CMV (28.92) CMV (31.78) NA
123 EBV (32.35) EBV (35.42) NA
124 EBV (30.35) EBV (33.17) NA
125 EBV (31.18) EBV (34.68) NA
133 CMV (34.0) CMV (37.73) NA
162 BKV (28.82) BKV (29.92) NA
192 BKV (34.05) BKV (36.62) NA

Samples marked in the light shadow had Ct values of more than 5 between M1-qPCR and S-qPCR. Samples marked in dark shadows were found to contain ≥2 viruses by M1-qPCR, but none were 
detected by S-qPCR.
－ = negative, ADV = adeno virus, BKV = BK polyomavirus, CMV = cytomegalovirus, EBV = Epstein–Barr virus, HHV-6 = human herpesvirus-6, HSV = herpes simplex virus, NA = not applicable, qPCR = 
quantitative real-time polymerase chain reaction, RPTM = reads per ten million, S-qPCR = standard quantitative real-time polymerase chain reaction, VZV = varicella zoster virus.
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anti-EBV envelope protein antibodies. Using these 2 magnetic 
beads, PBS-simulated samples containing only free EBV par-
ticles and authentic specimens with both free EBV particles 
and EBV-infected lymphocytes were analyzed. Based on these 
results, we speculated that EBV viruses could not be efficiently 
captured by typical anti-EBV antibodies in the blood, because 
almost all EBV viruses live in host lymphocytes.[27] However, 
M1 beads may even enrich EBV from EBV-infected blood cells, 
which provides a suitable explanation for the significant dif-
ferences between M1 bead enrichment and anti-EBV antibody 
bead enrichment. The main functional structural domain of M1 
is the carbohydrate recognition domain, similar to MBL, while 
MBL can bind to cells infected with pathogens.[28,29] We specu-
lated that M1 beads could bind to both viruses and infected host 
cells (Fig. 1C). Thus, M1-qPCR can be applied to detect almost 
all viral nucleic acids in human blood.

At present, the sensitivity of molecular methods is not always 
sufficient for whole-blood testing. Thus, pretreatment, espe-
cially pathogen enrichment, is necessary even for mNGS.[30] 
Significantly, blood samples treated with M1 beads had higher 
sensitivities and lower Ct values than untreated samples. 
However, we realized that M1-qPCR, similar to other methods 
applying pretreatment procedures, has the limitations of addi-
tional hands-on time, cost, and ease of batching. However, these 
limitations can be overcome by applying automated instruments.

5. Conclusion
M1 bead enrichment significantly increased the detection sen-
sitivity of various viruses in allo-HSCT patients. With some 
modifications and improvements, it can also be applied for virus 
detection in other patients.

Table 3 

Diagnostic performances of M1 method compared with standard method.

Pathogen

M1 method Standard method

PNu Ct (mean ± SD) Nu Ct (mean ± SD)

EBV 35 31.67 ± 2.75 23 35.50 ± 2.31 <.01
CMV 19 33.00 ± 1.78 7 35.80 ± 1.75 <.05
BKV 13 32.31 ± 2.36 7 33.67 ± 2.72 >.05
HSV-1/2 6 35.88 ± 1.56 1 35.63 NA
VZV 1 33.00 0 － NA
ADV 1 32.12 0 － NA

－ = negative, ADV = adeno virus, BKV = BK polyomavirus, CMV = cytomegalovirus, EBV = Epstein–Barr virus, HSV = herpes simplex virus, NA = not applicable, Nu = number, VZV = varicella zoster virus.

Figure 1.  M1 bead enrichment increased virus detection sensitivity in patient blood samples more efficiently than in PBS-simulated samples. (A) Real-time PCR 
results of PBS-simulated EBV samples analyzed with standard qPCR, M1-qPCR, or qPCR after anti-EBV antibody beads enrichment. Results are the mean 
standard deviation (SD) values from assays of 5 repetitions. *P < .05; (B) Real-time PCR results of 11 EBV-positive patient blood samples assayed with standard 
qPCR, M1-qPCR, or qPCR after anti-EBV antibody beads enrichment. (C) Diagram of M1 enrichment facilitating pathogen detection by capturing either the 
pathogen itself or infected leukocytes. EBV = Epstein–Barr virus, PBS = phosphate-buffered saline, PCR = polymerase chain reaction, qPCR = quantitative 
real-time polymerase chain reaction.



6

Zheng et al.  •  Medicine (2025) 104:9� Medicine

Author contributions
Data curation: Hao Zheng, Sai Li.
Investigation: Hao Zheng.
Methodology: Hao Zheng, Sai Li, Ze-Yin Liang.
Software: Hao Zheng, Sai Li.
Formal analysis: Ze-Yin Liang, Ru-Li Feng, Xiao-Ping Chen.
Supervision: Jin-Xing Lu, Yu-Jun Dong.
Conceptualization: Xiao-Ping Chen.
Writing – original draft: Xiao-Ping Chen.
Writing – review & editing: Xiao-Ping Chen.

References
	 [1]	 Sahin U, Toprak SK, Atilla PA, Atilla E, Demirer T. An overview of 

infectious complications after allogeneic haematopoietic stem cell 
transplantation. J Infect Chemother. 2016;22:505–14.

	 [2]	 Jakharia N, Howard D, Riedel DJ. CMV infection in haematopoietic 
stem cell transplantation: prevention and treatment strategies. Curr 
Treat Options Infect Dis. 2021;13:123–40.

	 [3]	 Allaw F, Haddad SF, Zakhour J, Kanj SS. Management of cytomegalo-
virus infection in allogeneic hematopoietic stem cell transplants. Int J 
Antimicrob Agents. 2023;62:106860.

	 [4]	 Zhou X, Lu X, He J, et al. Clinical value of plasma and peripheral 
blood mononuclear cells Epstein-Barr Virus DNA dynamics on progno-
sis of allogeneic stem cell transplantation. Front Cell Infect Microbiol. 
2022;12:980113.

	 [5]	 Düver F, Weißbrich B, Eyrich M, Wölfl M, Schlegel PG, Wiegering V. 
Viral reactivations following haematopoietic stem cell transplanta-
tion in pediatric patients-a single center 11-year analysis. PLoS One. 
2020;15:e0228451.

	 [6]	 Raouf MME, Ouf NM, Elsorady MAS, Ghoneim FM. Human  
herpesvirus-6 in haematopoietic stem cell transplant recipients: a pro-
spective cohort study in Egypt. Virol J. 2023;20:20.

	 [7]	 Onda Y, Kanda J, Hanaoka N, et al. Possible nosocomial transmission 
of virus-associated hemorrhagic cystitis after allogeneic haematopoietic 
stem cell transplantation. Ann Hematol. 2021;100:753–61.

	 [8]	 Piñana JL, Pérez A, Chorão P, et al; Infectious Complications 
Subcommittee of the Spanish Hematopoietic Stem Cell Transplantation 
and Cell Therapy Group (GETH-TC). Respiratory virus infections after 
allogeneic stem cell transplantation: current understanding, knowl-
edge gaps, and recent advances. Transpl Infect Dis. 2023;25(Suppl 
1):e14117.

	 [9]	 Talaya A, Giménez E, Pascual MJ, et al. An investigation of the utility of 
plasma cytomegalovirus (CMV) microRNA detection to predict CMV 
DNAemia in allogeneic haematopoietic stem cell transplant recipients. 
Med Microbiol Immunol. 2020;209:15–21.

	[10]	 Russo D, Schmitt M, Pilorge S, et al. Efficacy and safety of extended 
duration letermovir prophylaxis in recipients of haematopoietic stem-
cell transplantation at risk of cytomegalovirus infection: a multicentre, 
randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 
Haematol. 2024;11:e127–35.

	[11]	 Schrader C, Schielke A, Ellerbroek L, Johne R. PCR inhibitors - occur-
rence, properties and removal. J Appl Microbiol. 2012;113:1014–26.

	[12]	 Li JY, Chen XP, Tie YQ, et al. Detection of low-load Epstein-Barr virus 
in blood samples by enriched recombinase aided amplification assay. 
AMB Express. 2022;12:71.

	[13]	 Cooper RM, Leslie DC, Domansky K, et al. A microdevice for rapid 
optical detection of magnetically captured rare blood pathogens. Lab 
Chip. 2014;14:182–8.

	[14]	 Funahashi Y, Iwata S, Ito Y, et al. Multiplex real-time PCR assay for 
simultaneous quantification of BK polyomavirus, JC polyomavirus, 
and adenovirus DNA. J Clin Microbiol. 2010;48:825–30.

	[15]	 Perandin F, Cariani E, Pollara CP, Manca N. Comparison of commer-
cial and in-house real-time PCR assays for quantification of Epstein-
Barr virus (EBV) DNA in plasma. BMC Microbiol. 2007;7:22.

	[16]	 Leruez-Ville M, Ducroux A, Rouzioux C. Exon 4 of the human cyto-
megalovirus (CMV) major immediate-early gene as a target for CMV 
real-time PCR. J Clin Microbiol. 2008;46:1571–2.

	[17]	 Sarquiz-Martínez B, González-Bonilla CR, Santacruz-Tinoco CE, et al. 
Differential detection of enterovirus and herpes simplex virus in cere-
brospinal fluid by real-time RT-PCR. Intervirology. 2017;60:118–24.

	[18]	 Templeton KE, Scheltinga SA, Beersma MF, Kroes AC, Claas EC. Rapid 
and sensitive method using multiplex real-time PCR for diagnosis of 
infections by influenza A and influenza B viruses, respiratory syncy-
tial virus, and parainfluenza viruses 1, 2, 3, and 4. J Clin Microbiol. 
2004;42:1564–9.

	[19]	 Sura R, Gavrilov B, Flamand L, et al. Human herpesvirus-6 in patients 
with Crohn’s disease. APMIS. 2010;118:394–400.

	[20]	 Wong AA, Pabbaraju K, Wong S, Tellier R. Development of a multiplex 
real-time PCR for the simultaneous detection of herpes simplex and 
varicella zoster viruses in cerebrospinal fluid and lesion swab speci-
mens. J Virol Methods. 2016;229:16–23.

	[21]	 Wang L, Li S, Qin J, et al. Clinical diagnosis application of metage-
nomic next-generation sequencing of plasma in suspected sepsis. Infect 
Drug Resist. 2023;16:891–901.

	[22]	 Chen XL, Zheng H, Li WG, Zhong Y-H, Chen X-P, Lu J-X. Direct 
blood culturing of Candida spp. on solid medium by a rapid enrich-
ment method with magnetic beads coated with recombinant human 
mannan-binding lectin. J Clin Microbiol. 2020;58:e00057–20.

	[23]	 Leuzinger K, Kaur A, Wilhelm M, et al. Molecular characterization of 
BK polyomavirus replication in allogeneic hematopoietic cell trans-
plantation patients. J Infect Dis. 2023;227:888–900.

	[24]	 Noviello M, Lorentino F, Xue E, et al. Human herpesvirus 6-specific 
T-cell immunity in allogeneic hematopoietic stem cell transplant recipi-
ents. Blood Adv. 2023;7:5446–57.

	[25]	 Zhou JR, Shi DY, Wei R, et al. Co-reactivation of cytomegalovirus and 
Epstein-Barr virus was associated with poor prognosis after allogeneic 
stem cell transplantation. Front Immunol. 2021;11:620891.

	[26]	 Ali YM, Ferrari M, Lynch NJ, et al. Lectin pathway mediates com-
plement activation by SARS-CoV-2 proteins. Front Immunol. 
2021;12:714511.

	[27]	 Houen G, Trier NH. Epstein-Barr virus and systemic autoimmune dis-
eases. Front Immunol. 2021;11:587380.

	[28]	 Garred P, Nielsen MA, Kurtzhals JA, et al. Mannose-binding lectin 
is a disease modifier in clinical malaria and may function as opso-
nin for Plasmodium falciparum-infected erythrocytes. Infect Immun. 
2003;71:5245–53.

	[29]	 Nielsen OL, Jørgensen PH, Hedemand J, Jensenius JC, Koch C, Laursen 
SB. Immunohistochemical investigation of the tissue distribution of 
mannan-binding lectin in non-infected and virus-infected chickens. 
Immunology. 1998;94:122–8.

	[30]	 Deng X, Achari A, Federman S, et al. Metagenomic sequencing with 
spiked primer enrichment for viral diagnostics and genomic surveil-
lance. Nat Microbiol. 2020;5:443–54.


